


ERGONOMICS for
REHABILITATION
PROFESSIONALS

Edited by

SHRAWAN KUMAR

CRC Press is an imprint of the
Taylor & Francis Group, an informa business

Boca Raton   London   New York

� 2008 by Taylor & Francis Group, LLC.



CRC Press
Taylor & Francis Group
6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2009 by Taylor & Francis Group, LLC 
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Printed in the United States of America on acid-free paper
10 9 8 7 6 5 4 3 2 1

International Standard Book Number-13: 978-0-8493-8146-1 (Hardcover)

This book contains information obtained from authentic and highly regarded sources. Reasonable 
efforts have been made to publish reliable data and information, but the author and publisher can-
not assume responsibility for the validity of all materials or the consequences of their use. The 
authors and publishers have attempted to trace the copyright holders of all material reproduced 
in this publication and apologize to copyright holders if permission to publish in this form has not 
been obtained. If any copyright material has not been acknowledged please write and let us know so 
we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, 
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or 
hereafter invented, including photocopying, microfilming, and recording, or in any information 
storage or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copy-
right.com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 
Rosewood Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that pro-
vides licenses and registration for a variety of users. For organizations that have been granted a 
photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and 
are used only for identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Ergonomics for rehabilitation professionals / Shrawan Kumar.
p. cm.

Includes bibliographical references and index.
ISBN 978-0-8493-8146-1 (alk. paper)
1. Medical rehabilitation. 2. Human engineering. I. Kumar, Shrawan. II. Title.

RM930.E74 2009
617’.03--dc22 2008043677

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com

� 2008 by Taylor & Francis Group, LLC.



� 2008 by Taylor
This book is dedicated to my wife Rita, son Rajesh, 
daughter Sheela, and daughter-in-law Zoe.
& Francis Group, LLC.



� 2008 by Taylor & Francis Group, LLC.



Contents
Preface 

Editor 

Contributors  

SECTION A General Concepts

Chapter 1 Rehabilitation Ergonomics: Conceptual Basis  

Shrawan Kumar

Chapter 2 Energy Cost Considerations in Common Disabilities:

Scientifi c Basis and Clinical Perspectives 

Suh-Jen Lin

Chapter 3 Pain  

G. Lorimer Moseley and Lester Jones

Chapter 4 Aging and Ergonomics  

Lili Liu and Robert Lederer

SECTION B Disorders and Disabilities

Chapter 5 Gait and Ergonomics: Normal and Pathological 

Siobhan Strike

Chapter 6 Wheelchair Ambulation: Biomechanics and 

Ergonomic Considerations 

Lucas H. V. van der Woude, Sonja de Groot, Dirkjan H. E. J. 
Veeger, Stefan van Drongelen, and Thomas W. J. Janssen

Chapter 7 Seats, Seating, and Seat Selection: 

Implications for Pressure Ulcers 

Leandro R. Solis and Vivian K. Mushahwar
� 2008 by Taylor & Francis Group, LLC.



 

Chapter 8 Exercise Rehabilitation and Return to Work 

Following a Cardiac Event 

R. G. Haennel and C. R. Tomczak

SECTION C Musculoskeletal Disorders

Chapter 9 Musculoskeletal Disorders of the Upper 

Extremity and Ergonomic Interventions 

Andris Freivalds

Chapter 10 Ergonomic Risk Assessment for Musculoskeletal 

Disorders of the Upper Extremity: State of the Art 

Troy Jones and Shrawan Kumar

Chapter 11 Musculoskeletal Disorders of the Neck and 

Shoulder and Ergonomic Interventions 

Murray E. Maitland

Chapter 12 Work-Related Low Back Pain: Biomechanical 

Factors and Primary Prevention 

Jaap H. van Dieën and Allard J. van der Beek

SECTION D Ergonomics of Selected Interventions

Chapter 13 A Critical Analysis of Therapeutic Exercise for Subacute 

Low Back Pain and Carpal Tunnel Syndrome  

Anne Fenety and Katherine Harman

Chapter 14 Effective Utilization of Assistive 

Devices in the Workplace 

Desleigh de Jonge and Libby Gibson

Chapter 15 Current Designs in Assistive Technology  

Donald S. Bloswick and Bryan Howard
� 2008 by Taylor & Francis Group, LLC.



Chapter 16 Enabling Design  

Peter Anderberg, Elin Olander, 
Bodil Jönsson, and Lena Sperling

Chapter 17 Functional Capacity Evaluation  

Megan Davidson

Chapter 18 Accommodation through Improved Design  

Steven F. Wiker
� 2008 by Taylor & Francis Group, LLC.



� 2008 by Taylor & Francis Group, LLC.



Preface
Ergonomics for Rehabilitation Professionals is an attempt to integrate ergonomics 

in rehabilitation paradigms toward societal gains. It has been argued before that 

ergonomics and rehabilitation are complementary disciplines (Kumar 1989, 1992). 

Despite their apparent distinctly different appearances their constituent components 

are the same and they deal with the same issues, albeit at different ends of the spec-

trum. One of the manifested goals of rehabilitation is prevention of the affl iction 

the clinician treats. The latter brings the efforts of rehabilitation beyond the patient 

group and into the normal population. However, leaving aside severe disability, the 

defi nition of disability has blurred signifi cantly. According to the American Disabil-

ity Act (1990) disability is defi ned as health condition(s) that signifi cantly impair a 

major life activity. Interpreting this defi nition of disability, Fulbright and Jaworski 

(1990) stated that 20% of the U.S. population has some form of disability.

Aging is a major contributor to disability. Demographic shifts around the world 

indicate a trend of rapid growth in the senior population. One of the inevitable 

 consequences of the aging process is a progressive decline in functional capacity in 

most bodily functions, which may vary in rate for different people based on many 

factors. Some argue that a full tilt progression of technology has shifted the job 

demands from physical to cognitive and skill realms possibly undermining overall 

health, and hence promoting impairment and disability. Others counter this with an 

argument of their own, that technology tends to compensate for functional impair-

ment and disability enabling people to get out of the “disability” umbrella. Regard-

less of the validity of either argument, the fact remains that functional subnormality, 

with reference to the standards set some years ago, is on the rise. Regardless of the 

genesis of functional subnormality of the general population and the disabilities of 

patient groups, ergonomics can make signifi cant contributions to both the prevention 

of affl ictions and their treatment. It has been argued elsewhere (Kumar 1997) that 

the ergonomic approach signifi cantly enhances both the accuracy and effectiveness 

of the  rehabilitation regimes in some of the established methodologies and treatment 

methods. Clearly, as has been stated before (Kumar 1997), both disciplines (ergonom-

ics and rehabilitation) are broad in their scope and have a vast body of knowledge. In 

this modest effort, I have tried to choose topics that, by example, will serve to blend 

the two disciplines topic by topic, albeit with differential emphasis. It has been the 

goal of this volume to reveal the commensalism of the two disciplines for mutual 

enhancement and not to force one on the other.

In the general section (Section A), to exemplify the philosophical perspective of 

the book, Kumar presents the conceptual basis of rehabilitation ergonomics. In this 

chapter, he traces the origin of both fi elds; explores their philosophy and goals; their 

parallelism, divergence, and complementarity; the role of ergonomics in rehabilita-

tion; and also defi nes rehabilitation ergonomics. All human physical activities require 

motion of the human body involving muscle activities and joint loads. Mechanical 

activities can be achieved by expenditure of physiological energies. However, the 
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mechanical components and their confi guration determine not only the mechanical 

effi ciency but also the physiological effi ciency. In Chapter 2, Lin has initially provided 

the scientifi c basis of physiological cost consideration and subsequently described the 

impact of pathologies like orthopedic, neurological, and cardiorespiratory disorders, 

assistive devices, wheelchair propulsion, aging, and obesity on energy consumption. 

This interesting chapter has a good citation of relevant literature. In Chapter 3,  Moseley 

and Jones tackle the all-important topic of pain. They provide a broad overview of the 

fi eld with their perspective of its biology, assessment, and management. The authors 

have provided a signifi cant list of references, which will help the reader to fi nd more 

information. In the last chapter (Chapter 4) of the general section, Liu and Lederer 

have dealt with aging. As aging impacts performance, the role of  ergonomics becomes 

more central. They initially describe the age-related physical, sensory, and cognitive 

changes and design changes necessary to address these  problems. The authors advocate 

universal design, which will be good for everyone including older adults. They provide 

a few examples to indicate the manner in which these concepts can be integrated for a 

practical solution.

The second section, Section B, deals with disorders, disabilities, ways to deal 

with them, and ergonomic measures to prevent some and reduce others as the 

case may be. One of the primary needs of every organism in the animal kingdom 

is that of motion. Given the upright bipedalism of Homo sapiens, the kinematics, 

kinetics, and effi ciency of ambulation with any pathology or disorder become 

a signifi cant challenge to the individual, and their analysis (and understand-

ing) poses additional diffi culty. In Chapter 5, Striker describes normal gait and 

those associated with pathologies. In all these conditions, he considers loading, 

progression, and stability. However, when one is unable to ambulate on his/her 

own legs, wheelchair ambulation becomes inevitable. This changes the  premise 

of ambulation profoundly. The biomechanics of the phenomenon becomes totally 

different as the ambulation is powered by either upper extremities or by a motor. 

By virtue of incorporation of a device to enable ambulation, ergonomic implica-

tions are relevant for both the device and the occupant. In Chapter 6, van der 

Woude et al. deal with these issues. In manually propelled wheelchairs, there 

is a transfer from leg to arm work for ambulation. This leads to a host of issues 

unique to this situation. One aspect deals with the discomfort, overuse, and ulti-

mately injury, while the other deals with the effi ciency of the design. The authors 

of this chapter have discussed vehicle mechanics, human movement system, and 

the wheelchair interface. One of the consequences of being wheelchair bound 

is that one is sitting for a much longer period resulting in problems of pres-

sure sores and ulcers. In Chapter 7, Solis and Mushahwar deal with the serious 

side effect of prolonged seating. The authors give an overview of the etiology 

of pressure ulcers, their classifi cation, treatment, method of detection, and pre-

vention. They also describe appropriate support surfaces and devices that can 

dynamically  distribute load over seating surfaces. Such approaches have a role 

in the reduction of pressure localization, which in turn is a causative factor in 

ulcer formation. In Chapter 8, Haennel and Tomczak describe common cardiac 

disorder problems and disabilities. The authors look into the problems associ-

ated with both myocardial infarction and coronary artery bypass graft  surgery. 
� 2008 by Taylor & Francis Group, LLC.



They examine the typical progression of the patient from an acute event through 

 rehabilitation and various factors that play a critical role in determining the 

 success of the strategy employed in return to work.

Chapters 9 through 12 deal with musculoskeletal disorders. In Chapter 9, 

Freivalds describes musculoskeletal disorders of the upper extremities and  ergonomic 

interventions for them. He describes the etiology of the common musculoskel-

etal disorders including tendon, muscle, nerve, vessels, bursa, bone, and cartilage. 

 Subsequently, the author goes on to describe both static and dynamic upper extrem-

ity models. Finally, the chapter turns its attention to the intervention strategies of 

hand tools. Jones and Kumar in Chapter 10 present an entirely original contribution 

where they examine the methodologies of ergonomic risk assessment for primarily 

upper extremity disorders. One of the primary diffi culties in ergonomic methodolo-

gies is that authors of various techniques rely on partial or qualitative validation of 

their methods. When a person in the fi eld is faced with different methodologies, it 

becomes a daunting task to determine which to pick. By using clear and objective 

defi nitions, the authors have compared fi ve commonly used and cited risk assessment 

methodologies and demonstrated that each one of them is defi cient in predicting risk 

and injury. They acknowledge that a direct comparison of these methodologies is not 

possible. This opens up the fi eld for rigorous and objective studies for developing and 

validating techniques that could be reliably used. In Chapter 11, Maitland considers 

factors related to musculoskeletal disorders of the neck and shoulders with possible 

ergonomic interventions. The author concludes that the causative mechanisms for 

these disorders and effective interventions for these are not yet conclusive. In the 

last chapter of this section (Chapter 12), van Dieën and van der Beek describe work-

related low back pain, focusing on biomechanical factors and primary prevention. 

It is evident that the subject of low back pain is both vast and complex. The authors 

describe low back pain and the risk factors associated with it. Finally, they elaborate 

on a few ergonomic interventions.

The fourth section, Section D, is entirely devoted to selected ergonomic inter-

ventions that rehabilitation professionals can use. In Chapter 13, Feney and Harman 

take a clinical approach to intervention and rehabilitation. The authors provide a 

critical analysis of therapeutic exercise for subacute low back pain and carpal tunnel 

syndrome. The authors argue that therapeutic exercise is the foundation for a suc-

cessful rehabilitation of musculoskeletal dysfunction. However, unfortunately, thera-

peutic exercise has not been effective on these affl ictions. The authors discuss the 

reasons for this lack of success and suggest approaches to remedy this. Chapter 14 

deals with the effective utilization of assistive devices in the workplace. In this  chapter, 

de Jonge has identifi ed the role that assistive devices play in workplace accommoda-

tion and has highlighted the value of using a consumer-centered process when select-

ing and using the technology. Such a selection must also be followed with training 

where appropriate. Chapter 15 by Bloswick and Howard describes some of the cur-

rent innovations in assistive technology. Chapter 16 on enabling design by Anderberg 

et al. discusses universal design at length that will allow an effi cient design for all, 

regardless of their age and disabilities. In Chapter 17 on functional capacity evalu-

ation, Davidson discusses the intricacies of the approach and the  challenges faced 

by rehabilitation professionals. She points out the shortcomings of this approach 
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especially with respect to reliability and validity. However, imperfect as it may be, 

this tool is in wide use among professionals. Also, it is absolutely essential to deter-

mine defi cits before they can be compensated. Chapter 18 by Wiker deals with the 

latter topic. Wiker delves into the concepts, strategies, and techniques of reasonable 

accommodation to render an individual functional and integrated in the society, who 

without such accommodation will not be a functional and integrated citizen.

Hopefully, the selection of topics from two vast and seemingly diverse disci-

plines will initiate the knowledge of some ideas and concepts not only to bridge the 

gap between the two disciplines but also to spur some activities in the direction that 

will benefi t individual citizens as well as the society at large. This is a lofty dream, 

but even some activity in this direction will justify the goal of this book.

Shrawan Kumar
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1 Rehabilitation 
Ergonomics: 
Conceptual Basis
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1.1 INTRODUCTION

Rehabilitation ergonomics is a young discipline. First proposed in 1979 informally 

in the literature, rehabilitation ergonomics needs to grow signifi cantly. While the 

principles of rehabilitation ergonomics may remain stable, undergoing little change, 

its practice may vary signifi cantly over time. The factor that will be largely respon-

sible for this variation is technology and its evolution. Rehabilitation will continue 

to concern itself with the restoration of form and function of the human as close to 

normal as possible. This will be partly achieved by treatment and partly by assis-

tance to the patient. Though the delivery of the treatment may also be modifi able for 

optimization through ergonomic intervention, it is the external assistance to patients 

to regain their function that will have the maximal potential of being benefi ted by 

incorporation of ergonomics. We have reached a state of development in the fi elds of 

rehabilitation and technology that the latter can have a profound effect on the former. 

However, marriage between these two concepts is not very old. This chapter deals 

entirely with the theoretical and conceptual aspects of rehabilitation ergonomics, 

which have been proposed in several publications by Kumar (1989, 1992, 1995) and 

Davies and Kumar (1996).

1.2 ORIGIN OF REHABILITATION AND ERGONOMICS

A common origin of all human endeavors can be assigned to the rational mind. In 

a historical sense, however, the same period of human history and the same events 

therein are known to have shaped and accelerated the development of rehabilitation 

and ergonomics. A separate but brief consideration follows.

1.2.1 REHABILITATION

The discrete origin of rehabilitation can be traced back to the use of electricity as 

a medical cure for physical paralysis and mental disease by a German physician, 

Charles Kratzenstein, in 1744. In the United States, Benjamin Franklin in 1753 

stated that electricity produced some uplifting of the spirits. Subsequently, toward 

the end of the nineteenth century, medical electricity became popular among regu-

lar physicians. Its biggest support came from enthusiastic obstetricians and gyne-

cologists (Gritzer and Arluke, 1985). Despite such developments, rehabilitation had 

not evolved as a prevalent practice. In fact, before World War I, disability was not 

considered a medical or social problem in America (Gritzer and Arluke, 1985). Such 

a situation was due to the combination of a lack of demand for expensive medical 

care and the lack of fi nancial ability of the disabled to pay for lengthy  service. How-

ever, just before World War I, the issue of permanent disability caused by industrial 

accidents was getting some attention. Several states in the United States passed 

workmen’s compensation laws, providing medical services and fi nancial aid for 

the disabled (Mock, 1917). With the outbreak of World War I, the number of the 
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 permanently disabled grew rapidly. By May 1919, approximately 123,000  disabled 

soldiers returned to the United States. Heavy casualties in Europe had forced those 

European nations to develop medical and rehabilitation services. Therefore, because 

of the necessity, the profession of rehabilitation emerged and gained support. Dur-

ing those early years, rehabilitation was primarily staffed by orthopedic surgeons 

and nurses. However, the orthopedic surgeons trained and employed physiotherapy 

aides to help them deliver the physical part of the treatment. These physiotherapy 

aides evolved since then, initially into four-year professionally trained physical 

therapists, and subsequently into postgraduates, with the development of a masters 

level course for entry professionals. Though occupational therapy has its roots out-

side World War I, it was the latter which brought it into the rehabilitation fold. The 

war time territorial struggle over vocational rehabilitation resulted in occupational 

therapists proclaiming that “vocational training or education per se is not a form of 

occupational therapy, but when given to reestablish function, to give a more normal 

view of life, it may well be classed as a form of occupational therapy” (AOTA, 

1918). Finally, the specialty of speech therapy, though created as a separate occu-

pation in the 1920s, joined rehabilitation after World War II. The interrelationship 

between speech therapy and rehabilitation is not as strong as that between physical 

and occupational therapy.

1.2.2 ERGONOMICS

Human ergonomic instinct can be logically associated with the human endeavors of 

making simple tools and shelter. The improvements to these endeavors, occurring in 

discrete steps of technological advancements, were incorporated in subsequent prod-

ucts. No deliberate attention was paid to ergonomics. Subsequently, however, it was 

necessitated by the Industrial Revolution and accelerated by the two world wars.

According to Christensen (1976), the growth of ergonomics took place in three 

phases: (a) the age of machines, (b) the power of revolution, and (c) machines for 

minds. In the fi rst phase, advances in the textile industry and the application of 

steam power are worth noting. However, a pointed interest in the relationship 

between humans and their working environment became unmistakably clear dur-

ing World War I. The productivity of ammunition factories became critical to the 

war effort. The production pressure and schedule in Great Britain resulted in health 

problems of workers and necessitated the formation of a health committee in 1915, 

which was renamed the Industrial Health Research Board in 1929. However, it was 

not recognized until World War II that some of the newly developed military equip-

ment could not be operated safely or effectively. This started a conscious effort to 

design tools and tasks for people rather than the other way around. Under such 

an urgency, diverse research activity was undertaken with one goal in mind—to 

achieve military superiority. Thus the wars provided impetus to originate, pressure 

to evolve, and purpose to focus. Such a scenario set the stage for the birth of the 

science of “ergonomics.” In fact, the ongoing activity of professionals involved in 

this fi eld and their desire to continue to collaborate resulted in formal adoption of 

the term “ergonomics” in 1950 (Edholm and Murrell, 1973). This term was pro-

posed by Professor Murrell in 1949; Seminara (1979) did, however, point out that 

the term ergonomics was not new. In fact, it was fi rst used in 1857 by Jastrzebowski, 

a Polish professor.
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1.3 PHILOSOPHY OF REHABILITATION AND ERGONOMICS

The philosophy of any discipline is its guiding force. Initial tentative positions are the 

subject of considerable discussion, exchange of ideas, and rationalization. Emergence 

of consensus is an evolutionary landmark and a sign of maturity of the discipline. 

From such a position, identifi able specifi c goals ensue. Finally, a circumscribing and 

delineating defi nition is formulated to encompass the philosophy and the goals.

1.3.1 REHABILITATION

Rehabilitation is concerned with restoration of functions: physical and psychosocial. 

This involves the enhancement and optimization of impaired residual human facili-

ties. Where normalcy cannot be restored or recovery has not reached a functional 

level, a technological intervention, such as augmentative devices, is in order to bring 

the environment to the patient. Philosophically one may argue that most people are 

disabled to some extent on a continuum scale of superable to functionless in one or 

more of the multitude of functions they perform (Figure 1.1). The evidence of such a 

disability can also be provided in various assistive devices the able-bodied humans 

use in the multitude of functions they perform in their everyday lives. Nevertheless, 

the complement of faculties with which most people are born is considered to be the 

reference point. A decrement from this natural endowment, congenital or caused by 

disease or accident, is considered functional impairment and this needs rehabilita-

tion. A physical impairment may lead to psychological maladjustment and social 

problems. Therefore, rehabilitation is concerned with complete reintegration of the 

disabled individual in the mainstream of the society.
Ability –disability continuum

Superhuman

Elite athletic ability

Very fit

Fit

Able

Unfit

Functionally impaired

Partially disabled

Severely disabled

Functionless

FIGURE 1.1 Scale of functioning.
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FIGURE 1.2 Goals, philosophy, and outcome of ergonomics.
1.3.2 ERGONOMICS

Philosophically, ergonomics has dual focus—(a) the worker and (b) the work, with 

the former taking precedence over the latter. Within the discipline, it is recognized 

that the worker is the performer and is responsible for productivity. A healthy, com-

fortable, well-adjusted worker with high morale will be optimally productive. In 

addition, when the job is fi tted to the worker, production will be optimized. These 

two aspects contribute to better industrial relations and productivity. Thus, the com-

plementary nature of the focus of ergonomics on the worker and the work enhance 

their mutual effectiveness (Figure 1.2).

1.4 GOALS OF REHABILITATION AND ERGONOMICS

1.4.1 REHABILITATION

The most important goal of rehabilitation is the remediation of disability and dys-

function. Motivated by the welfare of the patient, the rehabilitation discipline strives 

to provide relief and/or liberation from psychophysical limitations. The fulfi llment 

of this goal, though of central relevance to the fi elds of rehabilitation, can be better 

accomplished if its necessity could be avoided. Thus, preservation of health becomes 

an important aspect of rehabilitation. Such goals are realized through education and 

exercise.

Despite the best efforts of health preservation, diseases do set in (such as  arthritis, 

stroke, nerve entrapment, low back pain, etc.) and accidents do occur. Under these 

circumstances, it is the role of rehabilitation to arrest dysfunction and prevent 
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 deformity fi rst. This is supplemented with functional restoration. The aim is to 

reach as close to the normal level of function as possible. The emphasis on nor-

mal functioning necessitates a clear and good grasp of “normalcy” in qualitative as 

well as quantitative terms. A quantitative measurement of functional impairment 

becomes essential for treatment goal setting and regimen selection. At times, due to 

the nature of the condition or the general health status of the patient, full recovery 

may be impossible. At such times, preparation of the patient to adapt to the  disability 

and be functional is attempted. This adaptation may mean learning new skills, for 

example using a different body member to perform the same function. When such 

endeavors do not lead to independent living and defi ciencies remain, augmentative 

devices are used to compensate for the residual defi cits. Such individuals are also 

given an altered perspective to accept the disability they suffer from. Information on 

the social support agencies and groups is also provided to fall back upon, if needed.

1.4.2 ERGONOMICS

Ergonomics has three goals: comfort, well-being, and effi ciency and effectiveness. 

Enhancement of comfort or reduction of discomfort reduces the tedium of the job, 

contributing to higher productivity and worker morale. Ensuring the well-being of 

workers through hazard elimination from the workplace promotes health on a long-

term basis. This optimizes productivity, enhances worker morale, and reduces labor 

turnover. The latter is of strategic signifi cance in economic terms to the industry 

and good for the morale and loyalty of the worker. Another benefi t arising from this 

is better industrial relations. Lastly, the increase in effi ciency and effectiveness of 

the industrial operations on the shop fl oor has economic benefi t for all. This goal is 

achieved by job design, work space layout, and appropriate training.

1.5 DEFINITION OF REHABILITATION AND ERGONOMICS

1.5.1 REHABILITATION

Rehabilitation is a discipline of recent origin. Moreover, it is still evolving. Initially, 

the discipline primarily consisted of physiatrists and their assistants. Subsequently, 

physical therapists, occupational therapists, prosthetists, social workers, and rehabil-

itation engineers joined the fi eld. All of these developments have taken place sequen-

tially in the space of the last 60 years. Perhaps it is due to this constantly changing 

and expanding scope of the discipline that its position is not entrenched in a formal 

defi nition. Furthermore, each class of professional, out of necessity, has a different 

perspective of the discipline. Such is the case due to difference in training, prior-

ity, approach, and course of action. This, therefore, causes different professionals to 

view the discipline from the perspective of their subspecialty. It may also be for this 

reason that a clear and concise defi nition of the discipline has not emerged. A defi ni-

tion, nevertheless, is essential. It was this consideration with which a defi nition was 

proposed by Kumar (1989) as stated below:

Rehabilitation is a science of systematic multi-dimensional study of disorders human 

neuro-psycho-social and/or musculoskeletal function(s) and its (their) remediation by 

physico-chemical and/or psycho-social means.
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1.5.2 ERGONOMICS

A situation parallel to rehabilitation is evident in ergonomics. Ergonomics,  however, 

is not as well established as rehabilitation among educational and service institutions. 

Having emerged in the same time period and due to the same evolutionary pressures, 

rehabilitation and ergonomics have signifi cant commonality. However, they are gener-

ally viewed differently. The latter situation is suggested due to the difference in the 

immediate benefi ciary of the knowledge and technology (disabled person versus sub-

optimal environment or machine). The consequence of good or bad ergonomics will 

ultimately affect everybody. However, the impression of remoteness created by this 

difference in the center of  activity does not arouse the same passion in argument or 

similar sympathy in the listener. Though it is possible and likely that bad ergonomics 

may have resulted in the necessity to rehabilitate many war veterans, this is not gener-

ally seen as a direct cause and effect relationship. It is also possible that in spite of good 

ergonomics in extremely risky and highly demanding situations like war, the outcome in 

some cases may still have been similar. The need to harness all human faculties, sensory, 

motor, and psychological, at a  heightened level and sustain them for optimum function 

could not fall within the expertise of any given existing discipline. Different demands 

on the military personnel on the two sides of the Atlantic during the wars spearheaded 

the development of this fi eld along two different directions. In Europe, physical and 

physiological aspects were addressed largely, whereas in the United States, the cognitive 

factors were considered of supreme signifi cance in their war efforts. As a result, there 

is a continuing debate as to whether the fi eld is “ergonomics” or “human factors.” Some 

of the professional societies have adapted both terms in their name (Human Factors and 

Ergonomics Society, USA). However, though not universally agreed, a more generic and 

universal term, “ergonomics” was coined and defi ned by Murrell (1949) as follows:

Ergonomics (Greek), ergon – work; nomos – natural laws “ergonomics is the study of 

natural laws governing work.”

The merit of this defi nition is that it encompasses all physical, physiological, and 

cognitive factors without giving superiority to any aspect. It is accepted that this fi eld 

of study addresses the issues at the human–machine interface.

1.6 PARALLELISM BETWEEN REHABILITATION AND ERGONOMICS

The foregoing review of the origin, philosophies, and goals of the two disciplines 

indicate signifi cant commonality between these two sciences. The central goal for 

both is to enable, enhance, and optimize human function. The context and the clien-

tele may, however, be different.

Rehabilitation is concerned with disability prevention, restoration of function, 

and defi cit compensation among patients who have lost some of their faculties. Ergo-

nomics, on the other hand, is driving to increase effi ciency and effectiveness by 

tapping the maximum possible from the existent resources of a normal person. The 

adaptation and adjustments are made in environment or human–machine interface 

to optimize the human capability. The central goal for both of them, nonetheless, 

is to enhance and optimize human function in different regions of the ability scale. 

Due to the scale difference, the populations for whom these are geared are different, 
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TABLE 1.1
Goals of Ergonomics and Rehabilitation Compared

Ergonomics Rehabilitation

Ensure comfort Health promotion

Achieve well-being Eliminate pain and suffering

Ensure continued health Maintenance of ability

Ensure worker safety Dysfunction prevention

Achieve effectiveness Restoration of function—treatment Adaptation to 

environment—exercise

Enhance effi ciency Development of skill—training

Defi cit compensation by augmentative devices

Promote high morale by industrial relations Social adjustments with counseling and social 

resources
therefore, creating an impression of exaggerated divergence. The relationship between 

the goals of these two disciplines is summarized in Table 1.1. It is evident that these 

two disciplines have shared goals. Rehabilitation generally seems to be content with 

functional independence, the activities of daily living being the most signifi cant 

yardstick. For ergonomics, though, industrial production and accident prevention are 

important measures.

As both, ergonomics and rehabilitation are goal-oriented disciplines, their 

approach remains open and fl exible to ensure the success of the fi nal objective. Both 

have drawn their relevant concepts from the same established basic and applied sci-

ences and integrated them in an appropriate manner to achieve their desired goals. 

Therefore, both these sciences are inherently multidisciplinary. Each one has gener-

ous contribution from physical sciences, life sciences, behavioral sciences, anthro-

pometry, biomechanics, and kinesiology.

Thus, identical goals, their reliance on the same constituent disciplines, and 

working toward enhancing and optimizing human function ties these two disciplines 

very closely.

Various ergonomic concepts and practices interweave through the rehabilitation 

fabric without a deliberate effort to incorporate these from a different science. A 

more structured integrated approach will enhance the effectiveness of rehabilita-

tion, it may also be stated here that in many cases a lack of application or regard for 

ergonomics may precipitate injury and necessitate rehabilitation. The relationship 

between these is so intimate that one can state:

Rehabilitation is ergonomics for the disabled.

1.7  DIVERGENCE BETWEEN REHABILITATION 
AND ERGONOMICS

The differences between these two sciences, in addition to the context and clientele, 

lie in the specifi c body of knowledge, which may be described and differentiated 
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as clinical and nonclinical. In addition, the major difference lies in the fact that 

the practitioners and researchers in ergonomics work toward adjusting and optimiz-

ing factors external to workers to enhance comfort, well-being, effectiveness, and 

effi ciency. The rehabilitation practitioners and researchers on the other hand work 

mainly toward enhancing the factors internal to workers for restoration of functions. 

However, effort is also made to compensate for residual dysfunction by external, 

augmentative devices. Such activities are mostly undertaken by, among others, reha-

bilitation or clinical engineers.

1.8 COMPLEMENTARY ROLES OF REHABILITATION

1.8.1 IDENTIFICATION: MAGNITUDE OF THE PROBLEM

An unknown etiology and/or the preventative procedures for many diseases such as 

arthritis and stroke, do not allow meaningful control over their occurrence. How-

ever, a real control on the occurrence of many accidents may be within our grasp. 

Some accidents occur off-the-job in unstructured activities. These may be diffi cult to 

curb. However, a large number of accidents and injuries are occupational in  origin. 

As these accidents occur during structured tasks in a known work environment, it 

is possible to identify the hazards. A redesign of the task and/or environment may 

eliminate the hazard and reduce the chances of injury. Though such fi gures for 

all of Canada are not available, many other countries do keep statistics. In 1977, 

there were 2.2 million disabling injuries in the United States resulting in 80,000 

 permanent impairments (NSC, 1978). Belknap (1985) reported statistics of such 

injuries in the United States, which have increased by 10% in 1978 over 1945 fi gures 

(Table 1.2). A comparative magnitude of these problems in selected countries is 

 presented and extrapolated from the ILO (Geneva) fi gures (Table 1.3). The  magnitude 
TABLE 1.2
Work-Related Disabling Injuries in the United States

Year Disabling Injuries On-the-Job

1945 2,000,000

1955 1,950,000

1960 1,950,000

1965 2,100,000

1970 2,200,000

1975 2,200,000

1976 2,200,000

1977 2,300,000

1978 2,200,000

Change (%) from 1945 to 1978 10%

Source: Belknap, R.G., in Encyclopedia of Occupational Health and 
Safety, 3rd edn., International Labour Offi ce, Geneva, 1985.
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TABLE 1.4
Number of On-the-Job Accidents and Permanent Disabilities in Alberta

Years
Number of Total 

Injuries (A)

Number of 
Permanent 

Disabilities (B)
B as % 

of A
Musculoskeletal 

Injuries (C)
C as % 

of A

1983 57,246 2,165 3.78 N/A N/A

1984 55,732 2,513 4.50 48,849 87.65

1985 62,626 2,172 3.46 55,155 88.07

1986 58,903 2,547 4.32 52,075 88.40

1987 58,637 2,456 4.18 52,059 88.78

N/A, not available.

Compiled from Alberta WCB annual reports.

TABLE 1.3
Number of On-the-Job Disabling Injuries in Selected Countries

Countries 1982 1983

Argentina 61,436 70,586

Egypt 62,312 62,933

France 950,520 N/A

Hong Kong 70,879 70,895

India 322,473 287,776

Switzerland 114,551 114,665

The United Kingdom 396,000 N/A

The United States 2,182,400 2,182,700

Source: After Year Book of Labour Statistics, 1984.
of such  problems has stayed at a sustained 3.5%–4.5% level in Alberta (Table 1.4). 

The evidence of the magnitude of the problem in the sector where considerable con-

trol can be exercised is evident from these fi gures. Ensuring workers’ comfort and 

well-being are committed goals of ergonomics. One of the important goals of reha-

bilitation is health preservation, and disability and dysfunction prevention. There-

fore, the role of ergonomics is complementary to the goal of rehabilitation. Mital and 

Karwowski (1988) emphasize the critical role of thorough application of ergonomics 

on the job for the success of disability prevention program.

1.8.2 REASON FOR CONSIDERING CHANGE

The usual fi rst response of most employers to a disabling injury of an employee is to 

invoke long-term disability leave policies. Most employee programs provide for such 

protection. Such an action adds to the disabled pool. It was estimated that 30% of the 

entire American population had a disability in the late 1970s (Grall, 1979). Two out 
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of three adults with disability did not work (Memmot, 1987). Such a large percentage 

falling out of the workforce is a serious loss to the national economy. Not only do 

these people cease to produce, lose self-worth and self-esteem, but also have to be 

supported by the public purse. It, therefore, makes strong economic and social sense 

to try and reintegrate these people into the normal workforce.

In the United States, the landmark legislation passed in 1973 tended to reduce 

the impact of this problem. This legislation, known as Title V, guarantees the rights 

of disabled Americans. Section 503 of this Act mandates that all federal contrac-

tors and subcontractors, holding $2500 annually in contracts with the government, 

are required to take affi rmative action, steps to recruit, hire, and promote qualifi ed 

handicapped employees. It also clearly states that federal contractors must make rea-

sonable accommodations to the physical and mental limitations of an applicant for 

employment. In 1974, the U.S. Congress passed the Vietnam Era Veterans Readjust-

ment Assistance Act. Section 402 of that law states that federal contractors receiv-

ing more than $10,000 annually from the government must develop affi rmative 

action programs to recruit, hire, and promote qualifi ed handicapped veterans and 

Vietnam-era veterans. This section also requires affi rmative action and reasonable 

accommodation.

1.8.3  BENEFITS OF INTEGRATING PEOPLE WITH DISABILITY IN 
THE WORKFORCE: PROOF AND POTENTIAL

A shrinking labor pool, legal requirements, and the high cost of worker compensation 

and disability payments make a compelling argument with strong economic sense 

to maximize human resources. In the United States, in 1984, 25,000 placements of 

developmentally disabled were made in competitive employment and 50,000 were 

placed in 1985. This program was guided away from dependency toward goals of 

productivity, self-suffi ciency, and integration into community life. It was estimated 

that 87,000 handicapped workers will earn about $400 million in gross annual 

taxable wages (Human Development News, 1987). There is little doubt about the 

cost-effectiveness of such programs. In an evaluation survey of JAN (1987) with 

a response rate of 28%, 90% of employers believed that they had benefi ted from 

employing handicapped. Of these, 14% thought that their benefi t was not economic. 

Sixty-four percent estimated their benefi t to be between $1,000 and $10,000; another 

22% estimated their benefi t to range between $15,000 and $30,000.

1.8.4 ERGONOMICS COMPLEMENTING REHABILITATION

Looking at the prevalent practice of rehabilitation, it is clearly discernible that 

rehabilitation had largely been based on physiological and biochemical criteria. 

It also took into account the functional criteria of activities of daily living, gen-

erally in a qualitative manner. The range of motion (ROM) before, during, and 

after rehabilitation remains one consistent quantitative measure, which was used 

frequently for the functional assessment. If, however, the primary goal of rehabili-

tation is functional restoration following injury or disease, a further adaptation of 

strategy is essential. First, a clear establishment of multifaceted quantitative norms 

of various human activities is an essential starting point. Many human studies 
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dwell on unidimensional performance of elite athletes. However, the norm of the 

average population is considered more appropriate for rehabilitation. This starting 

point will allow both, a quantitative evaluation of the functional impairment and 

a goal for rehabilitation regimes to work toward. Such a course of action will also 

allow quantitative evaluation of effectiveness of various unvalidated rehabilitation 

procedures. The nature and extent of functional defi cit and recovery will have 

to be determined in as many dimensions as possible, which affect the function.

Also, a position is advocated here that rehabilitation is not complete until the 

patient has returned to productive employment, or retrained to enter an alternate 

profession suitable to his/her capabilities. This will certainly introduce an element 

of thorough job demands analysis and job modifi cation. For optimization of the 

productivity, all ergonomic principles will have to be effectively employed. Only 

such a broadening of the scope of rehabilitation will result in holistic rehabilitation 

(Figure 1.3).

A disability may be defi ned as a perturbation, which adversely affects func-

tion. An individual with disability who performs multitude of activities may have 

decrement in one or more variables. In order to continue to perform normally, an 

individual will have to have normal kinematics, kinetics, ROM, strength, endurance, 

perception, motor coordination, mobility, no pain, and normal psyche to enumerate 

more important factors. Decrement in one may signifi cantly affect the performance 
Medical
REHABILITATION
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FIGURE 1.3 Holistic model of rehabilitation.
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FIGURE 1.5 Performance criteria of strength and motion.
score in others. Therefore, the activities of daily living as well as vocational tasks 

have to be rated for multidimensional parameters, including all variables that are 

employed. If in a given activity only the strength of a body member is needed, it can 

be measured and recorded (Figure 1.4). If strength is required to be exerted through 

a ROM, both criteria need to be tested (Figure 1.5). For the activity in question, if a 

certain speed is necessary, it will also have to be assessed (Figure 1.6). The bound-

ary of this graph will represent the functional capacity of the worker for this given 

task based on the tests conducted. However, these are not the only variables that 

affect human performance. The combination of strength, ROM, and speed char-

acterize some of the physical demands of activity performed once. The frequency 

of operation and the duration of work shift will be essential to be considered for 

vocational rehabilitation. The muscle tone will determine the endurance, and cardio-

pulmonary fi tness will determine the aerobic capacity. The dexterity and precision 

of the operation are other physical variables, which will need to be accounted for. 

It is obvious, therefore, that even in physical domain, the task requirements become 

multidimensional (Figure 1.7).
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FIGURE 1.7 Profi le of physical requirements for a task.
Similar multidimensional requirements in social as well as psychological 

domains are essential ingredients of work-worthiness of every individual undergo-

ing rehabilitation (Figures 1.8 and 1.9). In the fi nal assessment the patient will have 

to be tested on all these aspects (Figure 1.10). The decision to return to a given work 

will have to depend on the demands of the tasks. By overlapping the requirements 

of the task on the pool of resources that an individual has, one could clearly see the 

suitability of the patient to the task (Figure 1.11). In this hypothetical case, a high 

demand on endurance and aerobic capacity is made. It clearly violates the guideline 

of not exceeding one-third of the aerobic capacity (NIOSH, 1981). As such, while the 

individual is capable of handling every other aspect, he will not be able to endure the 

demand of physiological cost. Furthermore, an excessive demand on muscle endur-

ance will prevent the individual from being able to carry on for a signifi cant length 

of time. A variable by variable quantitative assessment and a separate comparison 

with design criteria of each variable should be the standard procedure for placement. 

Clearly, when the task becomes more demanding and requires many more attributes 

from the patient, the complexity of the situation will increase. It will need a more 
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capabilities.
sophisticated evaluation and management system. Different variables may have to 

be assigned separate weights in order to arrive at a realistic and meaningful solution. 

Such an assessment of a disabled person will allow a comparison with the norms to 

determine the extent of the defi cit. This information will also allow one to plan the 

strategy of rehabilitation effort and subsequent steps of integration.

1.9 DISABILITY CONTEXT

The description and understanding of the term and concept of disability is somewhat 

obscured by nonstandardized usage. Conceptually, disability is a reduced functional 

status resulting from an impairment, giving rise to a handicap. These terms accord-

ing to the International Classifi cation of Impairments, Disabilities, and Handicaps 

(ICIDH) proposed by the WHO (1990) are as follows:

Impairment• : “Any loss or abnormality of psychological and anatomical 

structure or function.” Therefore, impairments are disturbances at the level 

of the organ, which include damage or loss in part or whole of a body part 

or member, as well as derangement or loss of mental function.
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Disability• : “A restriction or lack of ability (resulting from impairment) to 

perform an activity in the manner or within the range considered normal for 

a human being.” Therefore, a disability is a functional limitation or activity 

restriction, probably caused by an impairment.

Handicap• : “A disadvantage for a given individual, resulting from an impair-

ment or disability that limits or prevents the fulfi lment of a role that is normal 

(depending on age, sex and social and cultural factors) for that individual.” 

Thus, the term handicap describes the situation of nonfulfi llment of social 

and economic roles of disabled people, which, depending on circumstances, 

environment, and culture, would be normal for others to do.

From the functional point of view then, Kumar (1989) argued that most people are 

disabled to some extent in one or more of the multitude of functions the individual 

performs. The reference is taken from, in such determinations, the normative data, 

which are obtained from a large group of normal people. The scale of functioning 

is presented in Figure 1.1. Strictly speaking then, all functions which one is capable 

of, must fall within this range. However, for any given individual, the extent of a dis-

ability and handicap may be dependent on the hierarchy and frequency of use of the 

given function.

1.10 MEDICAL AND HEALTH MODEL

The inevitability of impairment, ensuing disability, and handicap assured by statisti-

cal law of averages has become a fact of life of our socioeconomic structure. The 

World Health Organization in its World Program of Action has identifi ed three goals 

to cope with the problem. First is the primary prevention. It is to be accomplished 

by measures aimed at preventing the onset of mental, physical, and sensory impair-

ments. If impairment has occurred, then negative physical, psychological, and social 

consequences can be minimized or eliminated. The second goal is rehabilitation. 

A goal-oriented and time-limited process aimed at enabling the impaired, also strives 

to reduce and eliminate pain and suffering. The third and fi nal goal is equalization of 

opportunities; cultural and social life, including sports and recreational facilities, are 

made accessible to all. Thus, the coping medical and health model has the tripartite 

goals of prevention, rehabilitation, and equalization (Figure 1.12).

1.11 ERGONOMIC DIMENSION

The dual complimentary emphases of ergonomics are placed on the worker and the 

work. Work is not just important but, in this context, is the ultimate objective. The 

“end” of work is achieved through the “means” of the worker. Therefore, the worker 

by the logic of hierarchy, technical, and social considerations becomes the most 

important component and strategic focal point for technological considerations. 

A comfortable, healthy, and well-adjusted worker is more likely to be a motivated 

worker with high morale. Such a combination of factors is generally known to 

translate into high productivity and better industrial relations. Thus, the comple-

mentarity of the dual focus has a tendency to establish and optimize the gain of a 
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self-amplifying loop. Under unfavorable circumstances, the converse is also likely 

to happen (Figure 1.13).

Thus, the tripartite goals of ergonomics are not only mutually complimentary in 

infl uencing the outcome measure signifi cantly, but are also parallel to and compatible 

with the tripartite goals of the coping medical and health model. The complemen-

tarity between the prevention of impairment and the comfort of worker, rehabilita-

tion of disability, health and safety, equalization of opportunity, and effi ciency and 

effectiveness are obvious. Ensuring comfort and well-being of the workers through 

hazard identifi cation and their elimination from the workplace will accomplish the 

public health goal of prevention of impairment, thereby eliminating the need for 

rehabilitation. Such a step is likely to optimize productivity, enhance worker morale, 

and reduce labor turnover. These are strategically signifi cant in economic terms for 
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FIGURE 1.13 Interdependence of dual focus of ergonomics.
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industry and good for the morale and loyalty of workers. From these emerge better and 

stable industrial relations. In order to achieve this, the task at hand is ergonomically 

fi tted to the worker. Given the worker characteristic, normal or impaired, the process 

of fi tting the job through adjustment or modifi cation to maximize worker capability 

is ergonomics, parallel to the process of disability rehabilitation of the medical and 

health model. The ergonomic principle of enhancing effi ciency and effectiveness is 

complimentary to the equalization of opportunity, which seeks to enhance environ-

mental accessibility to disabled people through reduction in demand.

Ergonomics, however, is not only complimentary to the medical and health 

model but can also be an effective tool in the realization of its goals. Impairment 

prevention can be achieved to a large extent through hazard elimination. The process 

of rehabilitation can be signifi cantly enhanced by incorporation of ergonomics in 

treatment and management strategies. The role of ergonomics lies not only in provi-

sion of normative standards but also in the development of testing and evaluation 

techniques. The latter provides quantitative measures of success. Furthermore, ergo-

nomics can offer meaningful enhancements of treatment regimes. In the fi nal stage 

of management with equalization of opportunity, the role of ergonomics is prevalent, 

pervasive, and extensive. In fact, the equalization of opportunities can be delivered 

only through the medium of ergonomics. The role of ergonomics integrated in the 

medical and health model is represented in Figures 1.14 and 1.15.

1.12 APPLICATION OF ERGONOMICS IN REHABILITATION

Rehabilitation of workers to gainful employment is one of the primary goals of 

Workers’ Compensation Boards in the United States. The fulfi llment of such a goal 

is dependent upon the degree of incorporation of principles described above. With 

these considerations, it is strongly suggested that all Workers’ Compensation Boards 

must have a Work Evaluation Department. The purpose of the Work Evaluation 

Department should be able to assess a client’s capacity to return to employment. 
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tions of impairment, rehabilitation.
The work evaluator must evaluate clients from a multifaceted perspective as it 

relates to the employment and develops a quantitative inventory of their capabili-

ties. The work evaluator must endeavor to maximize function following impairment 

to facilitate successful return to work through job analysis and job accommoda-

tion where needed, education in optimized work procedures, as well as provision 

of appropriate assistive devices. The work evaluator should work in cooperation 

with rehabilitation engineer and vocational counselor to facilitate transition from the 

rehabilitation phase to gainful employment. In order to achieve this, the following 

service functions may be essential.

1.12.1 FUNCTIONAL EVALUATION

An assessment to determine a person’s physical work capacity, perceptual and 

cognitive abilities, and work behaviors should be conducted. Within the  physical 

domain, functional activities, for example, sitting, standing, walking,  climbing, 

jumping, running, balancing, kneeling, crouching, crawling, squatting,  lifting, 

 carrying, pushing, pulling, reaching, handling, strength, endurance, speed, aero-

bic capacity, dexterity, and precision, should be given special attention. On the 

 psychological front, the perceptual and cognitive abilities should be tested through 

tasks of feeling, seeing, hearing, memory, concentration, judgment,  decision mak-

ing, learning ability, and others. The social aspects profi le should be rated on 

motivation,  perseverance, adaptability, reliability, goal orientation, self-esteem, 

confi dence, punctuality, appearance, organization, attitude to peers, attitude to 

supervision, judgment, and others.
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1.12.2 JOB-RELATED EVALUATION

An assessment of a person’s ability to work in a specifi c job must be determined 

on the basis of the criteria stated in previous categories, at least after simulating 

specifi c job components. An effort must be made by the work evaluator to make 

the assessments on the job site during the performance of the tasks in a real work 

environment.

1.12.2.1 Job Demands Analysis

A systematic study of the physical demands of the job and work site must be per-

formed. Included in this analysis should be work postures, tool use, material handling, 

environmental factors, and work pacing. This information must then be compared to 

work methods or work site modifi cations.

1.12.2.2 Job Accommodation

Based on the previously conducted job analysis, job/job site modifi cation may be 

implemented, if necessary, to enhance a worker’s ability to function. The modifi ca-

tions made should be individual specifi c to ensure an optimum “worker–work” fi t. 

Such a modifi cation may be augmented by necessary education of the employee and 

the employer in the ergonomic and related issues of the given case.

1.12.3 OPERATIONAL BLUEPRINT

With the increasing size of the special population, which needs services spanning 

the traditional territories of rehabilitation and ergonomics, and the intrinsic com-

monality with overlap between these disciplines, it is a matter of some urgency to 

develop a plan to operationalize the integrated execution to meet the social needs. 

In any such activity, multiple levels of effort will be necessary. In order to adequately 

cover most circumstances, functional divisions are necessary. Some considerations 

will be more appropriate for people, others for processes, and still others for prod-

ucts. A brief discussion ensues in that order.

1.12.3.1 People-Related

In the functional domain, a clear establishment of multifaceted quantitative norms 

of various human activities is an essential starting point. A direct transfer of infor-

mation generated in numerous studies, which dwell on unidimensional perfor-

mance in athletic activities, is not relevant. First, these levels of activities cannot 

be sustained on a long-term basis due to their intensity. Second, their infl uence on 

other variables, which may also be required in operation (to a varying degree), will 

not be known. Furthermore, these studies use people who excel in these activi-

ties incorporating an elite bias. It is therefore essential to have multidimensional 

functional evaluation norms of normal and average people of both sexes and dif-

ferent age groups. Such an endeavor will allow us to determine the gender and 

age factors of ready adjustment in a given population. Such an extensive database, 

though tedious to develop, will serve as a three-dimensional framework to base 
� 2008 by Taylor & Francis Group, LLC.



functional assessment to determine the nature and extent of functional defi ciencies 

and impairments. One such database has been developed and reported by Kumar 

(1991). This will also provide a goal for treatment planning and a continuous 

comparison to determine any progress or remaining defi ciency, as the case may 

be. Thus, the nature and extent of functional impairment and subsequent recovery 

when determined multidimensionally (in all relevant criteria) will assist holistic 

rehabilitation (Kumar, 1989). Commonly, patients are released soon after partial 

rehabilitation (barely functional for activities of daily living) and are not followed 

to their workplaces. Not only philosophically, but also pragmatically, it is empha-

sized that rehabilitation is incomplete unless the patient is reintegrated in the work 

force with or without adjustment and/or augmentation. The independence of a 

patient is not limited to physical partial functions, but includes economic inde-

pendence and social adjustment. A disregard for such a holistic rehabilitation may 

incur signifi cant cost to the society, lost productivity to the economy, and adverse 

social and psychological impact on the patient. Only a concurrent broadening of 

scope of ergonomics and rehabilitation and their overlapping application can result 

in holistic rehabilitation (Figure 1.16).
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FIGURE 1.16 Component interaction in holistic rehabilitation.
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1.12.3.1.1 Physical Work-Worthiness
An impairment is a perturbation, which adversely affects function. An individual 

with an impairment, during the course of daily living and work, will perform a 

multitude of activities involving numerous physical traits. Due to interdependence 

of physical traits and the dependence of more than one trait on one physical or 

physiological parameter, the functional aberration is likely to be variable in multiple 

dimensions. In order to maintain normal performance, one will have to have normal 

ROM, strength, endurance, kinematics, kinetics, perception, and motor coordina-

tion. A physical injury causing pain may affect more than one variable in vary-

ing amounts, resulting in an entirely different picture compared to preinjury state. 

Therefore, physical work-worthiness must be rated multidimensionally incorporat-

ing all relevant variables. The traditional medical model of rehabilitation generally 

based the rehabilitation decisions heavily on ROM. Such a practice would be consid-

ered sound if the ROM was the sole variable required to be functional. No useful and 

productive work can be done by just moving body parts. Generally, force application 

is also essential. Thus, testing of motion for the available range may be the fi rst 

necessary step (Figures 1.17 and 1.18). Having determined the required motion for a 

given task, it will be essential to determine the maximum strength required to carry 

out the task in question. Due to the concurrent requirement of ROM and strength, 

the job requirement can be presented as in Figure 1.19. Productive work environment 
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has a constant demand of pacing and/or output. Therefore, the speed of activity with 

required strength within the established ROM also becomes an essential criterion. 

Simultaneous consideration of all three factors can provide a complete picture of job 

requirements (Figure 1.20). An overlap of the patient capability on the job require-

ment profi le will be essential for a quantitative functional assessment and determina-

tion of defi ciencies. The difference between the boundary lines of job requirement 

and availability in the patient will be a quantitative measure of defi ciency due to 

impairment for one task cycle. Other physical and physiological variables such as 

endurance, cardiopulmonary fi tness, aerobic capacity, dexterity, precision, tissue 

tolerance characteristics, and status of pain will all determine full physical work-

worthiness. All these physical traits will be demanded for work-worthiness due 

to the repetitive nature of productive industrial work (Figure 1.21). An interaction 

between the production quota and reasonable human performance capability will 

determine the frequency of operation and the shift duration.
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FIGURE 1.21 Major physical traits.
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1.12.3.1.2 Psychosocial Work-Worthiness
A similar multidimensional requirement in psychosocial domain is essential for opti-

mal functioning of the worker (Figure 1.22). For fi nal assessment, the patient will 

have to be quantitatively tested on all affected relevant variables. The decision of 

further treatment, training, or returning to work will signifi cantly depend on the job 

demand. It will be only through, preferably, a quantitative overlap of the patient’s 

physical and psychosocial capability over the job requirement that an ergonomically 

trained rehabilitation professional will be able to determine the shortfall and select a 

strategy to manage (Figure 1.23). This imaginary task requires a great deal of speed, 

precision, dexterity, perception, cognition, and fast reaction time. On these criteria, 

the hypothetical patient has defi ciencies and is, at the time of assessment, unsuitable 

to be sent back to this job. A similar defi ciency and hence incompatibility could be 

found in the physical domain. Under these two sets of conditions, different decisions 

will be made for divergent rehabilitation strategies. Furthermore, a comparison of 

patients with normative data on all these scales will help determine quantitative 

functional impairment or disability, as the case may be.

1.12.3.2 Process-Related

Subsequent to the rehabilitation effort, many patients are left with residual func-

tional impairment, which may inhibit their being gainfully employed. In Canada, 

almost one-half (45.6%) of all disabled people required assistance in performing 

heavy household chores, while nearly one quarter required assistance to perform 

daily housework (22.4%) or to shop (23.2%) (Statistics Canada, 1990). In many cases, 

disability impact is compounded due to many people having more than one disabil-

ity. Statistics Canada (1990) reported that though mobility and agility are the most 

common disabilities at 64.4% and 55% respectively, hearing, mental, and visual 

disabilities ranked at 30.8%, 27.3%, and 16% in that order. It is also reported that only 

40.3% of all disabled persons of working age were gainfully employed in Canada in 

contrast to 66.6% of the general population (Statistics Canada, 1990).
� 2008 by Taylor & Francis Group, LLC.



PainTissue
tolerance

Aerobic
capacity

Endurance

Precision

Dexterity

Speed

Strength

ROM
of

motion

Drive Confidence

Motivation

Fatigue

Operation

Reaction
time

Decision
making

Integrative
judgment

Cognition
Perception

Peer
acceptance

Self-esteem
Goal

orientation

Taskcommitment

A
B

Ph
ys

ica
l

Psychological

Social

FIGURE 1.23 A conceptual model.
To enable people with disabilities, the fi rst and foremost attention has to be given 

to job redesign in light of the quantitative functional assessment, as detailed before. 

To a disabled worker, the components of the job demand falling beyond the person’s 

capability have to be modifi ed to bring the job within the worker’s capability. Such 

job accommodation most frequently may involve modifi cation of hardware as well 

as the processes. For now, until the categories of generic disabilities along with mag-

nitude of gradations are established, these may have to be dealt with on a case by 

case basis. In some cases, a job redesign may not be suffi cient to enable a disabled 

worker, for which an assistive or augmentative device may be required. Such a strat-

egy may also be found effective among cases with minor disability, where assistive 

devices may circumvent a need for hardware modifi cation. Such a strategy of fl exible 

matching with varying extent of job modifi cation and assistive devices will not only 

give the disabled person a sense of self-worth, but also increase the gross national 

product.

Assistive devices may range from a simple cane to sophisticated robots. Disabled 

people require personal attention and care. These individuals rely on  family mem-

bers, friends, or attendants for their daily needs and mobility. The largest cost for 

these people is not medical care but maintenance, attendant care, nursing home, and 

home care expenses on top of loss of productivity due to inability to work. Assistive 

devices offer disabled people a chance to decrease these costs and function more 

effectively in the society by performing the processes, which they otherwise could 

not. It is revealing to note that in 1980 in the United States, over 3000 times as 
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much money was spent on people and equipment to care for the disabled than was 

spent on development of technology that would allow the disabled to care for them-

selves—$220 billion versus $66 million (McNeal, 1982). LeBlanc and Leifer (1982) 

also reported that the money spent on the technology of assistive devices was eco-

nomically benefi cial to the society. They stated that every dollar spent on assistive 

device technology returned $11 in benefi t to the society.

Gilbert et al. (1987) reported development of a robot mannequin with 38 degrees 

of freedom in movement to test the effectiveness of protective clothing in hazardous 

environment. This mannequin equipped with skin sensors had the ability to repli-

cate ancillary biological systems including sampling of chemical reagents, which 

would be of immense value to a disabled worker with loss of tactile sense. NASA 

(1989) reported development of a device, which may improve the vision of people 

with visual disability of low vision, which cannot be corrected medically, surgically, 

or with eye glasses. Such a restoration of visual function will allow execution of 

normal productive life. Tuchi et al. (1985) reported development of a robotic aid for 

the blind. This robot is designed to replicate the functions of a guide dog. It can be 

programmed with appropriate landmark information of an area and it has the capa-

bility to guide the owner to a desired destination. Such examples clearly indicate that 

identifi cation and quantifi cation of a needed process or component of a task may 

allow development and fabrication of an augmentative device, which may enable an 

otherwise disabled worker. It will, therefore, be of value to analyze many of the tasks 

in question ergonomically and develop an inventory of generic processes, which may 

help many disabled individuals.

Since the functional restoration is the fi nal outcome of rehabilitation, the effec-

tiveness and effi ciency of the process is the ergonomic concern. In ergonomic terms, 

the process of rehabilitation involves two interfaces: (1) the interface between the 

therapist and the patient, which will have a bearing on the effectiveness of treat-

ment and (2) the interface between the patient and the environment surrounding the 

patient. Both these interfaces will interact in determining the fi nal outcome of the 

functional normalcy of the patient (Figure 1.24).

1.12.3.2.1 Therapist–Patient Interface
Intense therapist–patient interaction occurs at two levels: (a) psychological and (b) 

physical. The knowledge, biases, and expectations of therapists may have a signifi -

cant impact on the fi nal functional outcome of the patient’s rehabilitation. These 

may shape the patient’s expectation, motivation, and compliance. To ascertain if 

such biases do exist among therapists, Simmonds and Kumar (1996) tested a sam-

ple of 69 physical therapists. Each therapist viewed three videotaped assessments 

of patients with low back pain that differed in severity. A brief history of patients 

containing their Workers Compensation was provided with the videotape to each 

participating therapist. Another group of therapists was not provided any informa-

tion on the patient. These therapists were required to make prognoses based on 

the physical assessment on the videotapes. Although the therapists made similar 

physical assessments, their prognosis of the patients was signifi cantly different 

(p < 0.5) across the information group. The workers compensation status was deemed 

to have a negative effect on the outcome in patients even with mild low back pain. 

On the other hand, the nonworkers compensation status was considered positive by 
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FIGURE 1.24 A theoretical model of rehabilitation ergonomics.
therapists in prognosis of recovery. Thus, such knowledge biased the opinions and 

expectations of the therapists. Basmajian (1975), Peat (1981), and Harkappa et al. 

(1991) have all reported that the psychosocial factors may have signifi cant impact 

on the treatment outcome. Therefore, a preventative ergonomic intervention in 

the psychological domain at the therapist–patient interface may have a signifi cant 

impact on the outcome.

At the physical level, more than the validity of the technique, the effi ciency and 

the accuracy of treatment is of paramount importance for an effective treatment. 

The point will be illustrated by two examples. First, physical medicine and physi-

cal therapy are delivered through physical medium; therefore, an accurate location 

of a physical landmark is essential. These are invariably determined by the tech-

nique of palpation before delivering the treatment. An identifi cation of landmark 

through palpation has been considered accurate and objective (Grieve, 1981; Lee, 

1989). This prevalent belief has generally gone unchallenged despite the lack of 

objective evidence. To test this assumption, Burton et al. (1990) tested reliability of 

repeated identifi cation of palpable landmarks. He used invisible marking pen and 

measured the distance between consecutive marks for spinal levels S2, L4, and T12. 

Though the distances between the consecutive marks varied, they remained within 

5 mm for S2 and L4, and 10 mm for T12 landmarks within raters. Between raters, 

 however, for T12 this distance was 35 mm. Thus, within rater, these palpation results 

were considered repeatable and reliable for bony landmarks “easy-to-palpate from 

surface.” In a study, Simmonds and Kumar (1993) investigated the reliability of 

palpability of (a) the anterior border of lateral collateral ligament at the level of 

knee joint, (b) the spinous process of L4, (c) the posterior superior iliac spine, and 

(d) the transverse process of L4. Experienced therapists were asked to mark each 

structure with an invisible ink and repeat the process after lapse of time. While the 

palpation of L4 was done accurately, all others were inaccurate. The level of inac-

curacy increased with the depth of the tissue (p < 0.02). It is conceivable that a poor 

reliability of many clinical tests may be due to the errors associated with palpation. 
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Thus standardization of this procedure to enhance accuracy at this interface is of 

vital importance for an optimal outcome.

The next stage of effective treatment will depend on the delivery of an appropri-

ate dose of a valid treatment. One of the common treatment modalities for the low 

back pain is spinal mobilization. Four grades of mobilization and their needs have 

been advocated in the literature (McKenzie, 1987). Therapists commonly administer 

spinal mobilization subjectively assessing the grade of the treatment they administer. 

The accuracy of such an assessment needs to be established. Therefore in a study, 

Simmonds et al. (1995) quantifi ed the forces exerted on and the displacements pro-

duced of the vertebral body during mobilization on a spinal model. Kumar (1995) 

designed and fabricated a therapeutic spinal model (U.S. patent number: 5,441,413). 

On this model, 10 experienced therapists performed four grades of mobilizations at 

three different levels of joint stiffness—low, medium, and high stiffness. The mean 

peak force values recorded were lowest in the least stiff condition across all grades of 

mobilization (57.6–120 N). For medium and high stiffness, the exerted force values 

were similar, ranging between 82 and 178 N for medium stiffness and 81–162 N for 

the high stiffness. Similarly, the peak displacement for each grade of mobilization 

for low, medium, and high levels of stiffness ranged between 2.2 and 3.4 mm, 1.8 

and 2.0 mm, and 1.9 and 2.2 mm respectively. The results showed that there was a 

signifi cant difference in force exerted due to the stiffness of the spine as well as the 

grade of mobilization (p < 0.01). However, there was a large range of intertherapist 

variability. The force exerted by different therapists varied between 7 and 380 times, 

whereas the displacements produced varied between 12 and 112 times. The value of 

any treatment depends on delivery of a valid treatment in a consistently standardized 

manner. The degree of variability encountered among seasoned therapists may be a 

reason for concern. Therefore, it is essential to standardize the treatment. The latter 

will be achievable through ergonomics. Enhancing this consistency will optimize 

the outcome of rehabilitation.

1.12.3.2.2 Patient–Environment Interface
There is considerable value in an objective and holistic assessment of patient’s 

performance and a profi le of the tasks to be performed. Such matching for deter-

mination of defi cits as advocated by Kumar (1992) will be essential to focus the 

 rehabilitation attempts for optimizing the rehabilitation outcome.

1.12.3.2.3 Means
The means of successful implementation of the objectives of rehabilitation ergonom-

ics lie in development of methodology, databases, their interpretation and integra-

tion. The methodology may be adapted for the purpose from the existing tools and 

methods. Using these, relevant databases need to be created to develop norms or 

ranges of samples of interests. These databases then need to be integrated for appro-

priate use, in this case, design or modifi cation.

With aging, trauma, or disease, there may be decrement in one or more functions 

of the body. Most functions require motion, force application, and velocity of exe-

cution. If one considers these functions in an occupational context, endurance and 

repetition become important. Therefore, it is essential to determine the job profi le in 

terms of motion, force, velocity, and repetition. For this information to be helpful and 
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relevant, the data must be collected in the occupational milieu and simultaneously. 

Therefore, the force exerting capacity through the ROM and sustainable velocity and 

repetition will be essential. Thus, such multidimensional data must be collected in 

physical, psychological, and social domains (Kumar, 1992). The decision regarding 

a course of action (treatment, training, return to work, etc.) will depend on the job 

demand. A quantitative overlap of the patient’s physical and psychosocial capability 

over the job requirement (Figure 1.23) will allow an ergonomically trained reha-

bilitation professional to determine the defi ciencies and select a strategy to manage 

the case. This hypothetical task requires a great deal of speed, precision, dexterity, 

perception, cognition, and fast reaction time. On these criteria in this hypotheti-

cal example, the identifi ed defi ciencies prohibit to return the worker to work. For 

this job, the patient needs further rehabilitation. However, there may be another job, 

which this patient may be able to do. Thus, depending on the severity of defi cien-

cies, the patients may be placed either on an alternate job, returned to rehabilitation, 

or sent for work hardening. Thus, in order to employ rehabilitation ergonomics, one 

may have to consider a variety of steps and strategies as presented by Kumar (1992) 

(Figures 1.21 and 1.22).

Although the components of the rehabilitation ergonomics are multiple, they 

either impact on the “therapist–patient” interface or the “patient–environment” 

interface. It will be only through a thoughtful and careful application and execution 

that we may be able to more or less overcome the barriers to a signifi cant segment 

of our population, and make a positive contribution to the national as well as world 

economy. Therefore, the following model represents the theoretical framework of 

rehabilitation ergonomics (Figure 1.3).

1.12.3.3 Product-Related

One of the important tenets of development of any product and its sustained success 

would be the ability of the market place to be able to support it. A continued state 

subsidy for such items spells their ultimate demise due to non-affordability rather 

than lack of usefulness. At fi rst sight, the above statement may appear uncompas-

sionate, contrary to the motive of furtherance of this argument in the fi rst place. 

If the initial design criteria take this fact into account, the products may last much 

longer in the market and benefi t the disabled population. In exploring such a  market, 

the socioeconomic statistics about disabled people is very pertinent. Statistics  Canada 

(1990) states that only 40% of all disabled people are employed in Canada. While 

up to 50% of disabled men are gainfully employed, only 30% of women with dis-

ability have employment. The Secretary of State stated that over 57% of all persons 

with disability have an annual income less than $10,000. Grall (1979) reported that 

in the United States, the chronically disabled were likely to have only one-half of 

the income of nonhandicapped and were twice as likely not to have health insurance. 

Disabled people were at least three times more likely to be unemployed. Further-

more, up to 30% of the American population was disabled. This clearly indicates 

that there are a large number of people needing special products with little money 

available. Any product developed for this market, therefore, has to be low cost for 

affordability reason.
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Despite the inherent diffi culties with the market, there are many groups of 

people associated with the disabled who will be secondary benefi ciaries of such 

availability and prove to be vocal and powerful advocates. These people will include 

physiatrists, orthopedists, neurologists, cardiologists, ophthalmologists, and ENT 

specialists among medical professionals. Almost the entire allied health profession-

als including nurses, therapists, and rehabilitation engineers will also constitute a 

strong supporting group. Lastly, the family and friends of disabled people will also 

be indirect benefi ciaries of such products in a big way. Of course, the manufacturers 

and suppliers will also have a vested interest in success of such an endeavor. Since 

such developments are likely to touch lives of so many, their consideration in depth 

is a technical as well as moral responsibility of ergonomists.

In a Health and Activity Limitation survey, the Alberta Bureau of Statistics 

(1989) and Statistics Canada (1990) have divided the disability types into a total of 

seven categories: mobility, agility, seeing, hearing, speaking, other, and nature not 

specifi ed. The fi rst two constituted the bulk of disabilities for Alberta (Table 1.5). 

The United Nations (1990), in its international survey of disability, identifi ed fi ve 

broad issues: (a) presence of impairment, (b) presence of disabilities, (c) causes 

of impairment, (d) social, economic, and environment characteristics, and (e) dis-

tribution and use of services and support. For the current discussion, presence of 

impairments and disabilities are most relevant and are presented in Tables 1.6 and 

1.7. A concurrence in classifi cation, description, and defi nition of impairment and 

disability between different countries still appears to be a fair distance away. A 

lack of commonality in classifi cation and description of impairment and disability 

may be a formidable impediment in universalization of solutions. It may, therefore, 

be the necessary fi rst step to develop a functional categorization regardless of cause 

and nature of impairment. The discipline of ergonomics is equipped to commence 
TABLE 1.5
Nature and Severity of Disability by Age Group in Alberta

Disability 15–64 Years 65 Years and Older

Nature

Total 155,725 73,160

Mobility 92,250 56,495

Agility 80,980 49,775

Seeing 18,185 15,560

Hearing 36,655 30,210

Speaking 9,905 3,835

Other 37,575 17,665

Unspecifi ed 15,490 2,145

Severity

Mild 82,220 26,170

Moderate 52,365 27,085

Severe 21,140 19,910
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TABLE 1.6
United Nation’s Classifi cation of Impairments

Category Type Description

Physical (sensory) Aural Auditory sensitivity

Language Language functions and speech

Ocular Visual acuity

Visceral Internal organs and impairments 

of other special functions, e.g., 

sexual, mastication, and 

swallowing

Physical (other) Skeletal Head and trunk region, mechanical 

and motor impairments of limbs 

and defi ciencies of limbs

Disfi guring Disfi gurement of head and trunk, 

regions of limbs

Intellectual and psychological Intellectual and psychological Intelligence, memory, thinking 

consciousness, wakefulness, 

perception and attention, emotive 

and volitional functions, and 

behavior patterns

Generalized sensory and others

TABLE 1.7
United Nations (1990) Classifi cation of Disabilities

Category Type Description

Physical (functioning) Locomotor Ambulation and confi ning disabilities

Communication Speaking, listening

Personal Care Personal hygiene, dressing, feeding, and excretion

Body disposition Domestic disabilities, e.g., preparing and 

serving food and care of dependents, disabilities 

of body movement, e.g., fi ngering, gripping, 

and holding

Dexterity Skill in body movements, including 

manipulative skills and ability 

to regulate control mechanisms

Social functioning Behavior Awareness and disabilities in reactions

Situational Dependence and endurance and 

environmental disabilities relating 

to tolerance of environmental factor

Other Disabilities of particular skills and other activity 

restrictions
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the development of a generic functional classifi cation applicable across conditions, 

which results in similar functional defi ciencies. These criteria can then be incor-

porated in design and development of products for use by disabled consumers. 

Existing products considered suitable for use by disabled consumers can be tested 

against the criteria thus generated. Therefore, the scope of ergonomics can readily 

expand to include rehabilitation, which in fact is a legitimate but relatively unex-

plored dimension. Thus, rehabilitation ergonomics may be considered to consist of 

components as shown in Figures 1.21 and 1.22. An extensive need for a category of 

product universally needed by disabled people is appropriate clothing. Some cre-

ativity and innovation in this area can go a long way to make life so much easier for 

all concerned. An effi cient functioning of disabled population is not only a moral 

nicety, but an economic necessity in newly emerging reality of life.

1.12.3.3.1 A Case Study of Ergonomic Product Design
Rheumatoid arthritis (RA) is a chronic progressive disease that affects men, women, 

and children of all ages. Even with excellent attention to medicine and rehabilita-

tion, the disease can be disabling to various degrees. A random survey of 15,268 

people found an overall prevalence of RA to be 2.7% , with a maximum prevalence 

of 5.5% among older females and a minimum prevalence of 0.4% among younger 

males (Issacson et al., 1987). During periods of disease exacerbation, damage can 

be done to the periarticular soft tissues. Damage to these structures leads to joint 

deformities. It is therefore important that the joints and their surrounding soft 

tissues be protected from stress and inherent weakness. Muscle strength and joint 

ROM must be maintained, however.

MacBain et al. (1981) suggested that, among other things, the following princi-

ples are particularly important in the management of rheumatoid hands. First, discre-

tion must be used in exercise and it must be modifi ed appropriately. Second, strong 

fi nger fl exion should be avoided if there is active synovitis or if laxity is present. 

A fi nger load may be magnifi ed from 2.8 to 4.3 times in the effector fl exor tendon 

(Ohtsuki, 1981). Therefore, if violated, movement may aggravate both tenosynovitis 

and synovitis. Such forces may cause tendons to gradually stretch with repetitive 

activity (Goldstein, 1981), further increasing the laxity. An exertion of contractile 

force would also signifi cantly increase the intra-articular pressure of the infl amed 

joints stretching the joint capsules (Kumar et al., 1976). Such activities may, there-

fore, increase deformity and dysfunction. Therefore, an assistive device can be used 

to decrease the amount of stress on the soft and infl amed tissues.

A repetitive task such as wringing or squeezing water out of dishcloths or wash-

cloths is a task that places deforming forces on the rheumatoid hand (strong fi nger 

fl exion and ulnar deviation of the MCP joints of one hand and radial deviation of 

the other (Tichauer, 1978), and should be avoided if joint laxity or active synovitis 

is present. Using an assistive device to avoid the deforming forces and to place the 

stress on larger muscles and joints would decrease the stress on smaller, less stable 

joints and protect them.

Older women are the primary target of RA. More often, they are found to 

be homemakers and do the wringing or squeezing task many times daily. People 

with RA have decreased grip strength compared to normal individuals, and have 

infl ammation and instability, so this task encourages deformities to occur. It is 
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FIGURE 1.25 Domestic dish cloth squeezing device.
likely that an assistive device specifi cally designed to perform the task of removing 

water from cloths would be benefi cial. The purpose of this study was to determine 

if there was a need for an aid to assist in the removal of water from cloths, and if 

so, to develop such an aid.

1.12.3.3.2 The Device
Hard plastic was used for the device. Two 10 × 15 cm rectangles were cut and joined 

together on one of the short ends by copper rivets, forming a wedge-shaped recep-

tacle. The angled rectangle was riddled with holes to allow the water to escape. The 

straight rectangle had a plastic hook riveted to it at a right angle. This hook allowed 

the device to hand on the spray nozzle on a kitchen sink. A 10 cm long mechanical 

lever at the end of a 5 cm diameter cam was attached to the front of the device by 

steel rods. By applying the palm of the hand to the superior aspect of the lever and 

pulling down, water was squeezed from a cloth placed in the receptacle. The depth of 

the device (Figure 1.25) that could sit in the sink was 10 cm. The full depth including 

the hook was 18 cm. A ball of 7.5 cm diameter was attached to the end of the handle 

to prevent stress concentration at the point of contact with hand.
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Independent activities of daily living and walking are important basic functions 

that most people value in life. Walking is one of the fi ve major activities– walking, 

breathing, hearing, seeing, and speaking. If any of these functions is severely 
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impaired, the person is considered on disabilities in federal legislation. According to 

the Americans with Disabilities Act of 1990, signifi cant impairment in at least one 

of the fi ve major life activities would constitute a disability.

Appropriate energy supply is one of the prerequisites for a person to walk effi -

ciently and independently. Maximum energy effi ciency is especially a fundamental 

phenomenon for all movements and functions. Each daily activity requires a certain 

amount of energy supply, which comes from the combustion of foods, predominantly 

carbohydrates and fat, in the body. With appropriate amounts of oxygen delivery 

through adequate cardiac output, gas exchange in the lung and the working mus-

cles, food combustion produces the amount of energy-carrier molecules, adenosine 

triphosphates (ATP), required for muscular work. Therefore, any functional activ-

ity requires a delicate coordination among cardiorespiratory function, neuromus-

cular control, and muscular activity. People with disabilities often experience high 

metabolic demand of physical activities compared to their healthy peers, due to 

impairments in the cardiorespiratory system, neural control, or musculoskeletal per-

formance. Before a discussion on the energy expenditure in patients with disabilities, 

some basic terminology in exercise physiology will be reviewed.

2.1  DEFINITIONS OF ENERGY EXPENDITURE 
AND RELATED TERMS

Total daily energy expenditure comprises three components: resting metabolic rate 

(RMR), thermic effect of feeding, and thermic effect of physical activity. Within the 

total daily energy expenditure, thermic effect of feeding accounts for about 10%, 

thermic effect of physical activity accounts for about 15%–30%, and RMR accounts 

for about 60%–75%.1 RMR represents the total metabolism of a body functioning at 

rest, which is highly related to the fat-free mass in a healthy person, and low RMR 

is associated with a high risk of weight gain. The thermic effect of physical activity 

refers to the energy expenditure of all types of physical activities including house-

hold, industrial, and recreational activities, and the energy expenditure required for 

most physical activities in healthy people have been published in a compendium.2

Energy is commonly expressed in kilocalories (kcal). However, it is diffi cult to 

be directly measured for human activities. Instead, oxygen consumption measured 

at rest or during activity is used to indicate energy expenditure. Depending on the 

proportion of foods (carbohydrate, fat, and protein) combusted, the energy equiva-

lent per mole of mixed food combusted approximates 4.82 kcal/L of oxygen con-

sumed.1 A rounded value of 5 kcal energy output per liter of oxygen consumption 

consumed is commonly used for estimating the body’s energy expenditure under 

steady-state conditions.1 The rate of oxygen consumption, or energy expenditure, is 

usually normalized by the body weight to allow for comparisons across subjects, and 

is expressed as the amount of oxygen consumed per kilogram of body weight per 

minute of time (mL/kg/min).

The oxygen consumption is more commonly expressed as a bigger unit, MET, to 

facilitate communication. The unit MET is defi ned as multiples of the RMR. One MET 

is equivalent to 3.5 mL O2 consumption per unit of body mass per minute (i.e., 3.5 mL/

kg/min). Most physical activities use MET to illustrate the energy  requirements. 
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FIGURE 2.1 Illustration of the relationship between gross oxygen consumption and speed. 

(Modifi ed from Browning, R.C., et al., J. Appl. Physiol., 100, 390, 2006.)
For example, according to the Compendium of Physical Activities, walking at 3 mph 

(80 m/min) requires 3.3 MET of energy and walking at 2.5 mph (66.67 m/min) 

requires approximately 3 MET.2

Walking is a daily physical activity for everyone. There is a linear relationship 

between walking speeds (3.0–5.0 km/h, i.e., 1.9–3.1 mph) and oxygen consumption.1 

At higher speeds, the walking economy decreases, so there is a higher proportional 

increase in oxygen consumption at higher speeds.1 More accurately, the relationship 

between oxygen consumption and walking speed is curvilinear across most popu-

lations3 (Figure 2.1). Several quadratic equations were derived to estimate energy 

expenditure from walking speeds:4–9

VO2 = 0.00110 (speed)2 + 5.9 (Ralston),4

VO2 = 0.336 (speed)2 + 6.15 (Corcoran and Brengelmann)8 (Note: The oxygen 

consumption is in the unit of mL/kg/min and speed is in m/min),

VO2 = 3.31 (± 0.58) (speed)2 + 8.51 (± 0.93) (Note: speed is in m/s) (Malatesta  et al.).9

Whereas the relationship between energy expenditure and running speed is linear, 

several linear equations were reported for running speeds6 (Table 2.1).

Heart rate is a measure of cardiac workload, and there is a positive linear 

 relationship between heart rate and the oxygen consumption over a wide range 

of aerobic exercise intensity.1 Heart rate is commonly used to estimate oxygen 

 consumption clinically, since direct laboratory measurement of oxygen consumption 

is sophisticated and expensive. Using exercise heart rate to estimate oxygen con-

sumption is reasonably accurate. However, there are other factors affecting heart rate 

responses, such as the circadian rhythm, environmental temperature, emotions, pre-

vious food intake, body position, muscle groups exercised, and whether the exercise 

is static or dynamic.1 Heart rate response is commonly expressed as the  percentage 

of age-predicted  maximal heart rate to indicate the relative exercise intensity, and 

used to compare exercise intensity between subjects. The exercise intensity of a per-

son’s comfortable walking velocity in general approximates as 50% age- predicted 

maximal heart rate.10 Individuals can sustain prolonged physical activity if they are 
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TABLE 2.1
Predicted Equations for Oxygen Consumption 
for Walking and Running in Adolescents

VO2 (mL/kg/min)

R
SEE

0.95
3.07

mph m/min

Variable

Constant 2.112 2.1124

Speed 5.856 0.2184

Speed × modea −4.833 −0.1802

Speed2 × modea 1.002 0.0014

Source: Modifi ed from Walker, J.L., et al., Med. Sci. Sports 
Exerc., 31, 311, 1999.

Note:  The model includes speed and mode as variables. The 

coeffi cients for each variable in the models are listed 

vertically under either unit of measurement for speed 

(mph or m/min).
a Mode: walk = 1, run = 0.
 functioning at an exercise intensity less than 50% of their maximum aerobic  capacity.1 

 Prolonged period of walking at an exercise intensity greater than 85% of age-

predicted maximal hart rate is intolerable for most individuals.11

Gait effi ciency, or locomotion effi ciency, is defi ned as the energy expenditure 

per meter of distance traveled (mL/kg/m), which is calculated by dividing the rate 

of oxygen consumption (mL/kg/min) by the corresponding speed (m/min). A lower 

computed numerical value of gait effi ciency indicates better effi ciency, i.e., for the 

same amount of work, the lower the energy expenditure per unit of work, the higher 

the effi ciency. The human body system, similar to any other mechanical systems, 

aims to achieve the most economic function as much as possible. The relationship 

between gait effi ciency and walking speeds has been shown to be parabolic (or 

U-shaped), with the optimal gait effi ciency (the minimum value of gait effi ciency) 

occurring around the medium walking speeds, at about 4–5 km/h (1.12–1.38 m/s, 

or 2.5–3.13 mph).3,12–15 Figure 2.2 illustrates the relationship between gait effi ciency 

and walking speed. This U-shaped relationship might be a fundamental principle of 

locomotion. Walking at higher or lower speeds will result in poorer gait effi ciency 

(economy), i.e., increased numerical value of gait effi ciency.

Another term, energy expenditure index (EEI) or physiological cost index (PCI), 

is also commonly used in the literature to indicate effi ciency. It is determined by the 

ratio of net ambulatory heart rate change to the walking speed ( (HRamb – HRrest)/

speed, with the speed in the unit of m/min). In children and adolescents, the best 

EEI also corresponds to the comfortable speed of walking.16 As discussed above, 

many other factors (such as the circadian rhythm) also affect the heart rate, so the 
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FIGURE 2.2 Illustration of the preferred speed corresponding to the speed with the least 

energy expenditure per distance of walking. (Modifi ed from Browning, R.C., et al., J. Appl. 
Physiol., 100, 390, 2006.)
 physiologic cost index sometimes may not be as responsive or representative as the 

gait effi ciency.

The self-selected walking velocity (SSWV) is defi ned as an individual’s natural, 

comfortable walking speed or preferred walking speed. As shown in Table 2.2, the 

reported SSWV ranges from 74 to 83 m/min,4,5,8,17–19 which is close to the  functional 

velocity required to cross a traffi c intersection from curb to curb (79 m/min), and 
TABLE 2.2
Energy Expenditure and Gait Effi ciency at Comfortable Walking 
Speed in Normal Subjects

References Subjects (Age)
Speed 

(m/min)

Oxygen 
Consumption 
(mL/kg/min)

Gait 
Effi ciencya 
(mL/kg/m)

Waters et al.21,23–25 Children (6–12) 70 15.3 0.22

Teens (13–19) 73 12.9 0.18

Adults (20–59) 80 12.1 0.15

Seniors (60–80) 74 12.0 0.16

Fisher and Gullickson;17 

Ralston;4 Corcoran and 

Brengelmann;8 Waters 

et al.;18 Bobbert5

Adults 74

83

82

81

11.6b

12.6b

12.6b

12.6b

0.156

0.152

0.154

0.176

Ulkar et al.19 Adults 99.79 ± 10.13 11.71 ± 1.9 0.12 ± 0.02

a Gait effi ciency is defi ned as the ratio of oxygen consumption (mL/kg/min) to speed (m/min).
b Based on the conversion factor of 5 kcal = 1 L O2 consumed.
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relates to a community ambulation velocity (78 m/min).15 Several factors affect a 

 person’s SSWV, such as maximal aerobic capacity, gender, and age. A person with 

a higher maximal aerobic capacity was shown to have a higher SSWV.20 Men have a 

faster comfortable walking speed than women,3,15 whereas children and adolescents 

have lower comfortable walking speeds due to their smaller statues and lower exer-

cise capacities.21 The SSWV is also found to correspond to the speed with the best 

gait effi ciency, i.e., the lowest energy expenditure per distance of walking.3,17,22

Human walking has been modeled as a force-driven harmonic oscillator, which 

requires a periodic forcing function to maintain its oscillation amplitude in the pres-

ence of gravitational, damping, and stiffness forces.26 When the frequency of the 

driving force of a harmonic oscillator is equal to the natural frequency of the oscilla-

tor (i.e., the leg), resonance occurs and the force required to maintain the same oscil-

lation amplitude is minimized. The stride frequency at the SSWV was found to be 

predictable by the natural frequency of the pendulum model based on the information 

of leg mass, center of mass, and moment of inertia of the leg in normal subjects.26,27 

When bilaterally adding mass to the ankles, stride time of walking increased, cor-

responding to a decreased predicted resonant frequency of the pendulum model.26 

When the stride length was held constant, subjects responded to speed changes by 

changing their cadences; the energy expenditure did not change much until their 

cadence exceeded the preferred cadence.27 Therefore, a change in SSWV away from 

its normal value would make the system less energy-effi cient.

Mechanical effi ciency is defi ned as the ratio of power output relative to its total 

energy input.1 The actual work output is expressed as a force acting through a verti-

cal displacement, which is easy to determine during cycle ergometry, stair climb-

ing, or bench stepping. Horizontal walking does not involve vertical displacement 

and hence does not accomplish any mechanical work. However, muscular movement 

accomplishes internal work and energy is expended to sustain the muscular contrac-

tion. The mechanical effi ciency could be reported as the “gross” or “net” mechanical 

effi ciency. The “gross” mechanical effi ciency refers to the ratio of mechanical work 

accomplished to the total energy expenditure, including the resting energy cost as 

well as any muscular work. For the “net” mechanical effi ciency, the resting oxygen 

consumption is subtracted. The effi ciency of human locomotion is low, with the gross 

mechanical effi ciency being about 20%–30% for able-bodied children and adults in 

walking, running, and cycling.1 The remainder of the energy input is used to over-

come the resistance and friction of movement, or is lost as heat.

Many factors affect the mechanical effi ciency of exercise, such as the rate of 

work (power), speed of movement,28,29 muscle fi ber type,30 muscle fl exibility,31 age, 

gender, fi tness level, skill level, and disease processes. At a low to moderate rate 

of work, a pedaling rate of 40–60 rpm was reported to be most energy-effi cient for 

arm or cycle ergometer exercises.28,29 The comfortable walking velocity for an adult 

is around 1.33 m/s, which corresponds to the speed with the best gait effi ciency.12,14 

Cyclists with greater economy of cycling often have a higher proportion of type I, 

slow-twitched muscle fi bers.30 Patients with various kinds of chronic diseases or 

 disabilities often have reduced mechanical effi ciency.

Maximal physical work capacity, or physical capacity, is defi ned as the maximal 

amount of work a person could perform. The criterion measure of a person’s physical 

capacity is the maximal oxygen uptake (VO2 max). It is commonly measured through 
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a graded exercise test protocol (treadmill, cycle ergometer, arm ergometer, or step) 

by the indirect calorimetry method with a sophisticated stationary metabolic cart or 

a telemetry metabolic system.1,32 A healthy person’s maximal physical capacity is 

related to age, gender, and training status. With aging, there is approximately a 1% 

reduction in VO2 max per year between 25 and 75 years.33 In general, for an individual 

to carry out a full-time job, the physical demand for that job should not exceed 40% 

of their maximal physical capacity.34

Many factors affect the energy expenditure of physical activities in healthy 

people. Intrinsic factors affecting energy consumption, defi ned as factors that come 

from the body itself, include the following: gender, age,9,13,23 body composition,3 fi t-

ness level (trained versus sedentary),13 muscle fi ber type (oxidative versus  glycolytic 

 metabolism), degree of muscle atrophy, muscle strength, range of motion, and 

hemoglobin content (anemia, polycythemia).1 With aging, there is a decline in the 

economy of walking.8,13,35 Males have a better fi tness level than females due to a 

greater proportion of lean body mass and hemoglobin content,1 yet both genders are 

shown to have similar economy of walking.35 Adolescents have a relative high energy 

expenditure of walking and a low gait effi ciency when compared to adults.6 Obese 

people were shown to have a similar gait effi ciency as people with normal weight.3

Extrinsic factors affecting energy consumption of activities, defi ned as factors 

coming from the environment or devices, include the following: mode of exercise 

(treadmill versus over ground walking),36,37 speed and grade of treadmill,5,8,24 fl oor 

surface, footwear, the amount and the location of loading,38 type of device used (e.g., 

crutch, cane, and walker), patterns of gait (swing through, reciprocal), orthotic use, 

weight-bearing status, posture, and wheelchair use. Walking on treadmill allows for 

convenient measurement of physiologic parameters, has a low intercycle variability 

of gait, and is commonly used for multiple-speed gait studies. Energy expenditure 

during treadmill walking was shown to underestimate the energy expenditure of 

fl oor walking,36,37 but studies on the difference of energy consumption between fl oor 

walking and treadmill walking have been equivocal.7,36,39,40

Walking movements are robust against changing loads based on a computer 

simulation study.41 Based on the magnitude and the location of the added mass, the 

movement of the system will convert to a new steady state as described by a limit 

cycle, which is structurally stable against changes in inertial conditions within a cer-

tain range. Specifi cally, the upper limits of the mass affi xed to the parts of the body 

are 5, 15, 5, 1, and 0.5 kg of the HAT (head, arms, and trunk), pelvis, thigh, shank, 

and foot, respectively. This might also explain the negligible effects on energy expen-

diture in some studies when large loads were applied to the center of gravity of the 

body,42 or when a small weight was applied to the ankles.43 This is in contrast to 

reports that showed a signifi cant effect of a large load on the energy expenditure of 

walking when placed on distal foot segments.38,44

2.2  ENERGY EXPENDITURE IN PEOPLE WITH 
ORTHOPEDIC DISORDERS

In the literature, many studies have reported the energy expenditure in people with 

orthopedic disorders, such as amputation, arthrodesis, knee immobilization, knee 

fl exion contracture, and total joint replacement such as total hip replacement.
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2.2.1 AMPUTATION

Major lower extremity amputation often is associated with signifi cant  mortality and 

morbidity rate, especially for vascular amputation.45 Prosthesis fi tting and ambu-

lation mark an important milestone for an amputee. With advances in prosthe-

sis design and technology, problems of increased energy expenditure of  walking 

and a slow comfortable walking speed associated with prosthesis have greatly 

improved.17,18,25,46–51

Factors affecting the increased metabolic demand of walking in amputees 

could again be either intrinsic or extrinsic. The intrinsic factors are related to the 

level of amputation,18 length of the residual limb,52 cause of amputation, gait asym-

metry, muscle atrophy in the amputated limb, and physical fi tness of the amputee.53 

The extrinsic factors are related to devices of walking, type of prosthesis foot,54,55 

weight of prosthesis,56 prosthesis components,57,58 and crutches versus prosthesis 

use. From a biomechanical perspective, the increased metabolic cost of gait was 

shown to be related to the increased mechanical work, the disturbance of the sinu-

soidal changes of the center of body mass and the effi ciency of the pendulum-like 

mechanism.59

In general, lower limb amputees who have a higher level of limb amputation 

will have a higher energy expenditure of walking. The order of energy expenditure 

for different levels of amputation is generally as follows: transfemoral (above knee) 

amputation > transtibial (below knee) amputation > Syme (ankle) amputation.18,60 

However, a longitudinal case study showed that the energy expenditure of walking 

for an amputee using a below-knee prosthesis was not worse than that with a Syme 

prosthesis, because a dynamic response foot of a below-knee prosthesis enhanced 

the energy restore at the ankle.61

With well-fi t prosthesis, muscle strengthening, and gait retraining, a skilled pros-

thesis user can save the energy of walking much more than walking with crutches,18,62 

but walking with a prosthesis may not provide a better functional outcome if the 

expense of energy is too high. For example, the use of crutches was shown to provide 

a faster walking speed and a less amount of energy expenditure in vascular unilateral 

transfemoral patients.18 Wheeling was shown to be more practical, having a faster 

speed of transportation and a lower amount of energy expenditure than walking with 

a prosthesis or crutches for a bilateral transfemoral amputee.63

At the same level of lower limb amputation, traumatic amputees generally have 

a better economy of gait and require less energy expenditure of walking than that of 

vascular amputees. This is because the traumatic amputees are generally younger, 

have a higher fi tness level, and fewer cardiovascular comorbidities.64–66 The success 

rate for prosthesis fi tting and rehabilitation in general is better in traumatic amputees 

than in vascular amputees.

In recent years, there has been much research on the optimal inertial  properties 

of prosthesis that would improve energy effi ciency and gait symmetry. Effects 

of heavyweight prosthesis on the energy expenditure of walking and gait largely 

depend on the inertial properties of the prosthesis leg and the type of amputa-

tion.56,67–70 Small amounts of added prosthetic mass67 or even matching up to the 

intact limb mass, without shifting the center of mass of the leg, did not increase 
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energy expenditure of walking in below-knee amputees.56 However, distal loading to 

the prosthesis,71 or matching the prosthesis’ moment of inertia to the intact leg, had 

detrimental effects on gait parameters and the energy expenditure.68 Furthermore, 

amputees were shown to adopt similar kinematic patterns and adjust joint torques in 

response to the small prosthetic mass perturbations.69 Currently, lightweight pros-

thesis is no longer the trend of prosthesis manufacturing for traumatic amputees. 

Some advanced suspension systems, such as the suction type of suspension and the 

suspension sleeve, are designed in a way to tightly hold the heavy prosthesis to the 

stump or residual limb. It is likely that the optimal inertial properties of a prosthesis 

leg for amputees could be found in the near future. However, people with vascular 

amputation often have other comorbidities and poor physical capacity, so they prob-

ably could not take advantage of heavy prosthesis without the increased burden of 

energy expenditure.

Many studies in the literature have documented the effects of prosthesis foot 

type on the energy expenditure and the biomechanics of gait.54,55,64,65,72–75 It has 

been shown that different types of dynamic response foot design incorporated fl ex-

ibility and force-producing capability in the foot or shank of the prosthesis, which 

leads to reduced energy expenditure and improved gait effi ciency when compared 

to traditional solid ankle cushion heel (SACH) foot. The dynamic response foot is 

especially benefi cial during faster walking speeds or running.55 However, it appears 

that no specifi c type of dynamic response foot is superior, and this awaits further 

research.

Walking has been modeled as an inverted pendulum, i.e., energy is exchanged 

between kinetic energy and gravitational potential energy from one stride to the 

next stride.76 However, the human pendulum is not an ideal frictionless pendulum 

system, so the maximum exchange is only about 65%.77 For amputee gait, the energy 

exchange is generally not as good as that of normal subjects. With rehabilitation, 

amputees showed a better energy exchange, a higher SSWV, and a better gait effi -

ciency.59 This is similar to the observation that women of East Africa are able to 

carry heavy head-supported weight, because they have an improved energy trans-

fer from step to step through many years of practice.78 By adding prosthetic mass 

in transfemoral amputees, they were also shown to have a better energy exchange 

between steps (effectively conserving the mechanical work), no increase in meta-

bolic cost of walking, and a faster comfortable walking speed.79 Table 2.3 shows the 

energy expenditure and gait effi ciency at comfortable speed in amputees.

2.2.2 JOINT IMMOBILIZATION

Immobilization of different lower limb joints was shown to result in increased energy 

expenditure, reduced walking speed, and reduced economy of walking due to the 

altered biomechanics of lower limb segments.17 Among the different joints, ankle 

immobilization has the least effect on energy expenditure (about a 6% increase), 

when compared to knee or hip immobilization. The effect of knee immobilization on 

energy expenditure depends on the knee angle, with a knee angle of 165°, resulting in 

the lowest (10%) increase in energy expenditure, and a knee angle of 180°, resulting 

in a 13% increase in energy expenditure.17
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TABLE 2.3
Energy Expenditure and Gait Effi ciency at Comfortable 
Speed in Amputees

References Subjects Speed (m/min)

Oxygen 
Consumption 
(mL/kg/min)

Gait Effi ciency 
(Net O2 Cost) 

(mL/kg/m)

Waters et al.18 Prosthesis use

Vascular amputees

 Above knee 36 ± 15 12.6 ± 2.9 0.35 ± 0.06

 Below knee 45 ± 9 11.7 ± 1.6 0.26 ± 0.05

 Syme 54 ± 10 11.5 ± 1.5 0.21 ± 0.06

Traumatic amputees

 Above knee 52 ± 14 12.9 ± 3.4 0.25 ± 0.05

 Below knee 71 ± 10 15.5 ± 2.9 0.20 ± 0.05

Crutches use

Vascular amputees

 Above knee 48 ± 11 15.0 ± 2.9

 Below knee 39 ± 13 14.6 ± 1.5

 Syme 39 ± 14 12.8 ± 4.3

Traumatic amputees

 Above knee 65 ± 16 15.9 ± 5.4

 Below knee 71 ± 10 22.4 ± 4.3

Pagliarulo 

et al.47

Traumatic below 

knee

71 15.5

Gailey et al.67 Traumatic below 

knee

76 12.8

Normal subjects 76 11.2

Lin-Chan 

et al.61

Traumatic below 

knee (single case)

79–80 — —

Hsu et al.54 Traumatic below 

knee

71 — —
2.3  ENERGY EXPENDITURE IN PEOPLE WITH 
NEUROLOGICAL DISORDERS

People with neurological impairments often have a slower comfortable walking 

speed and a higher energy cost of walking when compared to their healthy peers. 

Both primary and secondary factors affect their functional abilities. The primary 

factors refer to the impairments resulting from the disorders, such as the severity of 

muscle paralysis, muscle weakness, spasticity, cocontraction, level of injury, defi cit 

of coordination, and limited range of motion.80,81 The secondary factors, such as 

weight gain, contractures, deconditioning,82–85 fatigue, and breathlessness, further 

impact the metabolic demand of mobility.86

Many studies in the literature have documented the energy expenditure of walk-

ing and physical activities in patients with neurological disorders, such as stroke, 
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postpoliomyelitis, spinal cord injury, multiple sclerosis (MS), cerebral palsy (CP), 

and low lumbar myelomeningocele (a developmental defect of the vertebral column 

causing hernial protrusion of the spinal cord, meninges, and spinal fl uid). Due to 

advances in functional electrical stimulation and orthosis technology, there have 

been many more studies on functional ambulation and aerobic endurance in patients 

with spinal cord injury than there were 30 years ago.

2.3.1 STROKE PATIENTS

Each year, approximately 700,000 people in the United States suffer a stroke, and 

almost one-third of these strokes are recurrent.87 Stroke patients often have cardio-

vascular comorbidities (e.g., hypertension, arteriosclerosis, congestive heart failure, 

obesity, diabetes, and coronary artery disease) and are usually physically inactive. 

Reduced exercise capacity and increased metabolic demand with physical activity 

in them are commonly reported in the literature.8,81,83,88,89 The increased metabolic 

demand of physical activity was shown to be related to neuromuscular impairments, 

musculoskeletal changes, increased mechanical work of muscles, and reduced fi t-

ness level.81

To accommodate the increased metabolic demand of walking, stroke patients 

often adopt a slower comfortable walking speed in order to keep their gait effi ciency 

similar to that of healthy subjects.81,90 The peak exercise capacity for acute stroke 

patients was found to be about 50%–60% of age- and gender-matched normative val-

ues of sedentary individuals, and was highly related to the premorbid physical activ-

ity level and the stage of functional recovery.83,91 The physical capacity in moderate 

traumatic brain injury patients was also reduced due to neuromuscular sequela.82

In addition to therapeutic exercise, use of an ankle–foot orthosis is common in 

stroke patients, and favorable reduction in the metabolic demand of walking and gait 

improvement has been reported.92,93 Gait training with weight-supported treadmill in 

stroke patients has gained much attention in recent years, and shown positive effects 

in reducing the metabolic demand of walking and improving SSWV.94–96 Treadmill 

aerobic training at slow speed97 or task-oriented exercise98 in chronic stoke patients 

also showed reduced metabolic demand at submaximal workload and improved 

walking speed and endurance. Physical activity and exercise recommendations for 

stroke patients were published in 2004 with major goals to increase their aerobic 

capacity and sensorimotor function, and reduce stroke risks.99 Table 2.4 shows the 

energy expenditure at comfortable walking speed and at peak exercise intensity in 

stroke patients.

2.3.2 SPINAL INJURY PATIENTS

The American Spinal Cord Injury Association (ASIA) established a standard 

 scoring system, Lower Extremity Muscle Score (LEMS), to classify motor paralysis 

in patients with spinal injury. Higher LEMS scores would indicate better motor abili-

ties of legs.100–102 International standards for the neurological and functional classifi -

cations of spinal injury also coincide with the ASIA standards.103

Depending on the level of spinal injury, the need for compensatory upper extrem-

ity use with crutches for stabilizing the trunk and swinging both legs would post 
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TABLE 2.4
Energy Expenditure and Gait Effi ciency at Comfortable Walking 
Speed in Stroke Patients

References Device
Speed 

(m/min)

Oxygen 
Consumption 
(mL/kg/min)

Gait Effi ciency 
(mL/kg/m)

Cunha-Filho 

et al.80

A mixed group 

(n = 20)

40.2 10.18 0.253

Franceschini 

et al.92

With AFOa

Without AFO

21.39 ± 7.30

15.47 ± 6.95

9.42 ± 1.62

9.87 ± 1.92

0.49 ± 0.20

0.76 ± 0.41

Danielsson and 

Sunnerhagen93

With AFO

Without AFO

20.40 ± 3.60

16.20 ± 1.80

8.60 ± 0.40

8.80 ± 0.50

0.51 ± 0.06

0.58 ± 0.07

a AFO, ankle–foot orthosis.
higher energy demand and lower energy effi ciency in spinal injury patients during 

walking and the negotiation of architectural barriers.101,104–106 Spinal injury patients 

who have more preservation in motor abilities of the legs will have a higher level of 

functional ambulation ability and a lower energy requirement than patients who have 

a higher degree of leg paralysis. It has been shown that there is a positive linear rela-

tionship between LEMS and walking velocity (Figure 2.3), i.e., the higher the motor 

abilities, the faster the walking velocity. In addition, there also exists a negative lin-

ear relationship between LEMS and the energy expenditure of walking107 (Figure 2.4), 

i.e., a higher motor score indicates lower energy expenditure of walking.

Heart rate is a good indicator of exercise intensity for spinal injury patients 

who use functional electrical neuromuscular stimulation.108 This facilitates the 

 monitoring of exercise intensity during ambulation without having to conduct the 

cumbersome measurement of oxygen consumption. Blunted heart rate response and 
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FIGURE 2.3 The relationship between the ASIA LEMS and gait velocity, which is defi ned 

by the equation, Velocity = 17.2 + LEMS (solid line). (From Waters, R.L., et al., Arch. Phys. 
Med. Rehabil., 75, 756, 1994. With permission.)
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FIGURE 2.4 The relationship between the ASIA LEMS and O2 rate increase is defi ned 

by the equation, O2 rate increase = 207 – 4.4 × LEMS (solid line). (From Waters, R.L., et al., 

Arch. Phys. Med. Rehabil., 75, 756, 1994. With permission.)
a slower  oxygen uptake were seen in functional electrical stimulation of leg muscles 

in spinal injury patients, which was thought to be related to the physical decondition-

ing or reduced leg muscle mass in paraplegic patients.109 Spinal injury patients with 

a complete injury under T6 (sixth thoracic vertebra) or an incomplete injury above 

T6 are commonly prescribed orthotics or walking aids to be trained to walk. With 

the option to use a walker or crutches, the use of crutches has shown a better gait 

effi ciency and a lower energy expenditure than the use of a walker in incomplete spi-

nal injury patients.19 For patients with a higher thoracic level of injury, however, the 

high energy demand of walking often forces them to give up walking with devices 

after being discharged home, which further compromises their osteoporosis and 

limb contracture.

Newer orthotic devices in combination with functional neuromuscular stimula-

tion have resulted in much improvement in the ambulation abilities of spinal injury 

patients. A weight-bearing control orthosis,110 a reciprocal gait orthosis,111 and an 

electrical stimulation combined with orthosis use112–114 were shown to reduce the 

energy expenditure of walking, and improve the gait effi ciency and the  hemodynamic 

responses for thoracic level paraplegia patients. In addition, the type of orthosis and 

gait pattern also affect the energy expenditure of walking in spinal injury patients. 

Table 2.5 shows the energy expenditure and gait effi ciency at the comfortable walk-

ing speed in spinal injury patients with different types of assistive devices and 

gait. Walking with swing through gait usually has a higher speed of walking than 

 walking with reciprocal gait, and results in a better gait effi ciency in children with 

lower lumbar myelomeningocele.115 Besides gait training, pool exercise therapy has 

also led to improvements in gait characteristics and a reduction in the metabolic 

demand in patients with spastic paralysis, such as patients with stroke, MS, or spinal 

cord injury.116

The RMR in chronic spinal injury patients was found to be 14%–27% lower than 

that of able-bodied controls, which was thought to be related to the reduced fat-free 

mass and altered sympathetic nervous system activity in such patients.104 Due to the 
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TABLE 2.5
Energy Expenditure and Gait Effi ciency at Comfortable Walking 
Speed in Spinal Injury Patients

References Subjects/Devices Speed (m/min)

Oxygen 
Consumption 
(mL/kg/min)

Gait Effi ciency 
(mL/kg/m)

Williams et al.117 Myelodysplasia

 No orthosis 

 (sacral)

48 13.0 0.28

 0 KAFOa 

 (lumbar)

38 16.6 0.49

 1 KAFO (lumbar) 29 17.5 0.77

 2 KAFO 

 (thoracic)

19 18.1 1.35

Waters et al.118 Spinal cord injury 

(SCI) (n = 36)

 0 KAFO 48.1 15.1 0.37

 1 KAFO 37.1 14.7 0.46

 2 KAFO 18.9 14.9 1.15

 None 66.5 14.2 0.22

 Cane/crutch 47.9 14.2 0.29

 Crutches 37.8 15.7 0.56

 Walker 11.8 12.7 1.20

Waters et al.107 Spinal cord injury 

(n = 36)

 LEMSb ≥ 30 57.5 ± 12.3 14.6 ± 3.0 0.26 ± 0.07

 LEMS 21–29 31.4 ± 11.4 13.2 ± 1.6 0.51 ± 0.25

 LEMS ≤ 20 30.5 ± 15.6 15.2 ± 3.4 0.76 ± 0.61

Moore et al.115 Low lumbar 

myelomeningocele

 Swing through gait 53.95 17.19 0.342

 Reciprocal gait 40.49 16.81 0.492

 Control group 63.97 10.98 0.171

Cunha-Filho 

et al.80

Cervical and 

thoracic level SCI 

(n = 10)

Devices mixed 

group

33 13.28 0.40

Ulkar et al.19 Incomplete SCI 

(n = 9) 

Repeated measure

 Walker 13.84 ± 6.64 13.14 ± 2.49 1.20 ± 0.67

 Lofstrand 

 crutches

28.02 ± 20.97 12.71 ± 2.37 0.84 ± 0.66
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TABLE 2.5 (continued)
Energy Expenditure and Gait Effi ciency at Comfortable Walking 
Speed in Spinal Injury Patients

References Subjects/Devices Speed (m/min)

Oxygen 
Consumption 
(mL/kg/min)

Gait Effi ciency 
(mL/kg/m)

Kawashima et al.110 T8–T12 injury (n = 4)

 Weight-bearing 

 control orthosis

16–22 14.21–18.04 0.82–0.89

Kawashima et al.101 T5–T12 19.88 18.16 0.9965

a KAFO, knee-ankle-foot-orthosis.
b LEMS, Lower Extremity Muscle Score from the ASIA.100
limited mobility function and the high energy demand of mobility, patients with spi-

nal injury were observed to have reduced physical capacity.119 Combining a reduced 

RMR and a reduced physical activity level, spinal injury patients are at a great risk 

of gaining weight after the period of rehabilitation. This raises an urgent need for 

promoting physical activities in spinal injury patients, which is also an important 

issue for all patients with physical disabilities.

2.3.3 CEREBRAL PALSY (CP)

CP is a nonprogressive brain disorder occurring during, before, or soon after birth, 

and it results in developmental delay and multiple impairments in mentality, vision, 

hearing, speech, muscle coordination, muscle tone, balance, movements, and physical 

capacity. The incidence is about 2–2.5 in 1000 live births.120 The impaired musculo-

skeletal development in later years also contributes to the disabilities in CP children.

Similar to people with other disabilities, individuals with CP have increased 

energy expenditure for a given submaximal workload,121,122 reduced maximal oxy-

gen uptake,123 decreased gait effi ciency, decreased mechanical effi ciency,122 and 

decreased comfortable walking speed when compared to healthy children and 

adults.124–128 Possible causes for the increased energy demand of walking include 

the following: spasticity, cocontraction,129 atypical patterns of movements, defi cit 

in motor control, joint contracture, quadriceps muscle weakness, fatiguability, and 

ineffi cient energy transfer between body segments. Muscle pathological changes in 

CP children include decreased blood fl ow, decreased sarcomeres with hypoextensi-

bility, atrophy of type II fi bers, hypertrophy of type I fi bers, and increased fat and 

connective tissue, hence it was suggested that the metabolic ineffi ciency and fatigue 

in CP children might be due to local muscle-related factors rather than cardiopul-

monary impairments.130 However, the exact causal relationship between specifi c 

impairments and the increased energy expenditure still awaits further multidisci-

plinary studies.

According to the Gross Motor Function Classifi cation System (GMFCS), a 

 fi ve-level functional grading system, children with CP aged between 1 and 12 years 
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could be classifi ed into fi ve functional classes: I, II, III, IV, and V.131,132 The severity 

of the motor function impairment was found to be highly related to the increased 

energy expenditure and decreased gait effi ciency of walking.121 Therefore, interven-

tions that improve motor function, such as the use of orthosis, assistive devices, 

muscle strengthening, and gait training, can also improve gait effi ciency and reduce 

the energy expenditure of walking.

Four potential criteria for self-optimization of the preferred walking pattern in 

healthy children and children with hemiplegic CP have been identifi ed: (1) mini-

mization of physiological cost, (2) maximization of mechanical energy conserva-

tion, (3) minimization of gait asymmetry, and (4) minimization of the variability 

of interlimb and intralimb coordination.133 These criteria provide a clear direction 

of comprehensive clinical approaches for children with CP, such as the use of shoe 

lift for correction of leg discrepancy, muscle strengthening to improve muscle atro-

phy, stretching, medications, and orthosis to improve ankle spasticity,134 and motor 

control and motor learning to improve gait coordination and stability.135 Each of 

the above approaches addresses a specifi c aspect of the optimization criteria, and 

together they improve the body system in CP children to accomplish gait optimiza-

tion. Besides, it was identifi ed that the stride frequency of the preferred walking 

velocity could be predicted by the natural frequency of the force-driven harmonic 

oscillator, when muscle mass, leg length discrepancy, and increased muscle stiffness 

of CP children were taken into consideration.133 It is likely that the natural frequency 

of the leg might provide a target for gait training to tune the CP children to their 

energy-effi cient gait pattern.

Walking with fl exed knee is commonly observed in CP children due to equines 

deformity and/or knee spasticity and contracture. In normal children, it was found 

that walking with a brace with progressively increasing knee angle increased the 

energy expenditure of walking and slowed the walking speed.136 Specifi cally, when 

the knee fl exion angle exceeded 15°, signifi cant increase in energy expenditure was 

observed due to increased quadriceps, tibiofemoral, and patellofemoral forces.137,138 

Table 2.6 shows the energy expenditure of fl exed knee gait.

The physical capacity of individuals with CP is generally lower than that of 

 age-matched able-bodies.123,127,139–141 Measurement of peak oxygen uptake with a 

cycle ergometer exercise test in CP children poses challenges to researchers due to 

spasticity at the ankle and the knee, preventing smooth pedaling. Treadmill testing is 
TABLE 2.6
Energy Expenditure of Flexed Knee Gait

Degrees Velocity (m/min) O2 Rate (mL/kg/min) Gait Effi ciency (mL/kg/m)

0 80 11.8 0.16

15 77 12.8 0.17

30 75 14.3 0.19

45 67 14.5 0.22

Source: Modifi ed from Waters, R.L. and Mulroy, S., Gait Posture, 9, 207, 1999.
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TABLE 2.7
Submaximal Oxygen Consumption (VO2) Values in Three Treadmill Exercise 
Studies of Children with Cerebral Palsy (CP) and Able-Bodied Children

References
Treadmill Speed 

(m/min)

Children with CP Able-Bodied Children

VO2 
(mL/kg/min) %VO2 max

a

VO2 
(mL/kg/min) %VO2 max

Unnithan 

et al.128

50.0 16.6 ± 5.90 53.2 ± 26.0 10.2 ± 0.84 22.5 ± 4.93

Rose et al.140 51.0 18.00 ± 5.00 — 10.00 ± 0.50 —

Rose et al.143 21.5 14.25 ± 3.67 — 8.63 ± 1.27 —

37.6 19.08 ± 7.20 — 10.55 ± 1.24 —

Source:  Modifi ed from Unnithan, V.B., et al., Sports Med., 26, 239, 1998.
a VO2 max = maximal VO2

 value.
also limited due to balance problems and movement incoordination in CP children. 

The physiologic cost index provides an alternative as a clinically useful measure of 

energy demand in disabled children. The within-day and between-day variability 

of oxygen consumption measurement were reported to be around 8.6% and 13%, 

respectively, and the variability of the physiologic cost index were even much higher 

in CP children.142 Therefore, it was suggested that a longer acclimation to treadmill 

walking was necessary in children with severe motor function involvement in order 

to reduce the measurement variability of energy consumption or physiologic cost 

index. Table 2.7 shows the oxygen consumption in CP children compared with able-

bodied children.

Some factors related to the low exercise capacity in CP children have been iden-

tifi ed. Spasticity, muscle pathology, musculoskeletal limitations, and a less mobile 

lifestyle could all contribute to the low physical capacity in children with CP. With 

increased aerobic activities and exercises in their physical education classes, children 

with CP were shown improved motor coordination and reduced energy expenditure 

at submaximal exercise.144

2.3.4 MULTIPLE SCLEROSIS (MS)

MS is a demyelinating disease of the central nervous system, and the motor system 

is often affected. MS commonly causes general fatigue and dyspnea with physi-

cal activity. The neurological impairments in MS patients often lead to a sedentary 

lifestyle, which then leads to reduced cardiovascular fi tness, disuse muscle atrophy, 

and weakness.85 This disease is also characterized by periods of exacerbation and 

remission. During the remission, MS patients are able to walk at slow speeds, but the 

metabolic demand of walking is high. The increased metabolic demand of walking 

was found to be related to muscle spasticity,145 respiratory muscle weakness,146,147 and 

reduced quality of life.147
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2.3.5 PARKINSON’S DISEASE AND POSTPOLIOMYELITIS

The resting energy expenditure in patients with Parkinson’s disease was shown 

increased, and it was thought to relate to a disturbance in the neuroendocrine bal-

ance.148 The increase in resting energy expenditure could cause weight loss in these 

patients.

Patients with postpoliomyelitis were shown to have a reduced comfortable walk-

ing speed, an increased energy expenditure at a given walking speed, and a reduced 

gait effi ciency when compared to their healthy counterparts.149,150 There is a strong 

negative relationship between lower extremity muscle strength and the energy expen-

diture of walking, i.e., the weaker the lower extremity muscle strength, the higher the 

energy expenditure of walking.

2.4  ENERGY EXPENDITURE IN PEOPLE WITH 
CARDIORESPIRATORY DISABILITIES

Increased oxygen consumption at rest or during household activities and decreased 

SSWV have been well reported in patients with chronic obstructive pulmonary dis-

ease (COPD),151 cystic fi brosis,152 pacemaker,153 peripheral arterial disease,154 and 

coronary artery disease.155 The possible mechanisms for the increased metabolic 

demand with physical activity include the following factors: declining pulmonary 

mechanics, malnutrition, chronic infl ammation of the respiratory system, cel-

lular defects, higher energy cost of breathing, impaired cardiac contractility, and 

decreased physical capacity.156

Some energy conservation techniques for pulmonary patients can be applied in 

activities of daily living, such as not putting things on high shelves or low shelves, 

sitting in a chair for brushing teeth and washing face, and avoiding bending for-

ward for lifting objects. These conservation techniques have shown to reduce energy 

consumption.157 Breathing exercises, such as diaphragmatic breathing, pursed-lip 

breathing, or a combination of the two exercises showed a reduction in oxygen con-

sumption in COPD patients.158 The benefi ts of cardiac rehabilitation have been well 

documented for improving peak exercise capacity, reducing cardiac risk factors, and 

improving the quality of life in cardiac patients.32

In order to recommend the appropriate physical activities for patients with dis-

abilities, there have been many recent studies on the energy expenditure of physi-

cal activities in patients with chronic diseases or disabilities. For example, patients 

with coronary artery disease or pacemaker were shown to have increased metabolic 

demand for most household activities.153 It was suggested that for cardiac patients 

with a maximal aerobic capacity equal to or greater than 5 METs, they could safely 

handle ordinary household activities (2–4 METs) because those activities are at about 

60% of their peak VO2, i.e., considered as a moderate exercise intensity.155 Table 2.8 

shows the oxygen consumption and SSWV in some cardiac and pulmonary patients. 

Table 2.9 shows the measured energy expenditure in some activities of daily living 

in cardiac patients.
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TABLE 2.8
Oxygen Consumption and Self-Selected Walking Velocity in Selected 
Pulmonary and Cardiac Patients

References Subjects
Oxygen Consumption 

(mL/kg/min) SSWV (m/min)

Menard-Rothe et al.151 End-stage emphysema —

 Male 44.5 ± 15.0

 Female 39.6 ± 12.3

Marconi et al.154 Peripheral artery 

disease

11.8 ± 2.3 53.33

Normal subjects 8.4 ± 0.6 53.33

TABLE 2.9
Measured Energy Expenditure in Some Activities of Daily 
Living in Cardiac Patients

Task Measured METs ± SD Compendium2 (METs)

Vacuuming 3.3 ± 0.7 2.5

Bed linens 3.0 ± 0.6 2.5

Groceries 3.1 ± 0.5 2.5

Laundry 2.5 ± 0.4 2.0

Treadmill (2.6 mph) 3.4 ± 0.3 3.0 (2.5 mph)

Source: Adapted from Skemp, K.M., et al., Clin. Exerc. Physiol., 3, 213, 2001.
2.5 OTHER CONSIDERATIONS

2.5.1 ASSISTIVE DEVICES

It is well known that the use of assistive devices, such as cane or walker, slows the walk-

ing velocity and increases the energy demand of walking.159,160 The energy expenditure 

for walking with different assistive devices, from the highest to the lowest, has been 

reported in the following order: walker > crutches > cane or crutch > no device.161,162 

People who require a walker for walking usually have a higher degree of impairment, 

which might explain the higher energy requirements in their walking compared to 

those who walk with other devices, or without a device. Walking with a rolling walker 

was found to require lower energy expenditure than walking with a pickup walker.163 

Among different weight-bearing status and assistive devices, walking with alternating 

bilateral partial weight bearing, or unilateral partial weight bearing required 33% more 

energy than normal walking, and walking with nonweight-bearing status required 78% 

more energy than normal walking.164
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2.5.2 WHEELCHAIR PROPULSION

People with disabilities often use wheelchair for daily mobility, longer distance of 

transportation, or sports activities. Manual wheelchair propulsion requires good 

muscle strength of the upper extremity, trunk control, and physical  capacity. The 

metabolic demand for driving a wheelchair is similar to doing an arm crank exer-

cise, but with a lower mechanical effi ciency.165 Exercises with the upper  extremity 

require a higher energy demand than leg exercises at any given submaximal 

 workload, due to the smaller muscle mass, a larger recruitment of type II mus-

cle fi bers, a smaller  capillary bed, and a higher vascular resistance of the upper 

 extremity.166 Other factors such as fl oor surface,167 propelling speed,168 and wheel-

chair design169 also greatly infl uence the energy demand of wheelchair propulsion 

for people with disabilities. Table 2.10 shows the energy expenditure of manual 

wheelchair propulsion.

2.5.3 AGING WITH A DISABILITY

With aging, many body systems and functions deteriorate, such as easily fatigable 

muscles, reduced cardiac output, reduced ventilatory capacity, reduced muscle mass, 

reduced fl exibility, decreased bone mineral density, reduced balance ability, and 

reduced maximal aerobic power.170 Problems in energy expenditure and effi ciency171 
TABLE 2.10
Energy Expenditure of Manual Wheelchair Propulsion

References Subjects/Conditions

Oxygen 
Consumption 
(mL/kg/min) Speed (m/min)

Wolfe et al.167 Concrete

 Normal 11.8 ± 2.6  56.6

 Deconditioned 13.0 ± 2.2  53.3

  Paraplegic: Hard tires 15.7 ± 5.3  82.7

   Paraplegic: 

 Pneumatic tires

15.7 ± 3.8  79.8

Carpet

 Normal subjects 12.5 ± 2.9  43.3

 Deconditioned 14.0 ± 1.7  37.5

  Paraplegic: Hard tires 16.9 ± 5.0  65.3

   Paraplegic: 

 Pneumatic tires

17.1 ± 4.4  63.6

Mukherjee et al.168  Slow speed 9.52 ± 1.14  24.6

 Freely chosen speed 14.02 ± 2.94  56.8

 Fast speed 16.36 ± 3.54  72.3

Mukherjee and 

Samanta169

Arm-crank propelled 

wheelchair

 One arm 10.30 ± 1.14 122.8

 Two arms 9.94 ± 0.95 132.5
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would only get worse with aging for people with physical disabilities, but there are 

not many data available in the literature.

Normal aging without any chronic disease is characterized by reduced daily 

energy expenditure, so elderly people have a higher risk of developing obesity. This 

is also common in elderly persons with disabilities. Health promotion and wellness 

programs are needed for this population, with additional factors taken into consid-

eration and with suitable modifi cations, such as their medical conditions, overload 

stress on small muscles of the upper extremity, adaptation of equipment to fi t the 

specifi c types of disability, accessibility of the training facility, and temperature 

regulation.170

On the other hand, some elderly have a few chronic diseases that are associ-

ated with an increased resting energy expenditure, such as diabetes, congestive heart 

failure, Parkinson’s disease, Alzheimer’s disease, and COPD.172,173 Poor nutritional 

intake plus increased resting energy expenditure with chronic diseases were thought 

to be the possible causes of unexplained weight loss in the elderly.172,173 Therefore, 

special attention also has to be paid to specifi c exercise conditioning and proper 

nutritional supplement for the elderly with chronic diseases.

2.5.4 PHYSICAL DISABILITY AND OBESITY

In recent years, health care for people with disabilities has been increasingly focused 

on the prevention of secondary complications arising from the disabilities. The sec-

ondary conditions refer to those preventable medical, emotional, or social problems 

resulting directly or indirectly from the disability, such as obesity, muscle atrophy, 

pneumonia, urinary tract infection, depression, fatigue, pressure sore, and joint 

pain.174 Obesity is not an acute condition, but it has many ramifi cations.

Physical inactivity often results from the functional limitations of the disability, 

a feeling of depression, and fatigue, leading to an unhealthy lifestyle and adverse 

behaviors.174 Either due to primary defi cits or disuse, muscle atrophy leads to a 

decreased fat-free mass and results in a reduction of the resting energy expenditure. 

Combining the two factors together, reduced energy expenditure in physical activity 

and reduced resting energy expenditure lead to reduced total energy expenditure in 

people with disabilities. Therefore, people with disabilities have a higher tendency to 

reach a positive energy balance state.

The development of obesity seems to be a vicious cycle for people with 

 disabilities. Obesity compounds the problems of high energy demand of physical 

activities in people with disabilities, which reduces the likelihood of participation 

in social activities and exercise, and reduces their ability to care for themselves. 

Secondary complications such as hypertension, type II diabetes, and coronary dis-

ease develop as obesity continues. It can further lead to many health complications, 

increasing the health care cost for people with disabilities and the health care burden 

on society.

One of the federal health focus areas of “Healthy People 2010” encourages  people 

to engage regular moderate-intensity exercise in order to curb the health complica-

tions arising from the epidemic of obesity and physical inactivity. Promoting physi-

cal activity, aerobic exercise, and muscle strengthening in people with  disabilities 

have become even more important than the health promotion for people without 
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disabilities. Improved ergonomic design of exercise equipments to fi t people with 

disabilities would greatly facilitate their participation in leisure physical activities. 

Improved physical fi tness in people with disabilities will then be possibly achieved, 

and prevention of secondary complications will also be accomplished.

2.6 CONCLUSION

Due to severe impairments in specifi c body systems, people with disabilities require 

more energy for most physical activities, such as walking, activities of daily living, 

leisure activities, and sports activities. Therefore, they tend to walk slower and are 

less energy-effi cient. Rehabilitation with therapeutic exercises, the use of assistive 

devices and orthosis, modifi cations of work and home environment, and prosthesis 

training could all improve the neuromuscular control, movement coordination, mus-

cle performance, and cardiorespiratory functions of their body systems. The overall 

goal of training is to improve their body systems to become more energy effi cient for 

physical activities. In addition to the treatment of primary impairments, future direc-

tions of rehabilitation for people with disabilities should involve health promotion 

and wellness programs, in order to prevent secondary complications and to improve 

their health.
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3.1 INTRODUCTION

A few years ago, Marras (2000) described the need for those working in occupational 

health to adopt and integrate the “state of the science” into the approach to low back 

disorders (p. 899). This included consideration of the multidimensional factors that can 

lead to an increased risk of developing an occupational disorder. No longer was occu-

pational low back disorder to be seen as something that could be explained simply by 

biomechanical dysfunction or failure. And, no longer could a person in the workplace 

be assessed simply for their anthropometric dimensions and physical capabilities.

Such a need is not simply about back pain, but about occupational disorders. Marras’ 

timely recommendation mirrored rapid increases in our understanding of pain and pain 

mechanisms, our knowledge of which has expanded exponentially since the landmark 

gate control theory of Melzack and Wall (1965). Pain is no longer exclusively attributed 

to pathology in the tissues, but is considered a complex human experience that depends 

on many factors from across physical, psychological, and social domains. As is always 

the case, the more we know, the more we realize we do not know. This chapter will 

present a broad overview of what we know of the biology of pain, its assessment and 

management, all within the context of ergonomics and occupational disorders.

3.1.1 DEFINITION OF PAIN

The International Association for the Study of Pain (IASP) defi nes pain as “… an 

unpleasant, sensory and emotional experience associated with actual or potential tis-

sue damage, or described in terms of such damage” (Merskey and Bogduk, 1994). 

This defi nition remains broadly consistent with current concepts of pain. For  example, 

pain is a result of complex cortical processing; pain depends on evaluations of threat 

to, and vulnerability of, the body; the nociceptive system is dynamic; pain is not a 

measure of the condition of the tissues. We think that understanding these key con-

cepts is key to understanding the biology of pain.
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3.2 CURRENT CONCEPTS OF PAIN

3.2.1 PAIN IS A RESULT OF COMPLEX CORTICAL PROCESSING

Once the notion of specifi c neural pathways for specifi c stimuli was proposed (the 

“specifi city theories” of the 1600s), pain was considered a reliable and accurate indi-

cator of the state of the tissues. The specifi city theories held that the intensity of 

pain related to the extent of tissue damage, that pain receptors passed pain messages 

through pain pathways to pain centers in the brain. Nowadays, one might call this a 

structural-pathology model of pain.

The idea of pain receptors might be intuitively sensible, but it is nonsense. This 

can be demonstrated by considering what receptors actually do. Heat receptors detect 

a change in heat. Chemoreceptors detect a change in chemicals. Mechanoreceptors 

detect mechanical deformation. In each case, a property of the stimulus is detected by 

receptors that are specifi cally sensitive to that property, or a change in that property. 

 However, pain is not a property that can be possessed by a stimulus. For example, 

a very hot iron does not possess the property of pain, nor does a very sharp knife. 

Granted, if one puts the very hot iron on their skin, one usually experiences pain, but 

that is different. Pain does not exist in the iron, nor in the knife. Rather, pain is an 

emergent property that exists only in our consciousness. The same argument applies 

to pain pathways—there is no pain message to transmit so the existence of pain path-

ways is also nonsense.

Anecdotal and experimental evidence demonstrates that pain is an output of the 

central nervous system. Pain can be evoked by many types of sensory inputs, and it 

is infl uenced by many conscious and nonconscious factors. So, how do we categorize 

the system that normally evokes pain, if to talk of pain receptors, pain messages and 

pain pathways is nonsense? We categorize it according to its very important role in 

alerting the brain to danger. We do have receptors that seem specifi cally suited to 

respond to dangerous changes in the tissues. The receptors and nerves that carry 

these danger messages constitute the nociceptive system.

The nociceptive system is complex. It includes

High threshold and low threshold primary nociceptors: These neurons are • 

small diameter myelinated (type Aδ) and unmyelinated (type C) fi bers. They 

lie in the tissues of the body and are activated by dangerous and nondanger-

ous stimuli. High threshold nociceptors are thought to be most important 

in evoking pain. For a review of peripheral mechanisms of nociception, see 

Myers et al. (2006).

Second-order neurones that project from the dorsal horn of the spinal cord • 

and ascend to the thalamus and brain via several different tracts.

Cortical and subcortical neurones that respond to input from the above • 

tracts and are modifi ed by other sensory and brain inputs. Currently, it is 

not  possible to determine which brain areas are involved in nociception 

and which are involved in pain. For a review of spinal and cortical mech-

anisms of nociception and pain, see Petrovic and Ingvar (2002), Gracely 

et al. (2004), Jones (2005), Ohara et al. (2005), Godinho et al. (2006), and 

 Seminowicz and Davis (2006). The brain then “fi lters, selects, and modu-

lates” these inputs (Melzack, 1999, p. S121).
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3.2.1.1 Neuromatrix Theory

It is known that the brain produces pain. It is also known that many factors from across 

domains contribute to the brain’s production of pain. However, we do not know how 

the brain produces pain. Melzack’s body-self neuromatrix model (Melzack, 1990) for 

application to management of chronic pain disorders (see Moseley, 2003a) is useful for 

integrating what is currently known about pain within a clinically useful paradigm.

The neuromatrix theory considers that nociceptive (somatosensory) inputs, 

 evaluative inputs, emotional infl uences, autonomic, immune, and neuroendocrine 

inputs all contribute to pain (see Janig et al., 2006 for an updated review of  autonomic 

and endocrine system infl uences). That many systems respond to impending  danger 

implies that pain can be considered the conscious component of a multisystemic 

response to protect the tissues from danger (Moseley, 2007). The interaction between 

the systems is complex and is only beginning to be understood. For example, the 

endocrine and autonomic nervous systems produce the protective stress response and 

interact directly with the nociceptive system; the immune system activates proinfl am-

matory cytokines, which tackle the danger and interact directly with the nociceptive 

system (see Sommer et al., 2006 for detailed discussion), the motor system braces, 

moves, or protects the affected area, and interacts directly with the nociceptive sys-

tem. Evidence that these systems are activated together with pain is readily available: 

raised blood concentration of immune mediators (Watkins and Maier, 2000), altered 

voluntary and postural muscle activity (Hodges et al., 2003), expressions of distress 

and fear (Vlaeyen and Linton, 2000), and symptoms of  anxiety (Main, 1983).

In summary then, the neuromatrix theory describes pain as multidimensional, 

and therefore modifi able by, sensory experiences, evaluations based on prior learn-

ing, emotional contexts and experiences, behavior, and health status. It conceptual-

izes pain as one output of the central nervous system that occurs when the central 

nervous system perceives tissues to be under threat.

3.2.1.2 Cognitive-Emotional Modulation of Pain

Recognizing that pain is not just associated with emotions but is in part emotional is 

an important step in understanding human pain. Experimental evidence of this is well 

established and viable neurobiological mechanisms have been proposed. Cognitive 

modulation is also critical and is encapsulated by the context of the pain (e.g., its pre-

dictability, its timing, its meaning, its impact, its location, and its associated sensory 

cues). Experimental manipulation of the context of pain can have profound effects 

on pain intensity and unpleasantness (e.g., see Moseley and Arntz, 2007). Contextual 

factors also infl uence clinical (or nonexperimental) pain. In a broader sense, those 

factors constitute thoughts, feelings, and behaviors. Within an occupational setting, 

those thoughts, feelings, and behaviors might relate specifi cally to social and physical 

aspects of the work environment and the patient’s place within it.

3.2.2 THOUGHTS, FEELINGS, AND BEHAVIORS

According to cognitive-behavioral principles, thoughts, feelings, and behaviors are 

all implicit in the course of recovery, or lack of recovery, after an initial injury or 

pain episode. Often, fear of pain, movement, and reinjury is key. The role of fear 
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FIGURE 3.1 The fear avoidance model. (From Vlaeyen, J.W. and Linton, S.J., Pain, 85, 317, 

2000. With permission.)
in recovery is well modeled by the fear avoidance model (Figure 3.1). In short, the 

model proposes that fear leads people to avoid, which confi rms their rationale for 

avoiding it in the fi rst place (by confi rming the cognition that “to not move is to not 

provoke pain” they by implication confi rm the cognition that “to move is to provoke 

pain”). The alternative path is to confront (more accurately, to “test out”) move-

ments and activities, rather than avoid them. This is about behavior, but behavior is 

fundamentally dependent on thoughts and feelings. For example, misinterpretations 

of bodily sensations and prediction of extreme negative consequences (i.e., catastro-

phizing), underpins fear, which causes avoidance. Participation in the activities (or 

adoption of the posture), allows the person to refresh their beliefs and maintain a 

more realistic self-effi cacy for successful participation.

Self-effi cacy, which has been shown to be an important predictor of behavior in peo-

ple with pain, is also affected by misinterpretation of symptoms and catastrophizing. 

Someone believing pain to accurately indicate the state of the tissues will be likely to 

have low self-effi cacy for participating in tasks that may cause harm, and logically so.

A person who attributes pain to normal healing processes (as opposed to risk of more 

damage) or nervous system sensitization is likely to have high  self- effi cacy and is 

likely to persist at diffi cult tasks for longer (Asghari and Nicholas, 2001; Nicholas, 

2007) (see Box 3.1). Self-effi cacy can be directly assessed and targeted in cognitive-

behavioral management. Self-effi cacy is sensitive to  treatment and is closely related 

BOX 3.1 SELF-EFFICACY

Self-effi cacy, a construct from Social Learning Theory (Bandura), is the belief 

a person has about his/her ability to perform a task. As such, it involves assess-

ing the demands of a task and identifying the personal resources available to 

overcome these. Therefore, misinterpretation of sensations and overestimation 

of negative consequences would lower a person’s self-effi cacy.
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to function (Nicholas et al., 1991). For more information on self-effi cacy as it relates 

to pain assessment and management, see Nicholas et al. (2002).

Research has also raised concerns about the thoughts and beliefs of clinicians, 

and the impact of their beliefs on the outcome of treatment. There is strong evi-

dence that the clinician’s beliefs directly impact on patient’s immediate response to 

treatment. For example, in an elegant placebo-controlled, double blind study of fen-

tanyl (a powerful analgesic) during wisdom teeth removal (Gracely et al., 1985), the 

researchers manipulated the information given to dentists who were  administering 

the injection. Dentists were incorrectly told that some patients had no chance of 

receiving fentanyl when in fact all patients had a 50% chance of receiving fentanyl. 

When the dentist correctly thought that the patient had a 50% chance of receiving 

fentanyl, pain dropped 2 points on a 10-point scale after the placebo injection pain. 

When the dentist incorrectly thought that the patient could not get fentanyl, pain 

increased by 5 points after the placebo injection. Other studies showed that rheu-

matologists’ own beliefs about fear avoidance affected the decisions they made in 

relation to patients’ management (Coudeyre et al., 2006) and that patients tended to 

hold similar pain-related beliefs to their primary treating practitioner (Poiraudeau 

et al., 2006).

3.2.3 ATTENTION AND EXPECTATION

Attention and expectation are both thought to infl uence pain, although the nature of 

the effect varies. It would seem intuitively sensible to allocate attentional resources 

to a potentially dangerous situation, or a potentially vulnerable body part. Thus, 

it would seem intuitively sensible to expect the threat of pain to cause a bias in 

attentional resources toward the source of that threat. However, experimental data 

are not so clear and extensive research attempting to defi ne the role attention plays 

in pain perception remains inconclusive (Matthews et al., 1980; Eccleston, 1994; 

 Crombez et al., 1996, 1997, 1998, 1999; Asmundson et al., 1997; Duckworth et al., 

1997; Eccleston et al., 1997; McCracken, 1997; Eccleston and Crombez, 1999; Peters 

et al., 2000; Naveteur et al., 2005; Moseley and Arntz, 2007). The intuitive result, 

that paying attention to pain enhances the experience and attending to another stimu-

lus nullifi es pain, is supported by some data. However, there are also data to support 

the opposite responses, i.e., attending to pain reduces the experience and attending 

away from it increases the experience. Contextual and situational factors, and the 

individual’s response to these, most likely moderate the relationship between pain 

and attention. For example, those who are catastrophic about pain and injury tend to 

attend to cues of impending pain and tend to report more pain. For a review of this 

topic, see Crombez et al. (2005).

Research into the expectation of pain also seems to demonstrate variable 

effects on pain. The key to the effect on pain seems to be the nature of the expecta-

tion. That is, if one expects the pain to be intense, it will probably be more intense 

than if one expects it to be mild. If the cue relates to how damaging the stimulus 

might be, it is likely to evoke more pain (Arntz and Claassens, 2004; Moseley and 

Arntz, 2007). This type of effect has been demonstrated in many studies using a 

variety of paradigms (Chua et al., 1999; Ploghaus et al., 1999;  Sawamoto et al.,

2000; Keltner et al., 2006; Moseley and Arntz, 2007) and the same principle applies 
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to the expected effect of treatment. That is, if one expects a treatment to reduce 

pain, it will reduce pain more than the same treatment expected not to (Pollo et al., 

2001; Benedetti et al., 2003). The literature on the infl uence of expectation on pain 

has been presented in two informative reviews (Wager, 2005).

3.2.4 ANXIETY

Linton (2005) identifi es distress and catastrophizing about pain as strong predictors 

for the onset of back pain and that anxiety is the mediating factor. Again, this is not 

counterintuitive, but nor is it established to be true. The recent literature discussing 

the relationship between anxiety and pain provides no consensus. Increased levels 

of anxiety have been associated with increased pain both in experimentally induced 

pain (Tang and Gibson, 2005) and during clinical procedures (Gore et al., 2005; Pud 

and Amit, 2005; Schupp et al., 2005; Klages et al., 2006). However, it has also been 

reported that anxiety levels have no effect on pain (Arntz et al., 1990, 1994). The 

infl uence of anxiety on pain, to a large degree, appears to depend on attention (Arntz 

et al., 1994; Ploghaus et al., 2003), which brings us back to a recurring principle that 

modulation of pain by attention, anxiety, expectation, thoughts, feelings, and behav-

iors depends on the context of the pain. Ultimately, modulation seems to depend on 

the infl uence of the modulating factor on the implicitly perceived degree of danger 

to body tissues.

3.2.4.1 Social Infl uences

Social factors have been shown to modulate pain and health in general. Although 

a simplistic approach, we will group social infl uences as: “occupational,” “sex and 

gender,” and “ethnicity and culture.” Separating social infl uences from psychologi-

cal infl uences, in the real world, is probably impossible.

3.2.4.2 Occupational Infl uences

Proposals of a role for work organization and work stress, in contributing to work-

related musculoskeletal disorders (Carayon et al., 1999), have gained increasing 

support. A recent review highlighted the importance of high work demands and 

low perceived control at work, in contributing to neck and upper limb symptoms 

in workers (Bongers et al., 2006). One possible explanation for such a link is that 

people are more likely to report symptoms in these conditions. Another is that stress 

alters motor performance—there is a large amount of evidence to suggest that to be 

the case. That psychological stress disrupts normal motor and postural performance 

has been established (Marras et al., 2000; Moseley et al., 2004b,c). There have also 

been developments in the understanding of how beliefs, moods, immune system, 

and nervous system interact (so-called psychoneuroimmunology). The demonstrated 

effect of cytokines on nociceptor activity is one example, but there are many others 

(see Butler, 2000). Although it is clear that issues such as psychosocial stress can 

infl uence recovery and the development of chronic problems once an initial episode 

has occurred (Bigos et al., 1991; Feuerstein et al., 2006), there are no strong data 

on whether psychosocial stress increases the likelihood of an initial episode (Van 

Nieuwenhuyse et al., 2006).
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3.2.5 SEX AND GENDER

There seems to be both biological and psychosocial differences in the pain experi-

ence between women and men. Women generally are considered to have lower pain 

thresholds, at least for experimental pain (Soetanto et al., 2006), with evidence of a 

relationship between pain threshold and the phases of the menstrual cycle (Unruh, 

1996). Socialization of pain responses may also be different in men and women 

(Myers et al., 2006), with some authors proposing that women are more likely to 

attribute negative emotion with threatening stimuli (Rhudy and Williams, 2005). 

We should remember, however, that most pain experiments have been undertaken by 

male researchers, which probably incurs a further systematic effect on data.

3.2.6 ETHNICITY AND CULTURE

Members from the same ethnic group are likely to share cultural values and tradi-

tions. Culture affects how people defi ne and respond to illness and pain, and the lan-

guage they use to articulate its intensity and quality. At the same time, there appears 

to be little physiological variation between ethnic groups. However, there are often 

variations in the treatment that different cultural groups receive, which could imply 

cultural insensitivity or prejudice on the part of caregivers, or expectations on the 

part of patients (see Lasch, 2002; Morris, 2001 for review).

Obviously there are many challenges to the clinician who aims to be culturally 

competent. Immigrants of an ethnic or cultural group will vary in how much they 

identify with their group. This might be due to factors such as age, education, ties 

to their birth country, and level of integration to a new community (Lasch, 2002; 

Morris, 2001). Furthermore, language translations may not be sensitive to impor-

tant semantic differences describing the quality of pain (Fabrega and Tyma, 1976). 

Therefore, we contend that it is essential that a person-centered approach is adopted 

at all times, and that communication strategies are optimized.

3.2.6.1 Nociceptive System

For simplicity, the nociceptive system can be described as the initiator and transmit-

ter of neural messages in response to noxious stimulation from the periphery to the 

brain. It involves multiple nerve pathways, and information is fi ltered and modulated 

at the spinal cord prior to processing by the brain. Nociception forms one aspect of 

the evaluation of threat and vulnerability, which will be discussed in this section.

3.2.7 PERIPHERAL MECHANISMS

Myelinated Aδ fi bers and unmyelinated C fi bers are probably the most important 

peripheral neurones contributing to nociception and are conventionally called noci-

ceptors. However, many types of neurones in the periphery are thought to contribute 

to nociception (Meyer et al., 2006) and many Aδ and C fi bers also respond to non-

noxious stimulation (Craig, 2002). As per current convention, we will classify Aδ 

and C fi bers as primary nociceptors.

Primary nociceptors respond to dangerous mechanical, chemical, and  thermal 

stimuli, and are widely distributed throughout the internal tissues and external 

 surfaces of the body. In healthy pain-free individuals, these neurones generate and 
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transmit a nerve impulse in response to mechanical pressures or rapid changes in 

tissue temperature, or in response to the presence of provocative substances (includ-

ing endogenous) at suprathreshold concentrations.

3.2.8 SPINAL MECHANISMS

As with other afferent fi bers, the majority of primary nociceptors terminate in the 

dorsal horn of the spinal cord. The dorsal horn consists of numerous layers, which 

are defi ned according to the projections, and structural and functional properties, of 

their neurones. The termination sites for nociceptors, for the most part, are laminae 

I, II, and V. Most Aδ fi bers terminate in lamina I, but some also terminate with Aβ 

fi bers—as well as some C fi bers—in lamina V. Most C fi bers terminate in lamina II. 

Important features of lamina II neurones are that they project to other laminae, and 

they can be inhibitory or excitatory in their projections. This means that they poten-

tially have a fi ltering or modulatory role on peripheral inputs. The neurones that 

project from lamina I are synapsing mainly with primary nociceptors and so are 

called nociceptive-specifi c second-order neurones. Second-order neurones project-

ing from lamina V respond to the different peripheral inputs terminating there (i.e., 

Aδ, C, and Aβ fi bers). As they have to respond to a wide range of stimulus inputs, 

they are called wide-dynamic range neurones.

3.2.9 TRANSMISSION FROM THE DORSAL HORN TO THE BRAIN

Five ascending pathways transmit nociceptive information up the spinal cord. The 

spinothalamic tract is the largest and includes neurones that originate in laminae 

I and V of the dorsal horn. The spinoreticular, spinomesencephalic, cervicothalamic, 

and spinohypothalamic tracts also transmit ascending nociceptive information. Sig-

nifi cantly, there is not a single pathway responsible for nociception. From an evo-

lutionary perspective, multiple ascending pathways would seem more robust in the 

event of disease or injury. There are also many sites within the brain where nocicep-

tive information is processed. Again, this may avoid the harmful consequences of a 

single “pain center” being damaged or becoming dysfunctional.

Importantly, the fact that multiple brain regions are active with pain indicates 

that there is a range of inputs available for sampling by the brain. According to neu-

romatrix theory, a specifi c and individual pattern of neural activity in these central 

nervous system structures will lead the brain to produce pain. The pattern of neural 

activity has been referred to as the pain neurosignature (Melzack, 1996) or pain 

neurotag (Butler and Moseley, 2003).

Once nociceptive information reaches the brain, there are several important prin-

ciples that seem to govern how it is processed, and how, and if, pain is produced.

 1. Parallel processing: Many brain areas are involved in pain. Most often, 

the thalamus, insula, primary (S1) and secondary (S2) somatosensory, 

and prefrontal cortices are activated when someone is in pain. These areas 

are called the pain matrix (Apkarian et al., 2005) (Figure 3.2). However, 

these areas are never the only areas involved and they are not always all 

involved—the pattern of brain activation varies greatly between and within 

individuals.
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(a)

(b)

(e)

(c)

(d)

FIGURE 3.2 Pain-evoked activation in the human brain. (a) Surface-rendered subtrac-

tion images of activation patterns obtained with positron emission tomography (PET) scans, 

showing right lateral (RT.LAT), left lateral (LT.LAT), right medial (RT.MED), left medial 

(LT.MED), and superior (SUP) views. Activation observed during repetitive innocuous 

warm stimuli (40ºC) is subtracted from that observed during repetitive painful heat stimula-

tion (50ºC). The scans began 40 s after the onset of the painful heat stimulation and reveal 

responses bilaterally in the anterior cingulate cortex (ACC), insular cortex (IC), thalamus, 

cerebellum, and sensorimotor cortex. (b–e) Functional and anatomical MRI of four subjects 

exposed to repetitive 9 s noxious heat stimuli on the leg (46ºC) compared to repetitive warm 

stimuli (36ºC). The circled areas represent regions showing a signifi cantly greater activation 

during the noxious heat than during the warm stimuli. These areas include primary and sec-

ondary somatosensory cortices (SI, SII), ACC, and IC. For all images the right hemisphere is 

shown as right. Responses with a statistical signifi cance of P 0.05 are shown superimposed 

in stereotactic coordinates on an MRI. (From McMahon, S.B. and Koltzenburg, M., Wall & 
Melzack’s Textbook of Pain, Elsevier, London. With permission.)
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 2. Different aspects of pain seem to involve different brain areas: Some 

authors advocate the notion of two nociceptive/pain “systems”—the medial 

system and the lateral system (Jones, 2005). The medial nociceptive sys-

tem includes the medial thalamic nuclei, and anterior cingulated and 

dorsolateral prefrontal cortices. It is described as slow and only broadly 

somatotopic, which means it does not have the capacity to code in detail 

the location in the body at which the stimulus occurred. Activity in this 

system has been proposed to subserve the affective-emotional qualities of 

pain (broadly speaking, the unpleasantness of pain rather than the intensity 

and quality of pain).

The lateral nociceptive system includes the lateral thalamic nuclei and the pri-

mary (S1) and secondary (S2) somatosensory cortices. It is described as fast and is 

highly somatotopic, which means it is able to code, in great detail, the tissue location 

at which the stimulus occurred. Activity in this system is proposed to subserve the 

sensory-discriminative qualities of pain (the intensity of the pain and the sensory 

characteristics of the stimulus (e.g., warm, sharp, deep, superfi cial). The intensity 

and unpleasantness of pain can be independently manipulated (e.g., Moseley and 

Arntz, 2007).

3.2.9.1 Consequences of Complex Processing

Pain is the consequence of complex cortical processing. One consequence of this 

complexity is that the response to any given noxious stimulus varies between, and 

within, individuals. A stimulus that is painful for one person may not be painful for 

another. Similarly, a stimulus that is painful for a given subject on one day may not 

be painful the next day.

Pain’s complexity is one reason that diagnostic tests for the “cause” of pain are 

notoriously problematic. A series of imaging studies undertaken since the mid-1990s 

have demonstrated this. One study used magnetic resonance imaging (MRI) to iden-

tify the structure of intervertebral disks in people without back pain (Jensen, 1994). 

The majority had scans that were positive for disk lesions, several were positive for 

disk protrusions, and one for a disk extrusion. Yet they were all pain-free. While there 

was no follow up to see if these subjects developed pain later, the study demonstrated 

that evidence of tissue pathology should not be considered as evidence of pain.

Another similar study found similar structural changes in asymptomatic subjects 

(Boos et al., 1995). That study did undertake long-term follow up (5 years) and found 

that psychological and work-related factors at inception were better predictors of 

medical consultation than MRI fi ndings were. A more recent study demonstrated 

that there was poor correlation between vertebral stress fracture as identifi ed using 

computed tomography (CT) scan and pain or return to sport (Millson et al., 2004). 

The authors concluded that the fi ndings on tissue structure provided by the CT scan, 

was not valuable objective information for clinical decision making.

There is also evidence of pain without identifi able tissue damage. This leads 

some to try harder and harder to identify tissue lesions, which, on the basis of the 

previous paragraph is fundamentally problematic unless double-blind diagnos-

tic provocation tests are undertaken (Schwarzer et al., 1994). However, exhaustive 
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tests still fail to fi nd a “nociceptive driver” in most cases of low back pain, complex 

regional pain syndrome, fi bromyalgia, and chronic fatigue syndrome. We contend 

that it is biologically corrupt to conclude that patients who fi t the diagnostic criteria 

for these disorders are not genuinely suffering.

One example of pain in the absence of frank tissue trauma was particularly rel-

evant to occupational medicine: repetitive strain injury (RSI). It was speculated that 

high-demand repetitious keyboarding caused microtrauma and infl ammation, but 

the existence of such microtrauma is not supported by the literature, as no infl am-

matory component has been identifi ed (for reviews see Awerbuch, 2004; Helliwell, 

2004). One hypothesis is that workers in an environment that promotes anxiety, 

including where other workers are reporting injury (see Godinho et al., 2006), may 

be predisposed to feel pain (Keltner et al., 2006), and this may be especially the case 

with women (Rhudy and Williams, 2005).

It remains possible that further tissue pathology will be identifi ed in such patients, 

but it should be reiterated that evidence of tissue pathology does not constitute evi-

dence for the cause of pain. In summary, the body of evidence clearly demonstrates 

that nociception is neither suffi cient, nor necessary, for pain.

The next sections will further explore why pain occurs, and argue that in persis-

tent pain, central mechanisms are likely to be the most important infl uences.

3.2.10 PAIN DEPENDS ON EVALUATIONS OF THREAT AND VULNERABILITY

According to neuromatrix theory, pain is conceptualized as an output of the central 

nervous system, which occurs in response to perceived danger to body tissues. Key 

to this then is (1) the appraisal of the threat (e.g., noxious stimulation) and (2) the 

perceived vulnerability of the tissues to that threat. We conceptualize it like this: 

together, these tissues inform the brain at an unconscious level about the answer 

to this question: “How dangerous is this really?” There are many studies that have 

investigated this issue (see Butler and Moseley (2003) for a review of these studies) 

and it is beyond the scope of this chapter to list or discuss them all. However, the 

principle of these studies is relevant for our discussion. The principle is that any-

thing that would lead the brain to conclude that the threat to tissues has increased 

should increase pain. Conversely, anything that would lead the brain to conclude 

that the threat to tissues has decreased should decrease pain. This gives the clinician 

the clinical reasoning capacity to predict what effect different issues from across the 

sensory, psychological, and social domains may have on a patient’s pain.

Let us consider the keyboard operator who develops low level forearm pain and 

compare that person to one who has several colleagues who have lost their jobs 

because of chronic forearm pain. Intuitively, the perceived threat to the forearms 

should be greater in the second person, which implies that their pain should also be 

greater. This general principle is now widely regarded to be important in the phe-

nomenon of RSI that swept Australia in the 1980s (Lucire, 2003).

Let us now consider the education component of a rehabilitation program for 

patients with chronic low back pain. What is the likely effect, on perceived vulner-

ability of the back, of focussing on disk pressures, disk herniations, postures that 

“protect” the back and movements that are “dangerous”? This is obviously a rhetori-

cal question—it has been shown that conventional back school education programs 
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actually heighten catastrophic interpretations of back pain, increase fear of reinjury, 

and perceived vulnerability of the back (Moseley, 2004a; Moseley et al., 2004a). 

This evaluation of perceived threat to tissues is important in descending facilitation 

and inhibition of the spinal cord means that, as the nociceptive system becomes more 

sensitive, “explanatory model” becomes more important.

3.2.11 ROLE OF SENSITIVITY OF THE NOCICEPTIVE SYSTEM IN PERSISTENT PAIN

Pain that persists beyond the time of the infl ammatory-induced sensitivity asso-

ciated with healing is considered to have a different mechanism than the acute 

postinjury process (Watkins and Maier, 2005; Banks and Watkins, 2006). We will 

consider both here, but emphasize the mechanisms of persistent pain, where 

attempts at treatment of a peripheral target tissue may not only be ineffective, but 

detrimental.

3.2.11.1 Sensitization of the Nociception/Pain System

Hyperalgesia (when noxious stimulation hurts more) and allodynia (when nonnox-

ious stimulation hurts) can be expected after tissue injury. It is appropriate that after 

recent damage to tissue, tenderness of the injured area and surrounding tissue makes 

the individual avoid provocation of the injury. In extreme cases of allodynia, how-

ever, light touch (especially by others) and the sensation of clothes rubbing on the 

skin can evoke severe pain. It is well acknowledged now that this type of sensitiv-

ity of the nervous system can produce disproportional pain responses to completely 

innocuous stimuli.

3.2.11.2 Peripheral Mechanisms

When pain is evoked by noxious stimuli, peripheral mechanisms can enhance sensi-

tivity of the nociceptive system. These mechanisms include the presence of infl am-

matory mediators, decreased circulation (which increases the local concentration 

of H+ ions), the presence of immune mediators, and activation of certain genes (see 

Figure 3.3 and Meyer et al. (2006) for an exhaustive review of peripheral mecha-

nisms of modulation). Infl ammatory mediators are released by tissue damage and 

by activation of nociceptors (neurogenic infl ammation). The result of these sensitiz-

ing peripheral mechanisms is called peripheral sensitization, and it will commonly 

resolve as the infl ammation response resolves.

3.2.11.3 Spinal Cord Mechanisms

A much studied receptor is the N-methyl-d-aspartate (NMDA) receptor. Located 

on the second-order nociceptors in the dorsal horn, the NMDA receptor responds 

to persistent or intense stimulation by allowing greater postsynaptic activity. An 

increase in the number of open channels on the postsynaptic membrane means that 

the second-order nociceptors will show an increased activation rate even though 

the peripheral input remains unchanged. Therefore, more messages relating to body 

tissue danger will be sent to the brain for processing. This is an upregulation of the 

(protective) nociceptive system.
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FIGURE 3.3 Potential peripheral mediators of peripheral sensitization after infl ammation. 

Infl ammation leads to the release of numerous chemicals from mast cells, macrophages, 

immune cells, and injured cells that may act directly or indirectly to alter the sensitivity of 

peripheral nerve terminals. ASIC, acid-sensing ion channel; CRH, corticotrophin-releasing 

hormone; GIRK, G-protein-coupled inward rectifying potassium channel; iGluR, ionotro-

pic glutamate receptor; IL-1β, interleukin-1β; IL-6, interleukin-6; mGluR, metabotropic 

glutamate receptor; NGF, nerve growth factor; PAF, platelet-activating factor; PGE2, 

prostaglandin E2; PKA, protein kinase A; PKC, protein kinase C; SSTR2A, somatostatin 

receptor 2A; TNF-α, tumour necrosis factor-α; TrkA, tyrosine kinase receptor A; TTXr, 

 tetrodotoxin-resistant sodium channel; μ, mu-opioid receptor; M2 muscarinic receptor; 5HT, 

serotonin; LIF, leukemia inhibitory factor. (From McMahon, S.B. and Koltzenburg, M., Wall & 
Melzack’s Textbook of Pain, Elsevier, London. With permission.)
The interaction of nociception and other sensory information can also lead to 

enhanced sensitivity of the nociceptive system. Again this occurs in the dorsal horn, 

where wide-dynamic-range neurones in the laminae provide an interaction of at least 

three fi ber types (i.e., Aδ, C, and Aβ fi bers). This interaction appears to be important 

in the quality of pain, i.e., how people describe their pain. In the case of peripheral 

nerve damage or disease, the potential for enhancing sensitivity is magnifi ed via the 

forming of new synapses between a wide-dynamic-range neurone and a sensitized 

neurone. This would allow direct communication between low threshold peripheral 

afferents (i.e., Aβ) and the nociceptive system and may explain painful responses 

to normally nonpainful stimuli, such as touch. Peripheral neural damage can also 

evoke axonal sprouting, which involves the extension of the nerve cell into an adja-

cent dorsal horn laminae, where it could form new synapses with the interneurones 
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(Woolf and Salter, 2000). For a reasonable detailed but accessible discussion of these 

processes, see Butler and Moseley (2003).

3.2.11.4 Neuropathic Pain

The pain associated with nerve damage is known as “neuropathic pain.” Of course, 

as with nociception, it is only a contributor to whether the person feels pain. The 

use of the term “pain” to describe it is an inappropriate assumption that is carried 

with a lot of the nomenclature in pain literature. Neuropathic pain is commonly 

associated with what could be interpreted as bizarre symptoms such as feelings of 

“burning” or “electric shock,” or even “insects crawling on skin” or “water running 

along a limb.”

The neural tissue damage associated with stroke or other central nervous sys-

tem trauma can alter the activity of inhibitory neurons, therefore enhancing pain 

sensitivity. In the peripheral nervous system, damage to neural structures, can 

result in ectopic impulse generation from the damaged structure or from the dorsal 

root ganglion (DRG). This type of response to nerve damage commonly results in 

mechanosensitivity, which is sometimes an indicator of neuropathic pain (Cousins 

and I. 1999, LaJoie et al., 2005; Box 3.2). When neurones are damaged their genetic 

expression can alter (Butler, 2000). One outcome of this is the upregulation of cer-

tain chemoreceptors. With this increased production of receptors, is an increase 

in sensitivity to the chemical that binds to the receptor. Adrenalin provides a good 

example, as neural fi ring will increase when adrenoreceptors are upregulated and 

blood concentration of adrenaline is increased or the sympathetic nervous system 

is activated.

The mechanisms of sensitization that have been most widely studied in mod-

els of neural injury remind us of the role of the nociceptive system as part of a 

greater body protection system. It is now acknowledged that interactions between 

the immune system, endocrine system and autonomic nervous system are important 

in all types of pain, including neuropathic pain (Watkins and Maier, 2005; Campbell 

and Meyer, 2006). Furthermore, management of patients with pain should consider 

tissues from across these systems.

These and other spinal and supraspinal infl uences on sensitivity are broadly 

considered central sensitization. In effect, it means that neurones that send a noci-

ceptive message to the brain become more easily activated. It is widely thought, 

although not yet proven in human studies, that descending facilitation is suffi -

cient to drive spinal nociceptive neurones once they are in a state of advanced 

sensitization.

BOX 3.2 NEUROPATHIC PAIN AND NEUROGENIC PAIN

Terminology: The terms neuropathic pain and neurogenic pain are commonly 

used in physiotherapy. Neuropathic pain refers to pain associated with pathol-

ogy of neural tissue. Neurogenic pain refers to pain that is associated with 

sensitized neural tissue.
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3.2.12 CORTICAL REORGANIZATION AND SENSITIVITY

Each of the mechanisms by which nociceptive transmission in the spinal cord 

becomes sensitized is also thought to occur in the brain. The ramifi cations of this 

will be wider than those of spinal changes because there are many more inputs here, 

from across all possible domains. Suffi ce to say that the principle is again important. 

That principle is that the pain neurosignature becomes more sensitive. Evidence of 

this has been obtained in patients with complex regional pain syndrome for whom 

imagined movements, in the absence of detectable muscle activity, increases pain 

and swelling (Moseley, 2004b) and visual input in the absence of somatic input also 

produces pain (Acerra and Moseley, 2005).

The other change that occurs in the brain in conjunction with persistent pain 

occurs within the cortical maps of the body. The most studied cortical map, or vir-

tual body, is held in primary sensory cortex (S1). S1 changes have been reported in 

several patient groups. Two types of changes have been reported. First, the represen-

tation of the affected limb in patients with phantom limb pain and complex regional 

pain syndrome is smaller than the unaffected side (Flor et al., 1995; Pleger et al., 

2006). Second, the representation of the affected area in patients with chronic back 

pain becomes bigger than in healthy controls and shifts toward the midline (Flor 

et al., 1997). In each case, the extent of the shift from normal relates to the intensity 

of pain. The importance of cortical reorganization in chronic pain states has not 

been established, but it is possible that it will offer a range of new treatment oppor-

tunities (see Acerra et al., 2007 for a review).

3.3 ASSESSMENT OF PAIN

3.3.1 PAIN AND ITS MEANING

When clinicians and researchers attempt to assess pain, they often attempt to mea-

sure it. However, pain is a subjective experience resistant to objective measurement 

and so many pain measurement tools rely on assumptions, including that people are 

willing and able to report their experience accurately.

Nevertheless we will highlight some of the tools commonly used in pain assess-

ment (for a more extensive review see Handbook of Pain Assessment (Turk and 

Melzack, 2001)). First, we will highlight the importance of the clinical interview in 

an attempt to understand the individual’s beliefs about their pain and the contribution 

of biological and cognitive-emotional factors to their pain, and in turn to the impact 

of their pain on their function.

3.3.2 CLINICAL INTERVIEW

Clinical interviews have conventionally focussed on symptoms: location, intensity, 

quality and temporal patterns, and signs. However, this information focuses very 

much on information relating to tissues and does not address the things the person’s 

functional abilities, nor the psychosocial factors that are important in pain and its 

impact. The interview should identify factors that activate or sensitize the nocicep-

tive system as well as elucidate factors that may preclude full recovery (see “Yellow 

Flags” later) (Table 3.1).
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TABLE 3.1
Structured Interview for Biopsychosocial Assessment

Area of Examination Information Gained

Orientation Nature and location of symptoms; patient’s story 

from onset to present, expectations of 

physiotherapy, questions and concerns about 

problem

Previous intervention Investigations and understanding, treatment effects, 

advice received, causal beliefs

Medical history Comorbidity and effect on function, special 

questions (red fl ag screening), medication

Effects on function and participation Current social and employment situation, typical 

day, effects on work, restrictions on activity, 

assistance required, aids and adaptations, 

downtime, sleep

Coping strategies Current coping strategies: active and passive, 

perceived consequences of change (e.g., increasing 

activity, exercise, pacing)

Socioeconomic Effect on fi nances, benefi ts, medicolegal

Effect on family Beliefs, responses, nature of support provided

Emotion Nature and extent, effect on motivation

Preexamination Body chart, behavior of symptoms

Source: Goldingay, S., Topical Issues in Pain 5, CNS Press, Falmouth, 2006. With 

permission.
3.3.3 MEASURES AND SCALES

Measures and scales can be valuable adjuncts to the interview and assist in broaden-

ing the assessment across the biopsychosocial domains.

3.3.3.1 Self-Report Measures

Given the subjectivity of pain, self-report measures are considered the gold standard 

in pain assessment. Common formats for measuring pain intensity are the visual ana-

log scale (VAS) and the numerical rating scale (NRS). A VAS is usually a horizontal 

line 100 mm long. At each end is an anchor. The left anchor is usually “no pain” 

and the right anchor is usually “worst pain” or “worst pain imaginable.” The patient 

marks a point on the line in answer to a specifi c question about their pain. The nature 

of the question determines the nature of the answer. For example, a clinician may 

want to know how much a certain activity hurts. If so, the question would need to 

refer to that activity. Alternatively, if the clinician wants to get an idea of the average 

pain they might ask “What is your average pain level over the last two days?” The 

distance from the mark to the left anchor is used as a measure of their pain (exam-

ples, in different languages, can be downloaded from British Pain Society Web site: 

www.britishpainsociety.org).
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An NRS uses numbers instead of a line, such that 0 = “no pain” and 10 = “worst 

pain.” The VAS is probably more sensitive to change, more diffi cult to measure, 

and less vulnerable to perseveration (perseveration refers to remembering what you 

said last time and responding the same way). The NRS is easier in a clinical setting 

because it is quick. It is probably suffi ciently sensitive to detect clinically meaning-

ful changes (a clinically meaningful or important change is usually considered to be 

about 2 points on a 10-point NRS scale (McQuay et al., 1997)).

The most widely used tool to assess the quality of pain is the short form of the 

McGill Pain Questionnaire (MPQ; Melzack, 1975). As per the neuromatrix model, 

the MPQ divides pain up into three dimensions and lists a variety of words for each. 

For example, words such as “sharp,” “burning,” and “intense” are listed to describe 

the sensory-discriminative aspect of pain (e.g., sharp, burning, intense), “punishing” 

is an example of the affective-motivational aspect of pain, and “annoying” an exam-

ple of its cognitive-evaluative context. There are many other measures that empha-

size different aspects of pain. Box 3.3 describes the MPQ and two other common 

measures (Jones and Moseley, 2008).

3.3.3.2 Behavioral Measures

Additional information can be gained by adopting behavioral measurement strate-

gies. These strategies include the use of performance measures, such as repetitions, 

time and load, or observation of behaviors that might indicate distress, which may be 

indicative of pain. These may be most useful in situations where communication is a 

problem, in which case the uncertain relationship between behavior and pain must be 

acknowledged. Full review of behavioral measures is beyond the scope of this chap-

ter, but the interested reader is referred to the Handbook of Pain Assessment (Turk 

and Melzack, 2001) and Manage Your Pain (Nicholas et al., 2002) for examples.

3.3.3.3 Measures of the Impact of Pain

The factors involved in the modulation of pain and the behavioral response to pain 

may be established during the clinical interview. It may be valuable to quantify those 

fi ndings by using one of the many measures designed and tested for this purpose. 

The following is a brief account of the most widely used and documented.

3.3.3.4 Measuring Potential Impact of Beliefs and Thoughts

The fear avoidance beliefs questionnaire (FABQ) (Waddell et al., 1993) and the 

TAMPA scale of kinesiphobia (kinesiphobia means “fear of movement”) (Miller 

et al., 1991) are designed to measure beliefs and behaviors relating to fear of move-

ment, physical activity, and work. They have been used extensively and data are 

available from a range of patient and nonpatient populations. The pain catastroph-

izing scale (Sullivan et al., 1995) for measurement of catastrophic thinking about 

pain also has a large amount of data available. Three psychometrically robust mea-

sures, which are more commonly used in research than clinical settings, include 

the survey of pain attitudes (Jensen et al., 1987), the pain beliefs and perceptions 

inventory (Williams et al., 1994), and the pain anxiety symptoms scale (McCracken 

et al., 1992).
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3.3.3.4.1 Red, Yellow, Blue, and Black Flags
Common to the pain assessment process is a collection of signs, symptoms, and 

situations that act as indicators of special circumstances that need attention. The 

so-called “red fl ags” are signs and symptoms indicative of a serious pathology that 

requires, sometimes urgent, specialist care (e.g., cauda equina compression) (Green-

halgh and Selfe, 2006).

“Yellow fl ags” relate to signs and symptoms, including beliefs and attitudes, that 

are believed to increase the risk of reduced participation in a person’s regular life situa-

tions. Although this approach was developed with guidelines for managing recent-onset 

BOX 3.3 NOTES ON PAIN SCALES

McGill Pain Questionnaire (Melzack, 1975)

Attempts to measure pain as a multidimensional experience

Twenty categories of adjectives• 

Four subclasses—sensory/affective/evaluative/miscellaneous• 

Patients select adjectives that best describe pain experience• 

Adjectives are weighted and a score—the pain rating index—for each • 

subclass, is calculated

Valid and reliable in range of contexts• 

Takes a long time to fi ll out (a short version is also available)• 

Patients may prefer to use other words to describe the quality of pain• 

Brief Pain Inventory (Keller et al., 2004)

Patients self-categorize social status and current work situation• 

Boxes are checked to indicate pain history• 

Pain location is marked on a body chart• 

Pain intensity and quality are determined by ratings on 0–10 scales • 

or yes/no responses

Seven questions are specifi c to the impact of pain: function, mood, • 

life enjoyment

Easily administered• 

Chronic Pain Index (Von Korff et al., 1994)

Patients respond to eight questions about pain intensity and interfer-• 

ence in life activities

Pain intensity and interference of activity are seen as a single dimen-• 

sion refl ecting severity

Scoring method and grading system completed by assessor• 

Presumes that dimension of severity includes biopsychosocial infl uences• 
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(acute) low back pain, it is increasingly being used with people who have pain at other 

anatomical sites. Effectively, “yellow fl ags” are indicative of unrealistic and unhelpful 

beliefs about pain (Kendall et al., 1997). Assessment for these beliefs can be formal-

ized using a standardized questionnaire, or alternatively, carefully selected questions 

can be incorporated into the clinical interview (Watson and Kendall, 2000).

In recognition of the importance of occupational factors in affecting return to 

work and healthcare visits, occupational specifi c factors have been grouped into 

“blue fl ags” and “black fl ags.” Factors that would be identifi ed as “blue fl ags” are 

those that relate just to that particular worker. For example, consider an individual 

who has work-related concerns about the attitudes of their line manager to them 

and their injury or rehabilitation. It is possible that the line manager’s attitude, or 

the worker’s perception of their manager’s attitude, might impede return to work. 

“Black fl ags” indicate attention is needed to manage a workplace process or policy, 

i.e., something that has  infl uence on all workers. For example, consider a workplace 

where there is no clear return to  process or policy to support injured workers return 

to work (see Sowden, 2006).

In response to the negative focus of yellow, blue, and black fl ags Gifford (2006) 

proposed the introduction of another group of assessment fi ndings: the “pink fl ags.” 

These are indicative of a positive outcome to treatment. Examples might include 

realistic and helpful attitudes to pain and movement, evidence that a person has 

returned to regular activities (Box 3.4). While pink fl ags are in part a facetious addi-

tion to the fl ag battalion, they convey an important message to clinicians—that we 

should foster these things and reinforce them when they present.

3.3.3.4.2 Measures of Functional Limitation and Disability
There are a large number of self-report tools that aim to measure the functional 

impact of a person’s pain. A large proportion of those tools concern back pain (e.g., the 

Roland Morris disability questionnaire (Roland and Morris, 1983) and the Oswestry 

questionnaire (Fisher and Johnston, 1997)) or neck pain (e.g., neck disability index; 

Vernon and Mior, 1991). These tools are widely used and a large amount of data from 

patient and nonpatient populations exists. There are also disability  questionnaires 

BOX 3.4 CLINICAL TIP—YELLOW FLAGS

Psychological Risk Factors
A high stress level

Distress and/or anxiety, depression

Passive coping strategies

Worry about the cause of pain, catastrophizing

Fear avoidance behavior and beliefs

Social Risk Factors
Poor relationships at work

Low job satisfaction

(Overmeer)
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that are not anatomically focussed, for example the task-specifi c tools, whereby the 

patient selects a task or activity that they are unable to perform because of pain, and 

rates their ability to perform that task over the course of treatment. An advantage of 

such a tool is that it can be used with different populations. A disadvantage is that it 

makes it diffi cult to compare between treatments or between patients.

3.3.4 NOCICEPTIVE TRIGGERS

Investigations of structures and movements may be helpful in identifying noxious 

stimuli. Evidence of mechanical forces, pressure, and distention during aggravat-

ing postures (static and dynamic) should be sought. Areas of chemically mediated 

nociception, in association with the infl ammatory mediators of peripheral sensitiza-

tion, might be suspected at points of tenderness identifi ed by palpation. However, 

consideration of peripheral noxious stimulation should always consider the profound 

effects of spinal and supraspinal mechanisms on pain sensitivity.

3.4 MANAGEMENT OF PAIN

3.4.1 EDUCATION

We believe that an essential component of the management of pain is intensive edu-

cation about the biology of pain. Obviously this requires the educator to have appro-

priate knowledge, but also skills in facilitating effective learning. The benefi ts of 

an effective and detailed explanation of pain biology include changing beliefs and 

attitudes about pain, movement and activity (Moseley et al., 2004a), and increasing 

pain threshold during relevant tasks (Moseley, 2004a). When combining education 

with movement-based physiotherapy, pain is decreased and disability in the long 

term is reduced (Moseley, 2002, 2003b).

Effective education enables changed thinking from a new perspective. Unhelpful 

cognitions about pain, injury, and activity can be challenged and replaced. Unhelpful 

concepts of pain relating to tissue vulnerability can be replaced by new concepts that 

include neural sensitivity and central processing. Such a reconceptualization is likely 

to be a complex process requiring more than simply giving information, however, 

an example of the material used to explain pain biology is presented in Explain Pain 

(Butler and Moseley, 2003).

3.4.2 REDUCE AND MODIFY NOCICEPTION

3.4.2.1 Deactivating Peripheral Mechanisms of Nociception

Due to its sensitizing infl uence on nociceptors, the infl ammatory response presents 

as the main target for deactivating peripheral mechanisms of nociception. It is worth 

remembering, however, that infl ammation is a necessary and self-limiting process 

following injury. As such, the body has its own processes for deactivating the infl am-

matory response and the peripheral sensitization that it facilitates. This is achieved 

by the combined involvement of motor, immune, and vascular responses, effectively 

dissipating the substances that stimulate nociceptors and the chemical mediators 

responsible for peripheral sensitization.
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Commonly, the clinician also intervenes by modifying the infl ammation process. 

Such strategies are not thought to impede normal tissue healing, but by reducing 

pain and swelling, they aim to get people moving more quickly than they otherwise 

would. Conventional fi rst aid to tissue trauma involves cooling and elevation of the 

injured part, fi rm bandaging, and reduced activity (rest, ice, compression, and eleva-

tion) with the intent of reducing blood fl ow and protecting injured tissue.

Pharmacological agents are also employed to reduce infl ammation. Such agents 

are commonly designed to target the mechanisms involved in the production of pros-

taglandins. Use of these “anti-infl ammatories” should be managed cautiously due 

to the importance of the infl ammation process in tissue healing and the drastic side 

effects (including gastric ulceration) associated with prolonged or inappropriate use. 

Notably, the administration of anti-infl ammatories is commonly systemic (e.g., orally 

or by injection), so the drug effects will extend beyond the target tissue. Even in 

local application of topical agents, there is a risk the active agent will be transported 

remotely in the circulation. Only those with appropriate expertise and medicolegal 

authority should be involved in giving advice and prescribing such medications.

Decisions about the introduction of movement and eventual return to activity 

are made with regard to the state (i.e., vulnerability) of the tissues, not simply with 

regard to pain. This is an important point. We have outlined why pain is not an accu-

rate measure of the state of the tissues, and herein lies the implication of that assess-

ment. If pain is not an accurate guide to the state of the tissues, then, taking a purely 

tissue-focused perspective, pain is not an appropriate marker for the reintroduction 

of activity. Indeed, movement may be another feature that assists in the dissipation 

of sensitizing substances through its promotion of blood fl ow, oxygen supply, waste 

product removal, and appropriate forces to guide healing. Therefore, delaying the 

reintroduction of movement because of pain may prolong pain. The clinician needs 

to have sound knowledge of the processes of healing and nociception to make this 

judgment. That is, the clinician must have both comprehensive biological knowledge 

and sound clinical reasoning. Finally, the clinician needs to manage the patient’s 

concern about moving despite pain because it is these concerns determine both how, 

and how much, the patient will move.

3.4.2.2 Deactivating Spinal Mechanisms of Nociception

The desensitization of second-order neurones is infl uenced by two mechanisms, one 

involving peripheral stimulation and the other involving descending supraspinal 

infl uences. Novel peripheral input, such as transcutaneous electrical nerve stimula-

tion (TENS), activates Aβ neurones. This nonnoxious stimulation “competes” with 

incoming nociceptive stimulation and can become the more prominent sensation. 

Descending modulation of spinal activity can be facilitatory or inhibitory. Inhibi-

tory effects seem to be linked to positive emotional states and direct links to the 

spinal neurones from the emotional areas of the brain have been identifi ed. The “gate 

control theory,” now more than 40 years old, postulated that lamina II of the dorsal 

horn of the spine was the site of this inhibition of the nociceptive system (Melzack 

and Wall, 1965). Pain neuroscience has grown from this theory, and despite great 

advances in the understanding of pain, there is still strong support for this modula-

tory function of the dorsal horn. Intriguingly, there is good evidence that TENS 
� 2008 by Taylor & Francis Group, LLC.



is effective in pain of recent onset, presumably with recent trauma, and not effec-

tive in persistent pain states (McQuay et al., 1997). This may be a consequence of 

the greater role of sensitivity in persistent pain states we have described previously. 

There is a good argument that stimulation of Aβ neurones actually facilitates dorsal 

horn sensitization once sensitization is underway, because spinal nociceptive neu-

rones can become sensitive to Aβ input.

3.4.2.3 Targeting Cortical Representations of the Body

An effect associated with persistent pain states is the alteration of the representa-

tion of the painful part in the primary sensory cortex (S1) (see Flor et al., 2006 and 

Moseley, 2006 for review). The plastic nature of the cortex means these changes 

may be due to altered neural input. That is, a change of normal tissue activity and 

stimulation, the so-called use it or lose it principle. However, a more specifi c mecha-

nism, involving the inhibition of nonnoxious stimuli at the thalamus, has also been 

proposed (Rommel et al., 1999), although it is yet to be substantiated.

In any case, rehabilitation of people with persistent pain states may benefi t from 

attempts to normalize the S1 representation (Flor, 2003, Maihofner et al., 2004, 

 Pleger et al., 2005). Training the nervous system to be more discriminating to sen-

sory stimuli appears to be benefi cial in reducing pain for some patient groups (e.g., 

phantom limb pain (Flor et al., 2001) and complex regional pain syndrome (Moseley 

et al., 2008)). This refl ects fi ndings that tactile acuity is related to pain and changes 

to the S1 representation (Flor, 2003). While these fi ndings may lead to the assump-

tion that changes to the S1 representation cause pain (Harris, 1999), this is yet to be 

established (Moseley and Gandevia, 2005).

3.4.2.4 Reduce and Modify Psychological and Social Demands

As described earlier, it would seem that negative effects (e.g., distress, anxiety), 

 cognitions (e.g., catastrophizing, expectations), and social factors (e.g., workplace 

demands) infl uence pain and the disability associated with pain. Not surprisingly then, 

 cognitive-behavioral therapy (CBT) has emerged as a popular intervention. While there 

are different approaches to CBT, the literature tends not to  distinguish between these 

approaches. Therefore, in this section, we will outline the use of  cognitive-behavioral 

principles rather than theory, per se. The application of  cognitive-behavioral  principles, 

in a CBT framework or otherwise, aims to enhance coping skills and reduce psycho-

pathology and disability. Techniques, such as goal setting, problem solving, cognitive 

restructuring, attention diversion, communication skills, and assertiveness training, 

are commonly employed. To reduce pain is not a target of CBT, but it is an effect 

(Morley et al., 1999).

3.4.2.5 Deactivating Brain Mechanisms of Nociception and Pain

We suggested earlier that pain is dependent on an evaluation by the central ner-

vous system, of threat to body tissue. It follows then that any input that changes that 

evaluation will also change pain. The mechanisms for this have been suggested, 

but are not well defi ned. Probably, there is involvement of mechanisms that modu-

late descending inhibitory and excitatory infl uences on the dorsal horn neurones as 
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well as suppression of activity in cortical structures (see Petrovic and Ingvar, 2002). 

However, again, the principle that pain is the conscious correlate of the implicit 

perception of threat to body tissues is able to inform the clinical implication of these 

mechanisms (see Moseley, 2007 for review).

3.4.2.6 Cognitive-Behavioral Principles

The basic premise underlying the use of cognitive-behavioral principles is that 

an individual’s thoughts infl uence and interact with their emotions, beliefs, and 

behavior. Therefore, by challenging unhelpful thoughts and replacing them with 

more accurate and appropriate ones, improved mood and behavior can occur. With 

persistence, this may even lead to a reconceptualization of existing beliefs. Modi-

fying behavior, for example participating rather than avoiding, allows for further 

challenging of preexisting thoughts and beliefs, and is also likely to positively 

affect mood.

3.4.2.7 Relaxation

There are many strategies, and personal preferences, for achieving a relaxed state. 

However, not all strategies enable relaxation during participation in necessary or 

desired activity. As well it would seem appropriate to be able to initiate a relaxation 

response, at a time when the pain is still controllable, but might be worsening. 

A recognized approach to relaxation that satisfi es these requirements combines 

meditative, physiological, and psychological elements. It features a mantra, a 

visual imagery and attention to inhalation, expiration, and the tension in muscles. 

Through frequent training sessions, a relaxed state is linked to the mantra, the 

image, and the exhalation, allowing it to be initiated opportunistically. The benefi ts 

of relaxation in a person with pain include reducing negative emotional response 

to pain or the expectation of pain, reducing unnecessary muscle activity prior to 

movement, allowing more effective cognitive function and response. Compared 

to many other strategies, this strategy can be implemented without interruption to 

current activities, and hopefully allows the person to perform better and for longer 

periods of time.

3.4.2.8 Pacing

An identifi ed cycle of activity in many people with persistent pain involves high level 

of activity—usually when symptoms are low—followed by very low levels of activ-

ity, in response to elevation of symptom intensity. It is sometimes called the “boom 

or bust cycle,” and is problematic when the periods of very low activity interfere 

with things a person wants or needs to do (e.g., work). Pacing aims to change this 

pattern of activity by avoiding the two extreme levels. The person will instead func-

tion at a level that can be consistently reproduced day after day. This allows for more 

confi dent predictions of future performance and is more appropriate for regular par-

ticipation in home, work, and social settings. Initially, the identifi ed level of activity 

that can be performed regularly may still be too low for participation in the person’s 

preferred lifestyle. However, by applying strategies, such as thought-challenging and 

relaxation, the individual may be able to do more despite pain.
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As well, the person should be encouraged to use quotas to guide activity level, 

rather than pain being the guide. Quotas (e.g., repetitions of exercise, time spent on 

an activity) identify the level of activity to be performed regardless of the pain on the 

day. They should be set by the person in response to previous successful experiences. 

The person must resist responding to low levels of pain by increasing activity beyond 

the set quota and should endeavor to reach the quota even when pain is interfering. 

This should be done, with the knowledge from previous experience, that the task is 

achievable by challenging any unhelpful thoughts and using relaxation strategies 

during the task. A gradual increase in quotas allows activity to be paced up and 

should be achievable as the person becomes more competent in the use of cognitive 

strategies and used to the level of activity.

The rehabilitation professional should be able to facilitate this process of pac-

ing up activity. Importantly, this requires effective education, the opportunity for 

the person with pain to experience successful performances, and the development 

of effective cognitive-behavioral strategies for self-management. Optimum levels of 

activity will most likely be achieved when the combined skills of thought challeng-

ing, relaxation, and pacing are well developed and consistently applied (see Nicholas 

and Tonkin, 2004 for more specifi c detail on goal setting, pacing, and quotas).

3.4.2.9 Graded Exposure

The use of a graded exercise program is common in the rehabilitation of people with 

persistent pain. This has many potential benefi ts including physical improvements 

such as strength, range of movement, and coordination, and psychological benefi ts 

such as improved self-effi cacy and improved mood. There is also the possibility that 

there is a reduction in pain-related fear, as a person is able to confront fearful activi-

ties or situations in the safety of the rehabilitation setting.

Graded exposure to fearful activities is a much more formalized approach to 

this, and arguably more effective (Vlaeyen and Linton, 2000). With fear as the target 

of the intervention, a hierarchy of situations or events is constructed ranging from a 

situation of no fear (i.e., baseline) to one that provokes intense fear. Treatment using 

graded exposure involves presenting the fear-inducing stimuli in order of the hierar-

chy, progressing toward the most intense. This technique has been used successful 

in people with persistent pain including nonspecifi c low back pain (Vlaeyen et al., 

2002) and complex regional pain syndrome (de Jong et al., 2005).

Notably, the application of these cognitive-behavioral principles forms just one 

aspect of the rehabilitation process, along with interdisciplinary interventions that 

tackle physical fi tness, ergonomic factors, and work practices.

3.5 LIMITATIONS, OPPORTUNITIES, AND CONCLUSION

This chapter attempted to provide the reader with a broad overview of pain biology, 

assessment, and management. The complexity of the human experience, which is 

exemplifi ed in the human experience of pain, means that this chapter can only provide 

a snapshot of the body of literature that is available. One objective that we considered 

to be particularly important was that the reader has suffi cient material to understand 

how to think about pain. That is why we have reiterated the key principle—that pain 
� 2008 by Taylor & Francis Group, LLC.



can be conceptualized as conscious correlate of the brain’s implicit perception of 

threat to body tissue. There are several other key “take-home messages:”

 1. Pain depends on the brain’s implicit appraisal of threat to body tissue. Noci-

ception is very important, but it is neither suffi cient nor necessary for pain.

 2. Many factors from sensory, psychological, and occupation (social) domains 

modulate pain.

 3. Pain treatment can target the underpinning mechanisms in pain. That is, 

anti-infl ammatory strategies, including postural correction and appropriate 

work-related pacing to reduce peripheral sensitization, cognitive- behavioral 

strategies to promote descending inhibition, and provision of accurate 

 information (“explaining pain”) to modify the meaning of pain.

 4. This chapter is a starting place. We have tried to reference the key paper or 

source where the reader would benefi t greatly from further reading.
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4.1 INTRODUCTION

This chapter provides an overview of the demographics of aging and provides a 

revised defi nition of “old.” The changing demographics have implications for current 

and future roles of rehabilitation professionals. In the past, rehabilitation focused on 

addressing the needs of populations with disabilities. With the aging of the baby-

boomer population, most of whom will remain in the community, the focus of reha-

bilitation will shift from disability to the needs of older people who may or may not 

have a combination of disabilities. Concurrently, there is a movement focusing on 

environmental design as an approach to facilitating function in seniors who may or 

may not yet have limitations. In other words, given the right environment, product, 

or even service design, some disabilities would no longer be issues.
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Ergonomics and human factors are examined from the perspective of age-related 

changes in physical, sensory, and cognitive functions. These changes are reviewed and 

some design recommendations for addressing these are provided. Next, we discuss 

the emerging role of rehabilitation professionals in design for aging and provide four 

examples of products designed by students in Occupational Therapy and Physical 

Therapy in collaboration with students in Industrial Design at the University of Alberta. 

These teams also included older adults in the design process. These award-winning 

designs emphasize the necessity of teamwork and interdisciplinary collaboration. We 

conclude with an example of the role of a rehabilitation professional as a leader in the 

conceptualization, design, usability testing, and clinical trial for a commercial version 

of an e-health wireless sensor technology. Throughout the design phase, ergonomic 

and human factors were considered in the context of usability of this technology for 

older adults living in the community.

4.2 DEMOGRAPHICS AND THE DEFINITION OF “OLD”

In Canada, close to 19% of the population will be 65 years or older by 2021, up from 

12.3% in 1998.1 The proportion of seniors in Canada will be four times as high as it 

was a century before.1 The fi rst of the baby-boomer generation, those born between 

1947 and 1966 (or from 1946 to 1964 in the United States), will reach 65 years 

in 2012 (2011 in the United States). This group forms 32.4% or the largest propor-

tion of the Canadian population.2 In the United States, close to 36 million, or 12% 

of Americans, are aged 65 years or older. This is projected to increase to 72 million, 

or 20% of the U.S. population in 2030.3 Globally, there are over 600 million people 

aged 60 years and older4 (WHO, 2002). This will increase to 1.2 billion by 2025 and 

2 billion by 2050.

It has been argued there is a need to revise our defi nition of “old.” Based on 

computations using life tables over four decades, Denton and Spencer5 demonstrate 

that if 65 years of age was accepted as old in 1951 for males, the defi nition should 

be revised to be about 68.5 years of age in 1991. If 65 years was viewed as a male-

oriented defi nition of old in 1951, the corresponding defi nition for females should be 

67.5 years of age in 1951, and 73 or 73.5 years of age in 1991.5 Given the longer life 

span of both men and women over the last four decades, and the aging of populations 

globally, there will likely be an increasing number of older adults staying healthy and 

working beyond the age of 65 years.

4.3 ERGONOMICS AND OCCUPATIONAL PERFORMANCE

This shift in demographics requires a shift in environmental and product designs. 

The discipline of ergonomics has traditionally examined the fi t of the workplace 

environment and the ability of human beings to perform safely and productively 

within that environment.6 This focus of ergonomics excludes most older adults who 

are going through the transition from work to retirement, or who have retired but are 

still engaging in a productive role. They also form a large segment of the consumer 

population that demands well-designed products. Work or productivity is more 

appropriately considered in the context of “occupational performance,” defi ned as 
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an individual’s experience of being engaged in self-care, productivity, and leisure,7 

or consisting of activities of daily living, instrumental activities of daily living, 

 education, work, play, leisure, and social participation.8 Although older adults may 

engage in work beyond 65 years, occupational performance within an older  population 

encompasses activities beyond paid employment. These activities may be  productive 

work performed on a part-time or volunteer basis, or they may be leisure and social 

activities. Older adults may choose or fi nd themselves in caregiving roles for young 

children, or other older adults such as spouses, neighbors, and friends.

4.4 MOST OLDER ADULTS LIVE IN THE COMMUNITY

The majority of seniors live at home. In 2001, only about 9% of older women and 

5% of older men in Canada lived in institutions and these proportions have declined 

since 1981.9 Successful programs and designs meet the needs of seniors who form 

a major consumer base and address their quality of life in the community. There 

is great variability between seniors in terms of their levels of occupational perfor-

mance. While one cannot always assume that a senior experiences challenges, it 

is prudent to consider the needs of as many clients or users as possible so that the 

process of aging and “future needs” are considered. This approach has been referred 

to as a “transgenerational” or “universal design” approach.

Consumer base• : The boomers, because of their sheer number, have had 

a large impact on sale of products, and their needs and lifestyle will con-

tinue to drive retail product sales. As the boomers age, they will encounter 

age-related physical, sensory, and cognitive conditions, as their parents are 

experiencing today. This experience in caring for their parents is having an 

impact on their expectations for their own “golden years.”

Quality of life• : Tomorrow’s seniors will be different from today’s seniors. 

It is predicted that, as a whole, the boomers will have more discretionary 

funds, be more comfortable, and have better access to technologies, and 

the gender gap will not be as wide as today. There will also be various 

retirement schemes available to tomorrow’s seniors. All of these factors 

contribute to a cohort of seniors who will have more control over their 

quality of life compared to today’s seniors.

Transgenerational approach and universal design• : If we design our prod-

ucts and environments for older adults, we also design for our future selves 

and multiple generations benefi t. A universal design approach also takes 

into consideration interactions between seniors and younger children, 

as well as seniors and their care providers who also have ergonomic needs.

4.5  AGE-RELATED CHANGES IN PHYSICAL, SENSORY, 
AND COGNITIVE FUNCTIONS

Rehabilitation professionals understand the physical, sensory and perceptual, and 

cognitive changes associated with aging. This aspect of their education and train-

ing makes them ideal members of a design team. Rehabilitation professionals, such 
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as occupational and physical therapists, can serve as team members or consultants 

in opportunities such as home renovations for seniors, design, and postoccupancy 

assessments of residential care facilities. Health professionals who work with older 

adults routinely consider ergonomic factors when they perform assessments and 

provide interventions for this population. However, few therapists participate in the 

design of products and environments used by older adults. By using their gerontol-

ogy expertise to inform builders, architects, designers, and policy makers, rehabili-

tation professionals can help ensure that designs meet ergonomic requirements of 

seniors. As the baby-boomer population begins to reach the age of 65 years in the 

next 5 years, there will be an increase in demand for rehabilitation professionals to 

provide services in the community for this population. It is anticipated that reha-

bilitation professionals will play a more important role in providing guidance to 

their clients on decisions regarding home modifi cations and other strategies to allow 

seniors to age-in-place. Common age-related changes are now discussed with design 

implications.

4.5.1 PHYSICAL CHANGES

There is heterogeneity among older adults with regard to physical function. Extrinsic 

and intrinsic factors contribute to the effects of aging on a person’s physical abili-

ties. Extrinsic factors include exercise, nutrition, physical injuries; intrinsic factors 

include one’s genetic makeup and susceptibility to diseases. Typically, aging is asso-

ciated with a change in muscle strength, endurance, fl exibility, posture, and gait.

Lower extremity muscle strength can decline by up to 40% between 30 and 80 

years of age.10 In one study based on 275 participants ranging in age from 30 to 86 

years, researchers found that quadriceps muscle strength declined with age and that 

forward shift of the center of pressure also decreased.11 This is believed to be the 

reason that some older adults experience diffi culty with sit-to-stand movements from 

a chair. This movement may be easier with quadriceps strengthening and education 

on how to get up from a chair. However, it is also important to address environmental 

factors. For example, clients should use chairs that are the right size for their height 

and chairs should have armrests, which can be used by the client to push up when 

doing a sit-to-stand movement. Indeed, it has been found that the timed “Up and Go” 

test is dependent on chair type and that chairs with armrests and seating heights of 

44–47 cm are recommended.12

Endurance, or the capacity of muscle to contract continuously at submaximal 

levels, declines with age.10 This can affect rehabilitation assessment outcomes. For 

example, if a client is required to perform maximally during an assessment, the 

outcome may not refl ect the client’s actual functional ability during the remainder of 

the day when energy level or endurance has declined. In a study on the necessity 

of three trials for the Functional Reach Test, researchers concluded that scores based 

on one trial, two trials, or the average of two trials for a Functional Reach Test Score 

were not signifi cantly different from the scores obtained from standard three-trial 

averages.13 Therefore, fewer trials during this type of assessment may adequately 

refl ect a client’s performance.

Reduced fl exibility can occur as a result of biology, hypokinesis (inactivity), 

or disease, such as arthritis.14 A decline in strength and spinal fl exibility result in 
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Forward head

Kyphosis

Lordoris

Hip flexion

Knee flexion

FIGURE 4.1 Posture changes with age. (Illustration with permission from Chris Maley 

was adapted from Bernstein, C. in Posture Changes with Age, F.A. Davis, Philadelphia, 

PA, 2002.)
postural changes in older adults10,14 (Figure 4.1). The forward posture of the head 

and kyphosis reduce the range of upward gaze in older adults. Kinematic data has 

shown that aging is associated with diminished ankle range of motion or reduced 

plantar fl exion excursion during push-off, and reduced knee extension at the end of 

swing.15 In a study on kinematics of stair decent using a three-step stair,  researchers 

reported that stair decent was signifi cantly slower in older subjects compared to 

younger subjects.16 Other age-related differences were a reduced peak knee fl exion 

in the sagittal plane, and increased hip and pelvic motion in the frontal and trans-

verse planes, i.e., motion outside the plane of progression. These age-related differ-

ences did not change after exercise training three times a week for 12 months.16

4.5.1.1 Upper Extremity Coordination

Reaching movements such as repetitive tapping tasks can slow down by 30%–

90% with aging according to different studies.17 This can be attributed to various 
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 factors including visual motor processing, central motor processing, and attention. 

Declining upper extremity strength and endurance may also be factors. Manual 

dexterity is also affected by aging and the effects can be seen in tasks such as tying 

shoelaces and fastening buttons.17 While these age-related changes are observable 

under experimental conditions, especially when time is used as a variable, they typi-

cally do not affect healthy older adults in their daily functional activities.

Design considerations for age-related physical changes:

Provide benches at regular distances in public spaces to allow older adults • 

to rest.

Entrance to public washrooms could be designed to allow a variety of mobil-• 

ity aids. Automatic sliding doors and entrances with no door (Figure 4.2) 

are common in airports. These accommodate the needs of older adults with 

mobility aids as well as travelers and their luggage.

In homes, a space under the kitchen sink allows an older adult to work at the • 

sink in a seated position (Figure 4.3). This design also works for wheelchair 

users.

Evaluations and assessment batteries used with older adults should • 

cause minimal burden on the client being assessed. If protocol allows, 

evaluation sessions may be divided to be conducted over two or more 

sessions.

User-interface of electronic equipment, such as telephones and household • 

appliances, should be user-friendly and logical to older adults.

Location and height of signage should take into consideration lower upward • 

gaze due to postural changes.
FIGURE 4.2 Door-free entrance to washroom facilitates use by people who have mobility 

aids and travelers with luggage. (Photo taken by Liu, L., 2004.)
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FIGURE 4.3 Junichi Hashimoto, an Edmonton architect, demonstrates use of roll-in seat at 

kitchen sink located in Hokkaido’s Asai Gakuen University Universal Design Show Home. 

(Photo taken by Liu, L., 2004.)
4.5.2 SENSORY AND PERCEPTUAL CHANGES

4.5.2.1 Vision

In 2003, approximately 3 million Canadian seniors, or 82% of individuals 65 years 

or older, reported having vision problems.18 Under normal lighting conditions, twice 

as much light is required at age 40 years as at age 20 years and three times as much 

at age 60 years.19 Aging is associated with reduced visual fi eld size, visual acuity, 

contrast sensitivity, increased sensitivity to glare and poorer color discrimination.20 

Cloudier lenses, smaller pupils, and fewer rods in the aged eye result in reduced 

amount of light reaching the retina. Changes in color perception are more evident 

after the age of 60 years.21 The reception of short wavelengths (blue) are affected 

fi rst, then gradually the rest of the spectrum, but the reception of long wavelengths 

(red) remain relatively unaffected.21 Yellowing lenses cause seniors to experience 

diffi culty discriminating between color combinations of yellow/white, blue/green, 

dark blue/black, and purple/dark red.22 Older adults require more time than younger 

adults to adapt to darkness.23 For example, for older adults in their seventies, 
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the point at which rods take over is delayed by 2.5 min compared to adults in their 

twenties.23 The time it takes 70-year-olds to reach baseline light sensitivity is over 

10 min longer than for 20-year-olds.23 Driving at night becomes diffi cult for seniors 

because of the need to adjust to oncoming headlights and poorly lit streets and 

signage. Even in the absence of eye disease, decline in visual functions such as 

delayed dark adaptation restrict older adults’ performance in visual tasks that rely 

on time-critical decisions such as driving, wayfi nding in a dark theater, fi nding one’s 

way to a toilet, or performing work-related tasks.

Cataracts are a leading cause of vision impairment among seniors. In 2003, 

20% of Canadians had cataracts.18 Individuals with cataracts are sensitive to glare, 

have blurred vision, and diffi culty reading in dim light. There is also reduced depth 

perception at edges of stairs and curbs. Cataract is typically corrected with surgery 

but can result in loss of vision if left untreated.

A second major cause of vision decline in older adults is macular degenera-

tion, which affects central vision and occurs in 13%–16% of Canadians.24 Glaucoma 

affects nearly 7% of Canadians24 and results in progressive peripheral fi eld loss, 

reduced contrast sensitivity, and poor night vision.20 Macular degeneration results in 

a loss of ability to distinguish facial features, colors, and reduced depth perception. 

Some seniors have a combination of both.

For age-related changes in vision, design the following considerations:

Increase size of print including pictures and signage.• 

Locate signage at eye level, which may be lower for older adults who use • 

mobility devices such as canes, walkers, or wheelchairs.

Increase contrast of print; black print on white background is best for most • 

people. In a dimly lit room, white on black is better. However, for people 

with cataracts, it is necessary to reduce the amount of scatter light surround-

ing the task, i.e., white letters on black background is easier to read.20

Increase luminance contrast, for example, between fl oors and walls, door • 

frames and walls, or toilet seat and toilet, can help people with blurry 

vision to orient themselves in space. Limit the contrast to relevant objects 

or environmental cues as too many contrasts can make cues diffi cult to 

interpret.

Use color to differentiate between tasks, particularly when luminance con-• 

trast is low. Use colors such as orange or red.

Illuminance preferences differ widely between young and older adults. In • 

fact, older adults prefer lower lighting than younger adults, possibly because 

of the amount of scattered light produced in the older eyes.20,25 Therefore, 

provide options of levels of lighting for older adults to choose from.

Prevent glare on fl ooring and other surfaces by choosing material that is • 

not glossy. If carpeting makes mobility diffi cult, nonglare fl ooring, such as 

Marmoleum, other types of nonslip fl ooring, and tiles are available in the 

market. Indirect lighting reduces glare. Window coverings can be used to 

reduce or eliminate glare during part of the day.

Keep fl ooring simple; complex patterns (Figure 4.4) can be misinterpreted • 

as “holes” by people with partial vision.
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FIGURE 4.4 Complex fl oor patterns can confuse older adults with low vision. (Photo taken 

by Liu, L., 2005.)
Avoid “dangerous edges” (Figure 4.5a) by using high contrast between wall • 

and fl ooring (Figure 4.5b). Complex visual cues on stairs can be confusing 

(Figure 4.6a), keep cues simple by contrasting the tread from the riser and 

nosing of each step (Figure 4.6b).

4.5.2.2 Hearing, Taste, Smell, and Touch

Approximately one-third of older adults between 65 and 74 years, and 50% of those 

between 75 and 79 years experience hearing loss.26 Hearing loss can be conductive, 

sensorineural, or mixed type. Causes of hearing loss include noise exposure, tumors, 

and diseases. The most common type of hearing loss is “presbycusis,” which refers to 

“sensorineural hearing loss that is associated with aging”26 (p. 1315). An older adult 

tends to have diffi culty discerning high-frequency sounds such as higher-pitched 

voices of women or children. Older adults can have diffi culty understanding speech 

when conversing in a crowd or when there is background noise.

Our sense of smell and fi ne taste begins to decline in the sixth decade.26 Olfac-

tory function declines by 40% with aging27 and can affect one’s ability to detect 

unpleasant odors. By age 50 years, adults can lose up to 50% of their taste buds at 

the front of the tongue.27 As sweet and salty taste buds atrophy fi rst, older adults may 
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(a) (b)

FIGURE 4.6 View from top of stairs: (a) complex visual cues. (Photo taken by Liu, L., 

2003); and (b) simple, effective visual cues. (Photo taken by Wickman, R., 2006.)

(a) (b)

FIGURE 4.5 (a) Dangerous edge. (Photo taken by Liu, L., 2002.) (b) High contrast between 

wall and fl oor facilitates wayfi nding for people with low vision, or for cognitively impaired 

older adults. (Photo taken by Liu, L., 2004.)
think that their food taste bitter or sour. These sensory changes frequently result in 

lowered appetites and a declined interest in meals.

Touch sensitivity varies widely among older adults, but touch thresholds among 

older adults have been shown to be signifi cantly higher than in younger adults.28 

Thermal sensitivity in the extremities declines with age, particularly in the foot.29

Designing considerations for age-related changes in hearing, taste, smell, and 

touch:

Approach all older clients with the assumption that there is some degree • 

of hearing loss. This prepares the professional to use approaches that help 

ensure a client fully participates in the communication process.
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The environment for interview and intervention should facilitate com-• 

munication through senses other than hearing, such as vision and touch. 

Communication should occur with eye contact, with minimal or no compet-

ing background noise.

Auditory signals from telephone and smoke detector may not be detectable • 

by older adults who are hard of hearing. Redundancies such as a visual 

signal can be installed. Remote monitoring of frail older adults living alone 

is a possibility. This can be done through the use of webcams, provided 

issues of privacy and security are carefully addressed.

Demonstrate to clients and family caregivers strategies to deal with declin-• 

ing smell. For example, refrigerated foods can be labeled with an expiry 

date so that older adults do not have to rely on smell to detect when food is 

no longer fi t for eating. Seniors may not detect leaking gas through smell, 

therefore, an auditory gas detector can be installed in homes. As taste is 

affected by aging, older adults who cook for others can rely on measuring 

utensils and avoid cooking to their taste.

A decrease in tactile sensitivity stimuli can mean that older clients apply • 

fi rmer pressure on buttons that operate devices. They are adversely affected 

by thermal extremes; therefore, provide living spaces where they can 

control the thermostat or room temperature.

4.5.3 COGNITIVE CHANGES

Longitudinal studies show that in normal aging, crystallized intelligence, or cumu-

lative information and knowledge, can increase up to the seventh decade and may 

not decrease until late old age.30 However, cognitive speed and memory show a lin-

ear decline from early adulthood and the decline may accelerate in late old age.30 

Evidence suggests that cognitive speed can decline by 20% at age 40 years and by 

40%–60% at age 80 years.30 With respect to memory, aging is associated with a 

decline in episodic memory, or memory for events,31 for example, where we put our 

keys or parked the car, where we had met someone, and when we had an appoint-

ment. Semantic memory associated with highly practiced skills, such as playing the 

piano and typing, remains constant with aging. However, semantic memory for new 

information and skills is subjected to age-related declines in performance.31

Working memory, or the temporary storage of information, is affected by aging. 

The multicomponent model of working memory fi rst introduced by Baddeley and 

Hitch32 described working memory as consisting of a central executive system, which 

manipulates information within working memory and controls two storage systems: 

the phonological loop (auditory information) and the visuospatial scratchpad (visual 

and spatial information). Recently, based on evidence that not all information can be 

categorized as auditory or visuospatial alone, a fourth system has been added to the 

model—the episodic buffer.33 It is postulated that the episodic buffer holds informa-

tion from other systems and long-term memory and integrates them into scenes or 

episodes.34

Working memory has been demonstrated to decline with age. For example, in 

one study, subjects aged 20 to more than 75 years were divided into four groups and 

given memory updating tasks.35 The tasks required them to remember the smallest 

items in each list and to update each piece of information by minimizing irrelevant 
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information or intrusions from items on the previous lists. Researchers reported 

that the oldest old group, or those older than 75 years, performed worse in memory 

updating, had the most intrusion errors, and demonstrated the most diffi culty with 

increased task demand.35 Similar fi ndings have been reported in experimental tasks 

that simulate everyday activities. In a study that examined age-related cognitive 

changes, subjects were asked to use a touch screen to follow a series of 14 event-

based shopping errand instructions using a virtual street scene on a computer.36 Older 

subjects aged 61–80 years and younger university student subjects participated in the 

study. Researchers concluded that older subjects were less likely than the younger 

subjects to remember the correct action (e.g., buy a map) associated with a location 

cue (e.g., Barnes and Noble). Further, older subjects performed signifi cantly worse 

when they had only one trial, as opposed to three trials, to learn the association 

between the cue and action.36

Design considerations for age-related changes in memory:

Create environments that are familiar to older adults. This is particularly • 

important in a residential care facility that targets residents from a specifi c 

culture, such as Chinese elders, or a specifi c cohort, such as veterans. Famil-

iarity facilitates a sense of “homelikeness” and allows learning through 

integration of new information with long-term memory.

Instructions for therapeutic intervention or operation of equipment and • 

devices should be restricted to a minimal number of steps. If learning of 

more complex steps is involved, adequate time, education, and follow-up 

should be designed into the training process.

Redundant cues, e.g., visual and auditory, would facilitate registration of • 

information. For example, when giving verbal instructions, also provide 

visual demonstration or illustration. Therapeutic tasks should be  meaningful 

to older users to draw on semantic memory.

4.6 AGING AND UNIVERSAL DESIGN

Rehabilitation professionals have an understanding of the aging process and ergo-

nomics. They strive to enable older adults to function and remain within their homes 

or chosen environments. Rehabilitation professionals are often the fi rst service 

providers to encounter a need for a home or workplace to be adapted for a client who 

has experienced a temporary, chronic, or permanent disability. In this way, rehabilita-

tion professionals are consultants to the process of environmental, product, or task 

modifi cation for a client. As the aging demographic continues to grow, more of the 

“young-old,” or the preretirement cohort, are planning for their future. When there 

is an opportunity for home renovation or for building a new home, some individuals 

seek advice on how to “age-proof” or “future-proof” their homes. Rehabilitation pro-

fessionals who provide consultations in these situations take on a proactive role that 

will benefi t current and future generations. The concept of universal design focuses 

on the creation of environments and products that meet the needs of older adults. This 

is a different perspective from the traditional rehabilitation approach of  improving 

an individual’s function so that the individual may adapt to the environment.
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While the concept of universal design is too broad of a concept for some, and may 

not seem possible to mandate or legislate, the concept of “visitability” is practical. 

Visitability can be viewed as a subset of universal design. Visitability is a movement 

begun by Eleanor Smith of Concrete Change37 to “change construction practices 

so that virtually all new homes—not merely those custom-built for occupants who 

currently have disabilities—offer a few specifi c features that make the home easier 

for people who develop a mobility impairment to live in and visit.” A visitable home 

must possess at least the following three features:

Wide passage doors• 

At least a half bath/powder room on the main fl oor• 

At least one zero-step entrance approached by an accessible route on a fi rm • 

surface no steeper than 1:12, proceeding from a driveway or public side-

walk (Figure 4.7)

Bolingbrook, Illinois passed legislation in 2004 for all homebuilders and develop-

ers to adhere to a “Visitability Ordinance.” An updated list of visitability initiatives 

across the United States is available at the Centre for Inclusive Design and Environ-

ment’s Web site.38 In Canada, a visitability initiative has begun under the leadership 

of Laurie Ringaert and in partnership with the Canadian Centre on Disability Stud-

ies. More information can be found on their Web site.39

Accessibility as a movement was precursor to the current trend of designing 

for aging. The Americans with Disability Act (ADA) of 199040,41 has been the 

 driving force behind barrier-free design in the United States. The Act specifi es that 
FIGURE 4.7 Front entrance of home of Ron Wickman, architect. The entrance was created 

to make R. Wickman’s home visitable for his father, Percy Wickman, who used a wheelchair. 

Percy Wickman served as a politician and was an advocate for persons with disabilities.

(Photo taken by Wickman, R., 2006.)
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persons with disabilities cannot be discriminated against with respect to employ-

ment, transportation, public accommodations, and telecommunications. Although 

Canada does not have legislation like the ADA, standards do exist for accessible 

design. For example, the Canadian Standards Association (CSA) International has 

several National Standard of Canada reports including Accessible Design for the 

Built Environment,42 which describes how to make buildings accessible for people 

with physical or sensory disabilities; and barrier-free design for automated banking 

machines (ATM),43 which describes requirements for designing and manufacturing 

accessible wall-mounted and stand alone, but excluding drive through, ATMs.

More recently, aging is becoming a driving force behind universal or inclusive 

design. Inclusion of older people and people with disabilities in the mainstream of 

design does not guarantee the design to be usable by all individuals.44 However, 

 consideration of design needs from the perspective of older adults can help ensure 

that a designer considers multiple disabilities (physical, sensory, and cognitive) 

that challenge older adults. The CSA standards for Inclusive Design for an Aging 

Population45 provide core  principles, guiding concepts and tools for the design, and 

provision of  products, services, and environments for seniors and those with age-

related disabilities. It is important to note that in these guidelines, design of services 

is included with the design of products and environments. This is in recognition of 

the importance of good service to address needs that cannot be addressed through 

good physical design, as well, user satisfaction of a product or environment depends 

on the associated service and support.

As the proportion of seniors increases globally, the trend is to go beyond 

designing for people with disabilities or age-related ailments, and to adopt a more 

inclusive attitude, with attention to esthetics as well as aging-in-place. “Universal 

design is the design of products, buildings, and exterior spaces to be usable by all 

people to the greatest extent possible without the need for adaptation or specialized 

design.”46,47 Proponents of universal design do not negate the need for customized 

and accessible design altogether. Instead, they are striving to remove boundaries 

between designs for mainstream and designs for some special populations. For 

example, environmental control units were originally designed as assistive devices 

for people with disabilities. Now, variations of these, such as the television remote 

control, are used by everyone. Indeed, the concept of “smart houses” relies on elec-

tronic control of the living environment, remotely or preprogrammed to meet the 

needs of the resident. When a product or environment benefi ts the mainstream pop-

ulation, there is a reduction in stigma faced by people regardless of their disability 

or age. As well, it accommodates people who are “temporarily” handicapped.

The seven principles of universal design were created by a group of 10 experts 

in 1997 at the Centre for Universal Design, North Carolina State University.48 Each 

principle is accompanied by four or fi ve guidelines. The principles are

 1. Equitable use: The design is useful and marketable to people with diverse 

abilities.

 2. Flexibility in use: The design accommodates a wide range of individual 

preferences and abilities.
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 3. Simple and intuitive use: Use of the design is easy to understand, regardless 

of the user’s experience, knowledge, language skills, or current  concentration 

level.

 4. Perceptible information: The design communicates necessary information 

effectively to the user, regardless of ambient conditions or the user’s sensory 

abilities.

 5. Tolerance for error: The design minimizes hazards and the adverse conse-

quences of accidental or unintended actions.

 6. Low physical effort: The design can be used effi ciently and comfortably, 

and with a minimum of fatigue.

 7. Size and space for approach and use: Appropriate size and space is pro-

vided for approach, reach, manipulation, and use, regardless of the user’s 

body size, posture, or mobility.

Table 4.1 provides a Product Evaluation Countdown (CUD, 2002), a scale that 

can be used by consumers to evaluate the usability of a product.49 A survey of items 

related to the principles of universal design has been developed by Story and col-

leagues50,51 and tested in a controlled usability tests of products.52

4.7  DESIGN FOR AGING—STUDENTS IN REHABILITATION 
LEARN A RELEVANT ROLE

Aging populations can benefi t from designs that accommodate a wide range of 

functional needs, yet are esthetically acceptable and not stigmatizing. One strategy 

is to provide learning content on assistive technology and devices in the context 

of universal design. Another strategy is to promote interdisciplinary collabora-

tion between students in rehabilitation and students in design. Some examples of 

the outcomes of such collaboration are now presented. One purpose is to provide 

the reader with illustrations of how ergonomics and human factor can be applied 

to the design of products that enable daily function in older adults, yet the prod-

ucts are inclusive, not segregating. Another purpose is to highlight the benefi ts of 

interdisciplinary collaboration between rehabilitation professionals and designers. 

Of course, successful design must also be informed by the users—older adults 

themselves.

Since 1997, the Faculty of Rehabilitation Medicine and the Faculty of Arts 

have collaborated in providing students with opportunities to apply universal design 

 principles to product designs for seniors.* Students in Rehabilitation Medicine† and 

Industrial Design are familiarized with the following concepts:

* Rehabilitation course instructor: Lili Liu; industrial design course instructors: Peter Galonski (from 

1997 to 1999) and Robert Lederer (from 1999 to present).
† Rehabilitation medicine students were in either the fourth year of the BSc occupational therapy, or the 

third year of the BSc physical therapy program.
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TABLE 4.1
Universal Design: Product Evaluation Countdown

Have you ever regretted buying a product because it turned out to be diffi cult to use? Maybe the package was hard for you to open, the instructions were hard to understand, 

or the controls were hard to operate.

Each of us is unique in our abilities to think, see, hear, handle things, and move around. Products that are easy to use for one person may not be easy for another, 

whether because of the user’s personal abilities or their environment. Everyone has different personal preferences too.

Each of us must consider our own abilities and preferences, and sometimes also the abilities and preferences of other people in our household, when we select products.

Universal design is an approach to make products and environments as usable as possible for people of all ages and abilities.

The checklist on the following pages is based on the seven Principles of Universal Design. This list can help you think about your own needs and those of other potential 

users when selecting products.

When you use this checklist to count down your evaluation of a product, you will agree with some statements more than others. The more statements you agree with, the 

more likely it is that the product will be easy to use, for you and the other people who might use it—and the less likely you will regret buying it.

This work was supported by a grant from the National Institute on Disability and Rehabilitation Research, U.S. Dept. of Education. The opinions contained in this 

publication are those of the grantee and do not necessarily refl ect those of the sponsor.

© 2002 The Center for Universal Design, N.C. State University Campus Box 8613, Raleigh, NC 27695-8613

1-800-647-6777; cud@ncsu.edu

http://www.design.ncsu.edu/cud

PRINCIPLE 7. Size and Space for Approach and Use
7A. It’s easy for me to see all the important elements of 

this product from any position (such as standing or 

seated).

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

7B. It’s easy for me to reach all the important elements of 

this product from any position (such as standing or 

seated).

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:
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7C. This product fi ts my hand size. Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

7D. There is enough space for me to use this product with 

the devices or assistance that I need.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

PRINCIPLE 6. Low Physical Effort
6A. I can use this product comfortably—without 

awkward movements or uncomfortable postures.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

6B. I can use this product without overexerting myself. Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

6C. I can use this product without having to repeat any 

motion enough to cause fatigue or pain.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

6D. I don’t have to rest after using this product. Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

PRINCIPLE 5. Tolerance for Error
5A. The product features I use most are the easiest 

to reach.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

5B. This product protects me from potential hazards. Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

5C. If I make a mistake, it won’t cause damage or hurt me. Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

5D. This product forces me to pay attention during critical 

tasks.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

(continued)
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TABLE 4.1 (continued)
Universal Design: Product Evaluation Countdown

PRINCIPLE 4. Perceptible Information
4A. I can use this product without hearing. Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

4B. I can use this product without vision. Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

4C. I can easily identify the features of this product in 

order to use instruction manuals or telephone help 

lines.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

4D. I can use this product with the aids, devices, or 

techniques that I use.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

PRINCIPLE 3. Simple and Intuitive Use
3A. This product is as simple and straightforward as it 

can be.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

3B. This product works just like I expect it to work. Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

3C. I understand the language used in this product. Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

3D. The most important features of this product are the 

most obvious.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

3E. This product lets me know that I’m using it the right 

way.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:
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PRINCIPLE 2. Flexibility in Use
2A. I can use this product in whatever way is effective 

for me.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

2B. I can use this product with either my right or left 

side (hand or foot) alone.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

2C. I can use this product precisely and accurately. Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

2D. I can use this product at whatever pace I want 

(quickly or slowly).

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

PRINCIPLE 1. Equitable Use
1A. This product is as usable for me as it is for anyone 

else.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

1B. Using this product doesn’t make me feel 

segregated or stigmatized.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

1C. This product gives me needed privacy, security, 

and safety.

Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

1D. The design of this product appeals to me. Not Important Strongly Disagree Disagree Neutral Agree Strongly Agree

Comments:

© 2002 The Center for Universal Design, N.C. State U., Box 8613, Raleigh, NC 27695 800-647-677; http://www.design.ncsu.edu/cud

Source: CUD, Universal Design: Product Evaluation Countdown, Centre for Universal Design, NCSU, 2002. With permission.
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Partnerships and team work• 

° Students learn about each discipline’s areas of expertise, develop group 

norms, and establish team expectations. Students learn about patents 

and intellectual property.

Research• 

° Market—demographics, functional needs of older people, who is the 

buyer and who is the end user, pros and cons of existing products, history 

of the product and future trends, levels of consumer awareness. Develop-

ment of a persona (case study) helps teams focus on their goals.

° Function—what does the product do, how is it used, what are the mecha-

nisms, how many tasks must it be capable of, will it do these with the 

least aggravation to the user, adaptability or additions. Students begin to 

apply principles of universal design.

° Ergonomics—activity analysis, what are the user-interface concerns, 

how is the product handled and used, how does the individual directly 

engage with it, how easy is it to use, what are the safety concerns, and 

willingness of user to use it. Students often engage older adults at this 

stage, if not earlier, to validate their ideas.

° Engineering—structure considerations, material choices, manufacturing 

options, recycling issues, mechanics, standards, codes.

° Economics—do the numbers of users warrant mass production versus 

batch production, long-term production investment or short-term invest-

ment, affordability, stages in production, or a range of products.

° Ideation—act of generating an innovative approach to address and solve

the problem or need. Through brainstorming, lateral thinking, and thinking 

out of the box, the rehabilitation students and industrial design students 

bring as many options and ideas as possible to address the  components of 

the design problem. To avoid committing to a quick solution, design teams 

will consider a broad range of options as they fi ll the idea funnel (create as 

many options as possible, eliminate options and develop ideas, and refi ne and 

select options). Considerations during ideation state include: form  follows 

function, form follows content, product identity, symbolism,  communication, 

visual language, cultural issues, trends, retro, materials, color, perception. 

The presentation to the client is in the form of sketches or quick form studies. 

From this presentation, choices, selections, and composites are made, which 

are then developed and put back into the design funnel.

° Concept development—Still a number of options are on the table, and teams 

go through eliminations. Evaluations during the concept  development 

stage include
■ Functional concerns (will it do what is expected).
■ Scale, proportion, composition (do these work).
■ Perception (does its appearance refl ect its value or added value or 

what it does, is it appropriate).
■ Does the form show the user how it works or its orientation.
■ Two or three renderings or accurate models of the concept are presented. 

Selections are made and the project moves into further design refi nement 

and drawings for mold making. Technical problems are addressed.
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■ Teams may stop at this stage to make an actual full-scale model or 

prototype to test the product.
■ Students verify they have addressed the relevant principles of univer-

sal design. Students also verify they have addressed relevant human 

factors and ergonomics of the targeted users. These factors include 

cognitive abilities (memory, speed of processing), perceptual abilities 

(vision, hearing, touch), physical abilities (strength, endurance, bal-

ance, coordination), and behavior (wandering, social interaction).

The following student designs illustrate how aging and ergonomics are considered in 

the context of universal design. The high success rate of this collaborative initiative, 

as demonstrated by the number of award-winning designs, highlights the importance 

of interdisciplinary collaboration.

4.7.1 EXAMPLE 1

The Tee Planter (Figure 4.8a) was designed by industrial design students Darren Tonn 

and Reza Bacchus, and rehabilitation students Paul Laliberte and D’Arcy Gainor. 

It received a Bronze Medal in the 2000 American Society on Aging Universal 

Design Competition.

This universal design is appealing to golfers of all ages. The students used a 

persona of a 68-year-old male who had osteoarthritis, a right hip replacement, and 

chronic low back pain. The objective was to create a design that would eliminate 

repetitive bending and squatting (Figure 4.8b) so that individuals can play an entire 

game of golf without having to bend over. Such a device would be useful for individ-

uals with restricted range of motion in the hip, knee, and ankle joints, lower extrem-

ity amputees, paraplegics, individuals who need to conserve energy, hypertension, 

balance defi cits, arthritis, or golfers who love gadgets.

An elbow-shaped device is placed at the end of a golf club (Figure 4.8c). When 

a golf and tee are placed inside the device, high-density foam keeps them in place 

(Figure 4.8d through f). When pressure is applied on the ball and tee as it is being 

planted into the ground, a space is created between the foam and the ball (Figure 

4.8g), allowing the device to be removed leaving the ball and tee in place (Figure 

4.8h). The device can be used to scoop the ball out of the hole (Figure 4.8i), it can 

also be pulled off the end of the club so it could be fi tted onto the end of any club 

handle, or it can be clipped to the belt or bag, making it versatile and portable.

The simple solution has no moving parts. Its organic shape imitates the hand 

motion of planting the ball and tee into the ground. It does not stigmatize and could 

be used by all golfers to consistently plant the tee and ball.

4.7.2 EXAMPLE 2

The Aurora Universal Iron was designed by industrial design students Heather 

Eadie and Helen Gregson, and rehabilitation students Jocelyn Cromwell and Cindy 

 Holmes. The students wanted to address the common conditions in older  populations: 

reduced vision, decreased stamina, decreased strength, arthritis, weakness due to 

stroke, and paralysis, as well as other chronic conditions such as multiple  sclerosis. 

The design of most irons do not take into consideration these obstacles faced by 
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(a)

(d) (e) (f)

(b) (c)

(g) (h) (i)

FIGURE 4.8 (a–i) The “Tee Planter.” (Photos and images by Darren Tonn, Reza Bacchus, 

Paul Laliberte, and D’Arcy Gainor, 1999.)
older adults. Iron handles are not ergonomically designed and cause improper posi-

tioning of wrist and hand (Figure 4.9a). Dials and controls are diffi cult to read and 

use (Figure 4.9b). Cords can be diffi cult to manage.

The shape and position of the handle are redesigned. Two handles allow for 

several possible hand positions depending on user needs and increases the  number 

of people who can use the iron (Figure 4.9c and d). The cylindrical handle is 

angled at 60° to encourage correct positioning of the wrist. The handle tapers 
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(a) (b) (c)

(d) (e) (f)

FIGURE 4.9 (a–f) The “Aurora.” (Photos and images by Heather Eadie, Helen Gregson, 

Jocelyn Cromwell, and Cindy Holmes, 1999.)
from 3.5 cm diameter at the top to 3 cm diameter at the bottom. This allows for a 

comfortable hand position for any size of hand and creates a power grip, thereby 

increasing control of the iron. There is ample space around the handle to accom-

modate larger hands and knuckles. The round, knob-type handle at the top of 

the iron is 6 cm in diameter and fi ts comfortably in the palm of most hands. This 

handle can be used by people with decreased dexterity and poor mobility of the 

hand. Both handles provide comfortable hand positioning while the user is sitting 

or standing. The handles have comfortable rubber foam grips to provide tactile 

input and to facilitate control.

The Aurora is cordless (Figure 4.9e). The iron has a lighter weight than exist-

ing designs because the mechanics are located in the charger unit. It allows greater 

freedom of movement because there is no cord to get in the way. Larger, easier to use 

controls are located on the charger unit rather than on the iron itself. The large tem-

perature controls are easy to read and dials or buttons click into place (Figure 4.9f). 

The need to lift the iron and rest it on its end is eliminated. The soleplate is Tefl on-

coated to ease gliding. The teardrop shape allows for greater effi ciency of movement 

because it has no straight edges and can be moved in any direction. The clear water 

tank, with large opening, is easy to fi ll. Safety features include a bumper around the 

soleplate, automatic shutoff, and easy cord management.

Ideally, the Aurora would be used as part of an improved system of ironing. The 

act of ironing itself can be quite tiring as it involves standing for a prolonged period 

of time and a lot of bending and twisting to move garments. The ironing board and 

seat should be adjustable. An attached clothing basket and hanging rack should be 

used to minimize energy expenditure through reduced movement. Rounded, wider 

boards provide more work area within easy reach. Clothing is also less prone to fall 

off a wider board.
� 2008 by Taylor & Francis Group, LLC.



4.7.3 EXAMPLE 3

The Real Chair (Figure 4.10a) was designed by industrial design students Trish 

Bell and Chet Domanski, and rehabilitation students Jen Dong and Donna Scovil. 

It received a Silver Medal in the 2000 American Society on Aging Universal 

Design Competition. The purpose of the design was to address the issue of “geri-

chairs” used in nursing homes with residents. Current chairs are institutional in 

appearance, large, and can be heavy, making residents dependent on help from 

staff. The students wanted to present a rolling seat that was more esthetically 

acceptable. Staff can assist a resident to sit or transfer into the chair, then roll the 

resident comfortably to the edge of the table. When a resident has completed his 

or her meal, the resident can push away from the table instead of waiting for assis-

tance from staff. A braking mechanism is activated when pressure is placed on the 

armrest, thereby allowing the user to safely stand up or transfer to a wheelchair 

(Figure 4.10b).

Specifi cations include lumbar support 8 in. above the seat. Padding toward the 

front of the armrest indicate where to place hands when standing or sitting. Poly-

urethane castors can be used on both linoleum and carpet and do not mark surfaces. 

Crypton fabric is suggested as it is resistant to spills, stains, and bacteria.

4.7.4 EXAMPLE 4

The Simplicity Range was designed by industrial design students Cam Frith and 

Zsolt Kovacs, and rehabilitation students Sophie Wilderdijk and Mary Ellen Lamont. 

This design won the Gold Medal in the 2000 American Society on Aging competi-

tion. This design addressed the functional limitations experienced by many older 

adults in performing instrumental activities of daily living such as meal preparation. 

An analysis of the task of using a conventional showed that users are required to 

bend down to open the oven door, reach into the oven or move a rack out of the oven, 

and lift meals from the oven onto the counter. These movements require adequate 
19"

16.5"

38"

(a)

4°

Orthographics

25.5"
17.5"

Armrest
5/8" Tube
3/4" Tube

Brake

Spring
Castor socket

Castor wheel
(b)

Rubber nonskid tip

FIGURE 4.10 (a,b) The “Real Chair.” (Images by Trish Bel, Chet Domanski, Jen Dong, and 

Donna Scovil, 1999.)
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range of motion and strength in the upper extremities, back and lower extremities, 

power grip, visual acuity, depth perception, and good balance. Leg weakness can 

prevent someone from using proper body mechanics such as bending the knees. 

Ovens with side-hinged doors do not address the problem of lifting heavy items with 

arms extended into the hot oven. Bottom-hindged wall ovens require users to lift 

items from countertop and the door can impede reach into the oven. One German 

(AEG) design uses a sliding door, but the rack is fi xed. Commonly, it is not intui-

tive for users to know which knobs operate which burners. Digital controls require 

dexterity and displays may be diffi cult for older adults to read due to lack of contrast 

and small print.

The Simplicity Range has the following features that make it ergonomically suit-

able for the older individual to use. Large control knobs with 180° turning range 

reduces hand and wrist motion (Figure 4.11a). The high contrast visual scale and 

incremental steps facilitates accurate and intuitive operation. The oven door pulls 

straight out, and the rack is affi xed to the door rather than the interior of the oven. 

The oven door can be opened with minimal joint range demands in the hands, wrists, 

hips, and knees, assisting individuals with osteoporosis, total hip replacement, disk 

degeneration, and arthritis (Figure 4.11b). The self-raising rack eliminates need for 

reaching in or lifting the item (Figure 4.11c).

The induction stovetop is common in the market. As a feature of the Simplicity 

Range, the stovetop can be used to temporarily hold the meal after it comes out of 

the oven, thereby eliminating the need to life the meal. Advantages of an induc-

tion stovetop include easier cleanup of spills, no fl ames or hot-elements, which can 

ignite fabric.
0

1

(a)

3 5

(b) (c)

FIGURE 4.11 (a–c) The “Simplicity Range.” (Images by Cam Frith, Zsolt Kovacs, Sophie 

Wilderdijk, and Mary Ellen Lamont, 1999.)
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4.8  ROLE OF REHABILITATION IN CONCEPTUALIZATION, 
DESIGN, CLINICAL TRIAL, USABILITY TESTING, 
AND COMMERCIALIZATION

“Usability” or “user friendliness” and “ease of use53” refer to a set of characteristics 

of a product or environment from the perspective of users. Usability testing relates 

to the concept of iterative design where a design in an early stage is presented to 

users who provide data on aspects of the design that work and other aspects that 

cause frustration. If warranted, the product is redesigned and retested.53 Rehabilita-

tion professionals can undertake or participate in usability testing of products by 

applying their knowledge base of aging, function, and ergonomics. This knowledge 

should increase the chances that a product meets the needs of older adult users. In 

environmental design, rehabilitation professionals can provide consultation at the 

design phase and conduct or participate in postoccupancy evaluations, which will 

inform future designs. Rehabilitation researchers can apply quantitative and qualita-

tive research approaches that correspond to their research objectives and respondent 

characteristics.

4.9 REHABILITATION AS A LEADER IN DESIGN FOR AGING

Nichols et al.54 describe a hypothetical case study of a home telemedicine system for 

older adults to illustrate task analysis and age-related changes that need to be con-

sidered in designs for aging. The hypothetical case involved a system that required 

clients to measure their blood glucose level and then to transmit the data into a 

computer each evening using USB. This section describes the realization of this 

hypothetical case study through wireless technology that does not even require home 

care clients to use a computer.

Telehealth is the delivery of health services at a distance, in real time or asyn-

chronously. These health services include assessments, interventions, follow-up, 

consultations with specialists, and supervision of support personnel or helping 

and supporting informal caregivers in the delivery of rehabilitation interventions. 

Telehealth encompasses telerehabilitation, teledermatology, telepsychiatry, etc. Tele-

health may also be used interchangeably with telemedicine. In 2002, Dr. Masako 

Miyazaki (Figure 4.12), an occupational therapist and researcher at the University of 

Alberta, conceptualized the application of Bluetooth technology for wireless moni-

toring of physiological readings of home care clients. The wireless wearable physi-

ological monitor (WWPM) was designed and developed by a team of engineers, 

computing scientists, health professionals, and other scientists from Canada and 

Japan. The system is depicted in Figure 4.13. Pulse data are collected continuously 

by the wearable pulse sensor (WPS) (Figure 4.14a) and the data are picked up by the 

wireless system (WS) (Figure 4.14b), which are sent to a central server. A glucose 

meter can be used to collect blood and send glucose level readings to the server via 

the WS. A client’s health professional can use a password to sign onto a Web site to 

read the client’s physiological data. The client and the health professional can use the 

WS to program regular reminders such as take medications, blood sugar readings, 

or to call the health professional. Clients can also contact the health professional by 

pushing the “Call” button.
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FIGURE 4.12 Dr. Masako Miyazaki demonstrates the size of the WPS which is worn on 

the wrist like a watch, and the WS, which uses Bluetooth to transmit data to a central server. 

(Photo by Bourque, T., Edmontonians, March 2006.)
The features of the watch and WS were originally designed with a focus on 

elderly clients as the target users. This elderly population would be receiving home 

care services and be monitored by a health care team for chronic conditions such 

as diabetes and heart disease. In addition, these individuals would be experienc-

ing common age-related conditions such as functional limitations in vision, hearing, 

mobility, balance, coordination, and fi nger dexterity. Therefore, careful consider-

ation of these factors, in addition to the technological requirements of Bluetooth, 

resulted in the designs depicted in Figure 4.14a and b. Visual displays, labels, and 

buttons on the WPS are large. Buttons and labels on the WS are readable with good 

contrast (black on white). An instruction manual used 16 points Arial font, actual 

photos of the technologies, and training was provided to clients and their informal 

caregivers.

Once the WWPM system and devices were designed and developed, they were 

tested in a trial consisting of 98 home care clients with chronic conditions, 25 com-

munity-residing frail seniors, and 26 healthy older adults. The trial examined the 

feasibility, validity, and usability of the WWPM. All older adult participants and 
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“Medicine”
“Lunch”

Take medication
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Measure Glucose
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14:00
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Wearable pulse
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Glucose monitor

Future plan
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  Features
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   possible
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Internet
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FIGURE 4.13 Wireless wearable physiological monitor. (Image by Miyazaki, M., 2005.)

(a) (b)

FIGURE 4.14 (a) WPS. (Image by Miyazaki, M., 2005.) (b) Wireless system. (Photo taken 

by Miyazaki, M., 2007.)
health professionals involved completed questionnaires or interviews to provide 

feedback based on their experiences. The data included the usability of the WPS, 

glucose meter, and the WS from the perspectives of clients and health professionals. 

The trial proved to be a constructive and valuable phase in the further development 

of the WWPM. However, as considerations for age-related functional challenges 

were addressed at the beginning, recommendations for modifi cations after the trial 

were not considered to be major. The trial also informed developers and health 

professionals about strategies for using the WPS with clients who experienced mild 

cognitive impairment. Despite the clarity of the user-interface, clients with impaired 
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executive function were using the Call buttons when they did not need to call a health 

professional. In these cases, where a family caregiver was with the client, an effec-

tive strategy was to hide the WS under a cloth or cover so that the client could not 

see the system.

4.10 SUMMARY

As older adults form an increasing client base for rehabilitation professionals, the 

focus of health services need to be directed to the community where older adults 

prefer to live. In order to enhance their quality of life and promote aging-in-place, 

more attention needs to be directed to the design of products, environments, and ser-

vices. Rehabilitation professionals have expertise in ergonomics and human factors 

as they relate to age-related changes. In collaboration with members of the design 

disciplines, rehabilitation professionals can make a noticeable impact on older adults 

as a population.
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This chapter reviews many of the publications related to gait and presents them in 

a way that is applicable to ergonomics for health professionals. This chapter  initially 

introduces walking gait, the aim of walking, and overviews how this aim is achieved. 

The factors that result in pathological gait are outlined, and the implications on the 

achievement of the aim of walking are highlighted. Selected mechanical issues 

pertinent to understanding gait, loading, the anatomical implications of the link-

chain system, and effi ciency are detailed. The mechanics of gait, which gives an 

in-depth review of the outcome and process measures that cause and result in gait, 

are detailed. The effect pathologies have on these mechanics are illustrated. Finally, 

an analysis of how all these elements combine is given through a detailed description 

of transtibial amputee gait.

5.1 NATURE OF WALKING GAIT

There are many different defi nitions for walking or gait [1–4], but common to all 

is the statement that gait involves progression/locomotion and that support/stability 

is seen as key.

Walking is such an automatic response for most people that its complexity is 

often underestimated. We learn to walk without instruction and there is little devia-

tion from the “norm,” suggesting that walking is instinctive rather than cognitive. It 

is dependent upon the progressive maturation of the central nervous system (CNS) [5] 

and infants usually begin to walk at 9–18 months.

In order to ensure that progression with stability is achieved, each individual will 

develop a unique mechanical solution, a fact that is illustrated when we recognize 

a person simply from the way they walk. This individual solution is developed in 

response to individual anthropometrics (height and weight in particular), strength, 

fl exibility, habit, and posture. The environment or the requirements of the task can 

further alter our gait. For instance, if the body is tired, injured, or as it ages, the way 

in which we walk can alter. These accommodations are due to organism constraints. 

We walk differently to accommodate different ground surfaces, inclines or to avoid 

obstacles, illustrating our adaptability toward environmental constraints. Depending 

on the nature of the task, we can alter our walking to carry a load or to achieve quicker 

or slower walking speeds, illustrating our ability to adapt to task constraints. Given 

that we can adapt in response to constraints, we can be identifi ed as mechanically 

“dynamic” systems. Other factors, which infl uence our individual walking style, are 

clothing, footwear, and psychosocial status.

Given the fl exibility of the locomotor system, factors which infl uence walk-

ing can result in new movement patterns. These patterns can be “internalized” 

over a period of time such that they become the automatic response. Thus inter-

ventions, such as orthoses or prosthetic setups, should be allowed to be learned 

before their true effect can be understood. If an intervention is temporary (i.e., 

a fracture cast) then when it is removed, the locomotor system will return to the 

“normal” walking gait.
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5.2 INTRODUCTION TO THE BIOMECHANICS OF GAIT

The primary aim of walking is to progress the body safely from one place to another. 

Later sections will detail the mechanisms that cause walking. Here, a brief overview 

of the requirement to allow progression and support with effi ciency is detailed.

5.2.1 PROGRESSION

Progression is achieved through the interplay between potential and kinetic energy. 

The center of mass (CoM) is raised over the stance limb and forward progress occurs 

when it moves forward and downward to the double support phase. From this depth, 

it must be moved forward and upward again over the contralateral limb. To achieve 

this movement of the CoM, the limbs provide the kinetic energy. The trail leg (i.e., 

the limb entering swing) pushes and the stance leg pulls the trunk from the low point 

of double support to the high point of midstance [6]. This mechanism is one of the 

fundamental functions of the limb during stance—to extend in terminal stance in 

order to achieve this required push off. An inability to achieve this results in a patho-

logical gait. Once the limb has achieved this push-off, it is swinging and it must be 

able to advance to a position where it can take over the supporting role [3]. Again, 

failure to advance will result in an inability to achieve progress and therefore patho-

logical gait or an inability to achieve any gait will result.

5.2.2 STABILITY

Successful gait depends on each limb being able to support the body without collaps-

ing and balance must be maintained in single stance [3]. The CoM is moved over a 

base of support that is constantly changing from stable (double support) to unstable 

(single support). Stability is challenged as the body is top heavy and the segments are 

continually moving so that the position of the CoM over the base of support is always 

altering. To ensure stability the stance foot must be stable on the fl oor, there must 

be adequate body balance, the lower extremity in stance must allow for the clear 

swing of the contralateral limb and the limb must resist collapse. In order to prevent 

collapse, there must be a net extensor moment at the three main joints, the hip, the 

knee, and the ankle. These large moments along with gravitational forces are being 

imposed on the system while it is being supported on one leg for 40% of the time. 

Inability to achieve stability in stance results in a pathological gait. Assistive devices 

(such as crutches, canes, orthoses) can be used to enhance stability. However, if these 

devices introduce excessive stability, then progress can be diffi cult.

In summary, normal gait is characterized by locomotion of the body from one 

place to another through bipedal action of the lower limbs. If the body cannot main-

tain balance and support, or if the trunk cannot advance and the limbs cannot prog-

ress then pathological gait occurs.

5.3 PATHOLOGICAL GAIT

In pathological gait, progress and support can be accomplished, but through an abnor-

mal movement or by using some form of assistive device (cane, crutch, orthoses, 
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prosthesis). Common causes of pathological gait are: deformity, muscle weakness, 

impaired control, and pain [2]. These can cause an abnormal mechanical response. 

Alternatively, the abnormal mechanical response could be a compensation at another 

joint.

Deformity results from insuffi cient passive mobility in the tissues to allow 

 suffi cient postures and joint ranges of motion to allow for a normal walking pattern 

to be achieved. Both progression and stability can be affected due to a deformity. 

Progression is affected through the lack of energy supply from the limbs to facili-

tate trunk advancement and, frequently, poor progression of the limb in swing. 

Support can be compromised through unstable postures while the limb is in sup-

port. Contracture and/or pain are common causes and a leg length discrepancy is 

a common outcome.

Muscle weakness can result from disuse atrophy and neurological impairments. 

Both progress and stability can be compromised from muscle weakness, and its 

effect is most often seen in the movement of the limb in swing. Insuffi cient strength 

in the hip fl exors and ankle plantarfl exors prior to swing will result in a weak push 

from the trail leg. The resulting reduced momentum, which helps to advance the 

trunk over the contralateral supporting limb, results in slower gait. It is reasonably 

easy to compensate for muscle weakness at other joints or through the use of assis-

tive devices. For amputees, compensations as a result of weakness in the residual 

limb can be accommodated at other joints, notably the hip in late stance and the 

contralateral hip in early stance. As a result, the trunk can be raised to the high point 

of midstance.

Impaired control, including sensory loss, can affect the gait to such an extent 

that it is no longer possible. Proprioception informs the walker of the location of the 

limb and if this is impaired, then tripping or poor limb loading can result. Stability 

is compromised as a result. This can be seen in amputees who delay the loading of 

the prosthesis to ensure that it is safely placed on the fl oor. A CNS lesion (in cere-

bral palsy, cerebral vascular accident, spinal chord injury) will affect gait and the 

level/extent of the lesion can result in suffi cient paralysis to prevent gait. Here both 

progression and stability are compromised. In some instances, through using assis-

tive devices, including orthoses compensations for voluntary control can ensure gait 

can occur.

Pain can cause deviations to try to remove pain from the area. The loading on the 

system is therefore altered. Pain can lead to a deformity and/or weakness from disuse 

or inhibition. Pain can be alleviated with assistive devices, treatment or rehabilita-

tion, as long as the reallocation of load does not lead to pain in another site.

Disabled individuals develop remaining capabilities in their adapted gait pattern 

to achieve the aim of locomotion. Any clinical intervention should be implemented 

with practitioners being aware that trying to “normalize” the gait pattern may be 

detrimental to the achievement of gait. Rehabilitation should be informed by an 

understanding of the capabilities of the anatomy of the individual and their dynam-

ics and these should be maximized to enable the achievement of gait. For instance, 

Fonseca et al. [7] illustrate that the features of cerebral palsy result in a stiffer loco-

motor system that may store more elastic energy in the muscles. They follow that 

the raising the CoM higher than normal in midstance allows the body to fall further 
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onto a plantarfl exed foot, which increases the loading on the stiff plantarfl exors. 

When the limb rebounds the elastic energy return is closer to that of running and so 

progress occurs. As such, the gait pattern adopted is not a limitation, but an adapta-

tion to the changed body dynamics, which facilitates the achievement of gait.

After a stroke, many people are left with an altered gait pattern as a result of 

impaired control affecting balance and motor control and muscle weakness affecting 

progress and stability. The result is a slower, less effi cient walking pattern. Olney and 

Richards [8] showed that hemiparetic gait could be classifi ed as having (a) reduced 

hip joint angle amplitude in sagittal plane, caused by reduced hip fl exion at heel 

strike and reduced extension at toe-off; (b) reduced knee fl exion at toe-off and dur-

ing swing, with increased knee extension at initial contact, and (c) increased plan-

tarfl exion at initial contact and in swing and decreased plantarfl exion at toe-off. The 

ineffective ankle dorsifl exion during swing and failure to achieve heel strike at initial 

contact results in modifi ed synergistic patterns and secondary compensations such 

as vaulting, circumduction or pelvic tilt to ensure swing-through (Section 5.9.8).

In rehabilitating stroke patients, there is controversy regarding the extent to which 

the normal mechanics are required for functional recovery. Similar to Fonseca et al. 

[7] for cerebral palsy, Huitema et al. [9] suggest that the adaptation of compensatory 

mechanisms may facilitate functional recovery [9]. Particularly, they found that the 

development of a stiff knee gait by stroke patients can be predicted by calculating 

the difference between the knee angle at midstance and midswing. If this value is 

below 10° in the fi rst stages of recovered gait, then it will never reach a normal level 

and stiff-knee gait will result. If the stiff knee can be functional and recognized as 

such early in the rehabilitation process, they suggest that it may be useful to train the 

patient using the compensatory walking pattern, rather than trying to change the gait 

to normal. This idea needs further research to assess its effi cacy as generally it is felt 

that early treatment to regain normal movements as much as possible and to avoid the 

development of compensatory mechanisms is the best rehabilitation.

5.4  MECHANICAL CONCEPTS PERTINENT 
TO UNDERSTANDING GAIT

Pathological gait results in progress with adequate support; however, the means by 

which these are achieved are altered. Before the mechanics of gait can be reviewed, 

the mechanical concepts of loading, the kinematic chain and effi ciency are briefl y 

outlined.

5.4.1 LOADING

Given the nature of walking, the body is loaded with each ground contact. The over-

all load on the body is refl ected in the ground reaction force (GRF), which indicates 

the force on the CoM. The direction and magnitude of this force can be represented 

as a vector (Figure 5.1) known as the ground reaction vector (GRV), which has its 

origin at the center of pressure (CoP).

As the joints and tissues are loaded deformation results. The extent of the defor-

mation is dependent on the properties under load, the size and shape of the tissue, 
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FIGURE 5.1 Skeleton at initial contact. The GRV is represented by an arrow. The GRV 

originates at the CoP and indicates the magnitude and direction of the overall force act-

ing on the body. The force vector can cause, or tend to cause, fl exion or extension at a joint 

depending on where it passes relative to the joint. An internal moment, caused by muscular 

contraction, will facilitate or counteract the tendency toward fl exion or extension caused by 

the external force.
environmental factors and specifi c to the force—its magnitude, direction, point 

of application, duration, and frequency. The resultant load on the CoM in able-

bodied walking is not particularly high, reaching no more than a little over one 

body weight in the loading and propulsion phases—up to nine times body weight 

have been recorded in some jumping activities. As such, the load on the joints and 

tissues is well within their mechanical limits and, under normal circumstances, 

tolerance is easily achieved. This may not be the case under extreme conditions. 

For instance, stress fractures are known to occur in the military as a result of walk-

ing long distances, carrying heavy loads and/or repeated marching. Army recruits 

have shown that the knee effects substantial compensations during backpack loaded 

marching. These high loads have been associated with shock attenuation or the 

reduction of excessive loads elsewhere. Interestingly, after marching for 40 min, the 

altered knee mechanics were not sustained, suggesting the fatigue may occur and 

the compensations could not be sustained [10]. Carrying a load on the back also has 

an effect on normal walking gait. Adolescent girls walked more slowly and with 

decreased pelvic motion with increased load. Hip fl exion and extension increased as 

did the joint moments and power with increased mass [11]. Research indicates that 

backpack loading be limited to 10% body weight to avoid excessive loading on the 

musculoskeletal system. Lateral bending of the trunk to counteract the asymmetric 

placement of a load (e.g., a shoulder strap over one shoulder) has been suggested 

as a risk factor for a number of low-back disorders. Asymmetric loading has been 
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shown to affect posture, with increased forward lean through thoracic adjustments 

and lateral bending through lumbar adjustments [12]. High heels distort the biome-

chanics of the foot and lower limbs to redirect the forces in unusual directions and 

may result in injury. Ankle plantarfl exion, knee fl exion, the timing of subtalar and 

knee joint action and the vertical and braking forces have been shown to be affected 

by increased heel height. Poor alignment may result in other complications. The 

resultant abnormal direction of the loading may be implicated in the development 

of secondary injuries or the inability to walk without aids, or not at all.

In pathological conditions, even though the loading may not be much higher 

than normal, the consequence of an altered magnitude (GRF) or direction of the load 

(GRV), or the anatomy experiencing the load may be more extreme. Stress fractures 

can be caused by the GRV with reference to the position of the body segments. For 

instance, if dealing with osteoporosis or osteoarthritis in the lower limb joints, the 

loading may result in joint pain or fractures. Postarthroplasty assistive devices such 

as canes are used in rehabilitation to reduce the force on the prosthetic device and on 

the incised muscles. The use of an assistive device such as a cane, held contralater-

ally for a hip arthroplasty, can also help in preventing a lurching gait by reducing 

weight-bearing pain and by assisting the weakened hip abductor muscles.

5.4.2 KINEMATIC CHAIN

Fundamental to understanding the biomechanics of gait, and specifi cally the com-

pensatory mechanisms if a pathology is introduced, is the mechanical concept of the 

linked segment. The mechanical fl exibility of the locomotor system is as a result of 

the fact that the human body is made of a system of levers, which do not act inde-

pendently of one another. The linked segments form a kinematic chain, which can 

enhance the range of motion and the overall load-bearing capacity of the system.

In gait, when the limb is in stance, it is a closed chain as the distal segment (the 

foot) is fi xed. In this situation, movement at one joint has an effect on the more proxi-

mal joints and this motion is relatively predictable. For instance, at initial contact, the 

foot strikes the fl oor and the kinematic chain becomes closed. If wearing high heels, 

the foot is plantarfl exed and to achieve foot fl at, the knee, hip or pelvis will have to 

compensate. In a novice high heel wearer, the compensation is typically achieved 

through increased knee fl exion similar to crouched gait or through trunk lean. In more 

experienced heel wearers, hip abduction and pelvic rotation are the compensatory 

mechanisms. Specifi cally the increased knee moment compensations have been indi-

cated as relevant in the development and/or progression of knee osteoarthritis [13].

Pathologically, if there is limited dorsifl exion, at midstance, the knee and hip 

will compensate. The hip may fl ex, externally rotate and abduct, the knee may fl ex 

or even hyperextend to facilitate foot-fl at. In early hip osteoarthritis, reduced hip 

extension is associated with kinematic changes in the pelvis to maintain effective 

extension of the lower limb at push-off.

When the limb is in swing, it is an open chain and the joints have more freedom 

to move independent of each other, but can still compensate. For instance, with lim-

ited dorsifl exion, toe clearance at midswing can become an issue, but the knee or hip 

can fl ex or the pelvis can hike to ensure that the person does not trip. These modifi ca-

tions are detailed further in the description of walking below.
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So, when one joint or a muscle/muscle group affecting a joint is not functioning 

correctly, compensations will be evident at adjacent joints in the kinematic chain, 

and depending on the extent of the problem at more than one joint. If trying to cor-

rect an abnormal mechanism at one joint, it is important to remember the effect this 

manipulation will have on the remaining joints.

5.4.3 EFFICIENCY

Walking gait should be effi cient as walking usually needs to be sustained for a period 

of time. In many pathological conditions, if effi ciency is not feasible then walking 

will not occur and wheelchair locomotion will be preferred.

Mann [14] states that the act of walking is a result of the blending and compro-

mising of physical and biological forces in order to achieve maximum effi ciency at 

minimum cost. For effi cient progress to occur, energy must be conserved so that 

the act of walking can continue over a prolonged period of time in steady state. To 

increase effi ciency, the body must (a) maximize the use of gravitational force, which 

it does through converting potential energy to kinetic energy, (b) minimize the excur-

sion of the CoM and control momentum, and (c) minimize the use of muscles.

To minimize the excursion of the body’s CoM, it travels in a three-dimensional 

sinusoidal pathway. As shown, the CoM is farthest to the right and high at right mid-

stance, central and low at double support and farthest left and high at left midstance. 

It is useful to think of this pathway as a three-dimensional “~” with the highest and 

widest position at midstance and the lowest and most central position at double sup-

port. If this movement of the CoM is deviated from the “~” through deformity, pain 

or impaired control, or if the excursion is jagged as a result of muscle weakness, then 

this is energy expensive and therefore undesirable.

Momentum is used in such a way that for natural walking speed the least energy 

per meter traveled is expended through the conservation of momentum. At slow 

and fast speeds the energy expended increases [15]. Walking slowly requires that 

momentum is removed from the system by eccentric muscle contractions to maintain 

the slow pace. At fast speeds, momentum, through energy, must be continually added 

to the system through larger concentric muscle contractions to maintain the pace. 

Pathological gait is often slower as the mechanics required for effi cient momentum 

use are disrupted through muscle weakness and impaired control. Deformity and 

pain can result in the ineffective raising and lowering of the trunk and the subsequent 

requirement for additional momentum to be added to the system.

Minimizing the use of muscles is achieved by taking advantage of the human 

body’s ability to transfer energy passively from one segment to another. Winter [4] 

describes two major energy-saving mechanisms used by the body. One uses the 

passive fl ow of energy across a joint, obvious in the terminal swing phase of walk-

ing when the swinging foot and leg transfer energy through the thigh to the trunk. 

The trunk then conserves the potential energy and converts it to kinetic energy 

to accelerate the head, arms, and trunk (HAT) in the forward direction. During 

terminal stance, the power generated by the plantarfl exor muscles also transfers 

through the knee to the thigh to help lift the stance limb into swing. In pathological 

gait, if the limb does not have suffi cient energy, then the reduced energy fl ow will 

have to be supplied through active contraction, or the gait will be slower. In stroke 
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or aged gait, the energy in the swinging limb is reduced due to reduced hip fl exor 

and ankle plantarfl exor activity. As a result the energy available to be transferred 

to the trunk is reduced and slower gait follows. The other mechanism involves the 

active energy transfer across muscles when the adjacent joints are rotating in the 

same direction. A further mechanism, which reduces energy expenditure, is to 

take advantage of the stretch-shortening cycle. Here, the muscles function such 

that they tend to stretch in gait and the “stretch energy” is returned without the 

need for active contraction. As detailed above, Fonseca et al. [7] illustrated that 

the altered mechanism evident in CP gait takes advantage of the stiff  plantarfl exors 

to store more stretch energy to compensate for the reduced capacity to actively 

contract these muscles, thereby taking advantage of this energy-saving mechanism 

to achieve progression.

It is through understanding the process by which we walk and the loading pat-

tern of the movement that we can understand the adaptations and consequences of 

pathological walking. When these compensatory mechanisms are understood, it is 

generally easier to understand the role and development of devices or rehabilitation 

to functionally restore capacity.

5.5 FUNCTIONAL RESTORATION: DEVICES AND TRAINING

An important aspect of the understanding of gait is the ability to enhance the capac-

ity of the body to improve functional mobility—that is to achieve stable progres-

sion. Understanding the mechanics of any disruption or the infl uence of assistive 

devices and rehabilitation enhances the capacity of the body to improve functional 

mobility.

The design of any assistive device, such as a prosthesis, orthosis, cane, crutch, 

etc., should begin with the identifi cation of biomechanical prerequisites to ensure 

the success of the component. It should end with a comprehensive biomechanical 

analysis of the device’s functional qualities. In developing devices, it is important 

to consider the mechanical character of the human-device system. The basic bio-

mechanical patterns that are necessary to perform locomotor functions effectively 

must be identifi ed and along with the patient’s reserve capacities. The device should 

effectively make use of all force and energy resources (both internal and external) 

available to ensure safe loading, acceptable compensations, and effi cient progress.

In order to maximize the mechanical character of the device to ensure that func-

tional restoration can occur the device must take into account pressure-sensitive and 

pressure-tolerant areas of the body and ensure that high loads/pressure are directed 

to these areas [16]. The appropriate material characteristics (isotropic nature of 

the material, its viscoelasticity, hysteresis properties, the load/deformation and the 

stress/strain curves) of the device must also be taken into consideration when analyz-

ing the type of loading (i.e., tension, compression, shear, torsion, and bending) on 

the device. As external devices need to interface at some point with the human, the 

neurovascular system must be able to withstand the pressure at the interface and so 

load distribution is important.

When an assistive device is used, the gait is known as partial weight-bearing 

(PWB) gait. Typically if the cane or crutch or walker is being used to give relief from 
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pain by helping to unload the limb or it is used to compensate for muscle weakness, 

it is used contralaterally. As the aim of the device is to unload a limb, successful 

implementation of the device should be evidenced by a reduced GRF on the affected 

side. It can be diffi cult for a therapist to accurately determine the magnitude of the 

load that is placed on the loaded limb. Two common strategies used to estimate mag-

nitude of the load the patient is applying to the limb are (a) to stand on the  therapist’s 

hand and for the therapist to estimate the load and (b) to stand on a bathroom scale 

and the patient loads the limb to the prescribed weight. Youdas et al. [17] have shown 

that it is possible to train healthy subjects using the bathroom scale to place 50% 

of body weight on a designated limb when walking with auxiliary crutches at self-

selected level walking. Using forearm crutches was almost as successful, a mean 

vertical load of 56% was applied. The wheeled walker was not successful with a 

mean peak of 64% on the “affected” limb and a reduced loading of 85% on the 

“unaffected” limb—indicating the upper extremities were used to transmit the load 

to the wheeled walker even when the unaffected limb was in stance. A single point 

cane only reduced the load on the affected limb to 76%. Ajemian et al. [18] showed 

that after total hip arthroplasty the use of a cane, held in the contralateral hand, 

reduced the hip abduction moments on the operative side. The hip abduction moment 

on the nonoperative side increased and they warned that clinicians should be mind-

ful of the effects of the cane as an assistive device on the contralateral hip. To assist 

with unstable gait, a cane is typically used ipsilaterally.

Exercise is fundamental to functional mobility, as all mobility requires the capac-

ity to exercise the neuromuscular system. The level of exercise and the expectation 

for exercise participation varies with different groups. Exercise is also an integral 

part of rehabilitation. Generally, the purposes of exercise in rehabilitation includes: 

remediating or preventing impairments; enhancing function; reducing risk of injury; 

optimizing overall health, and enhancing fi tness and well-being [19], increasing 

circulation, increasing strength, increasing ROM, preventing or correcting contrac-

tures, develop coordination, reduce edema and promote healing, promote mobility 

and self-care, and increase cardiorespiratory fi tness [16]. Specifi c retraining of the 

motor system can improve muscle recruitment and timing, which can reduce the 

compensatory mechanisms. Through exercise, muscular strength is enhanced and 

the ability to absorb load through eccentric contractions developed. Proprioception 

and fi ne motor control can also be developed through the selection of the appropri-

ate exercise program and the consequent ability to cope with unstable situations is 

developed. Exercise programs undertaken by the elderly have been shown to improve 

walking.

By understanding the limitations of the specifi c pathology, rehabilitation can be 

accurately directed with appropriate goals set to enhance gait.

5.6 GAIT AND SYMMETRY

Many pathological gait patterns, for example, bilateral amputee, hemiplegia, unilat-

eral osteoarthritis, have asymmetry as a feature of the biomechanics. Often clinical 

and rehabilitation decisions are made on the basis of the results of the gait analysis 

that indicates where these asymmetries lie. In much of the earlier gait literature, 
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which provides the normative data, there was the assumption of gait symmetry the 

right and left limbs operated in the same manner and the data for the limbs were 

often pooled. However, Sadeghi et al. [20] have indicated a functional gait asym-

metry. They also showed that the left and right limbs have different roles to play in 

achieving gait [21]. The right limb acted as a mobilizer characterized by a strong hip 

power at push-off. They also found that there was a strong secondary support func-

tion at midstance. The left limb was associated with the function of stabilizing and 

the variables associated with stability were associated primarily with the knee and 

were evidenced throughout the gait cycle.

5.7 GAIT ANALYSIS—VARIABLES AND THEIR SELECTION

Gait analysis is the term used to describe and analyze the process of producing the 

biomechanics of the movement. There have been a number of comprehensive studies 

conducted on “normal” walking [1–4], which characterize their gait. These allow for 

a framework to help in the understanding of the impact of disorders on the system 

and can help in the development of rehabilitation programs or the development of 

new assistive devices. Further, any deviation from the norm can be illustrated and 

can therefore help in the interpretation of the data collected for those with some 

pathology. Generally, a biomechanical analysis of human movement investigates 

variables, which can be identifi ed as outcome—is the result successful, i.e., is stable 

effi cient progress achieved; and process—how does the body operate mechanically 

in order to achieve this outcome.

As outcome variables relate the success of the movement, they are often more 

easily measured. The complexity of the process variables can mean that sophisti-

cated measuring tools are required. Over the past 30 years advances in technology 

have resulted in the widespread availability of measurement systems and as such the 

collection and analysis of biomechanical data in gait laboratories is reasonably com-

monplace. Nonetheless, the accurate collection and interpretation of this data refl ects 

its complexity and requires specialist knowledge in the fi eld.

5.7.1 OUTCOME VARIABLES

As the main aim of walking is to safely transport the body, these are the key outcome 

variables, which should initially be assessed. Linear displacement of the CoM is the 

fi rst assessment of gait. Safety in transport is usually related to stability in stance, 

which requires a net extensor moment at the three lower limb joints.

Outcome measures that further elucidate the extent to which the displacement 

of the CoM was successfully achieved are often referred to as temporal and spatial 

measures (TS). These give more information on the components which make up the 

overall displacement of the CoM. TS variables are widely used to describe normal 

and pathological gait. The variables are well defi ned in the literature and are broadly 

accepted. Typical TS variables are velocity, cadence, step, and stride length. Others 

that are frequently reported are step and swing period, single and double support 

time, and percentage of stride. Stance and swing are initially defi ned; stance when 

in the limb is in support and swing with in the limb is in the air (Figure 5.2). Stance 

makes up about 60% of the gait cycle and the remaining 40% is in swing. In total, 
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FIGURE 5.2 Timing of a single gait cycle. IC indicates initial contact, DS indicates double 

support, TO indicates toe-off.
double support is about 20% of the gait cycle, equally divided between initial double 

support and terminal double support. Single support is about 40% (the same duration 

as the contralateral swing). Subphases of stance and swing are also defi ned, though 

the phasing is somewhat more variable (Section 5.9).

5.7.2 TEMPOROSPATIAL VARIABLES

A stride is the distance (along the direction of progression) from the initial contact 

of one foot to the next initial contact of that (ipsilateral) foot. Initial contact is often 

heel strike, but for some pathological conditions, the heel does not necessarily con-

tact the ground. Typically, normal stride length is about 1.46 m in men and 1.28 m 

in women [2]. Children have established an adult stride length by about 11 years [2]. 

Step length is the distance from initial contact of one foot to the initial contact of the 

other (contralateral) foot. Stride length, therefore, is the sum of the length of the two 

steps of which the stride is comprised. Stride length, when traveling in a straight line, 

is symmetrical. Step length need not necessarily be symmetrical, and in many patho-

logical conditions, it is not symmetrical. Stride time is the interval between the foot 

contacts. Velocity of the CoM is often recorded and gives quality information regard-

ing the displacement, i.e., it tells us how fast the person is walking. Normal walking 

velocity is approximately 1.3–1.6 m/s [1] with different age groups and pathologies 

achieving different velocities. Cadence refers to the number of steps or strides per 

minute or second and can refl ect the capacity to walk of the participant. Normal 

walking cadence is about 110–115 steps/min. The speed of walking is equal to the 

cadence times the step length, if the steps are shorter the cadence increases at the 

same velocity. The temporal characteristics of gait vary with walking speed. When 

walking speed increases the stance phase and double support period gets shorter and 

the swing phase increases. Eventually, walking is no longer sustainable and running 

must occur. Running is defi ned by a period of fl ight/no support. When the cadence 

reaches about 180 steps/min then gait switches from walking to running.

Comfortable walking speed declines with advancing age and the decline begins 

in approximately the seventh decade of life. Kerrigan et al. [22] found that the  natural 
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velocity of elderly walkers was 1.19 m/s. Their cadence was 119 steps/min and stride 

length was 1.2 m. Younger walkers had the same cadence, but walking velocity 

was higher (1.37 m/s) due to a longer stride (1.38 m). Hyndman et al. [23] found that 

people with a stroke walked with a slower velocity and a shorter stride length than 

aged-matched controls.

Healthy individuals who are asked to walk with assistive devices and load a 

limb to 50%, evidence a slower walking speed (1.281 m/s slows to 0.563–0.761 m/s 

depending on the type of device). The slower walking is as a result of both reduced 

cadence 110.9 reduced to 69.4–75.5 steps/min and stride length 138.4 shortened 

to 112.9–124.3 cm. In early unilateral osteoarthritis, patients walked at a signifi cantly 

slower speed (1.05 m/s) than an equivalent nonclinical group (1.18 m/s). The slower 

walking speed was as a result of both a signifi cantly reduced stride length (1.16 against 

1.24 m) and a signifi cantly reduced cadence (108.62 against 114.27 steps/min). Total 

hip arthroplasty patients monitored preoperative and at 4 and 8 months postoperatively 

showed an increase in walking speed over time and a signifi cant difference was found 

preoperatively (0.95 m/s) and at 8 months postoperation (1.08 m/s). When using a 

cane, the subjects walked 3% slower than when walking independently [18]. Table 5.1

indicates the mean velocity, cadence, and stride length for different groups. All data 

are presented in the same units, so some calculations have been made to facilitate 

comparisons.

Table 5.1 illustrates the wide range of values for different populations. The TS 

variables of gait can change depending on the environment, size of the room, and 

even if the data are collected inside or outside. As a result many studies complete 

their own control trials in order to understand the normal range of the group if an 
TABLE 5.1
Temporospatial Characteristics for a Normal 
and Nonpathological Populations

Velocity (m/s) Cadence (step/min) Stride Length (m)

Men [1] 1.3–1.6 110–115 1.4–1.6

Women [1] 1.2–1.5 115–120 1.3–1.5

Elderly [22] 1.19 119 1.2

Adult [22] 1.37 119 1.38

Poststroke [8] 0.23–0.73

Poststroke hemiparetic [24] 0.346 83.4 0.52

Early OA [25] 1.05 108.62 1.16

Elderly fallers [26] 0.89 107 138

Elderly nonfallers [26] 1.21 120 1.22

TTA SACH foot [27] 1.32 118 1.36

Hip arthroplasty before 

surgery [18]

0.95

Hip arthroplasty after 

surgery [18]

1.08
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 alteration is being made to that group, or if comparing disability to nondisability. 

Control groups should be age and activity level matched as much as possible. When it 

is not possible to height match patients, it may be more appropriate to try to normal-

ize the data. The most appropriate way is to convert the variables to dimensionless 

quantities (e.g., Ref. [1]).

When assessing the process by which the TS variables have been affected, i.e., 

how did the joint mechanics alter as a result of a pathology or of aging, it is important 

to ensure that the altered mechanics are not simply an effect of the slower walking, 

but as a result of the disability or aging. It is reasonably common to make allowances 

in interpreting pathological gait results in comparison to normal gait to account 

for the different walking speed. A relationship between many variables and speed 

has been established [28], which can be helpful in making diagnostic decisions. 

It can be useful to ask the controls to walk at the same speed as the disabled group 

(e.g., Ref. [24]).

Gait performance has been seen to deteriorate when participants carry out a sec-

ondary task. Tasks such as talking, carrying a tray/glass, stepping over obstacles, and 

responding verbally to sounds have been shown to slow gait. Hyndman et al. [23] 

introduced a cognitive task—remembering a seven-item shopping list—to the task 

of walking 5 m. Both stroke patients and control groups walked more slowly, with a 

shorter stride length. Further, stride length was reduced for fallers compared to non-

fallers in the stroke group. Walking speed has been shown to be affected when the 

environment is changed such as walking in a mall. Lord et al. [29] showed that gait 

speed of stroke patients in the clinic was 0.68 m/s while this slowed to 0.60 m/s in a 

mall. This was related to the unpredictability of the constraints imposed by the envi-

ronment. Step length and step frequency were not signifi cantly different between the 

clinic and mall, but were much more stable in the clinic. This can have implications 

for rehabilitation, which is confi ned to the clinic as the skill may not be suffi ciently 

malleable to cope with the unpredictability of natural environments.

5.7.3 TS VARIABLES AND FUNCTIONAL MOBILITY

In order to achieve community mobility, people need to be able to walk at a 1.22 m/s 

(in order to be able to cross a street controlled by a traffi c light) for 332–360 m [30,31]. 

They also need to be able to negotiate a 17.8–20.3 cm curb, manage stairs, and a 

ramp. Older people with disabilities are more likely to take fewer trips and more 

likely to have more days in which no trips outside the house were taken compared 

to older people without disabilities [32]. On those trips, the people with a disability 

were not able to maintain the speed of those around them and they completed the 

trips accompanied by someone, while those without a disability were able to keep up 

with those around them and complete 95% of the trips unaccompanied.

5.8 PROCESS VARIABLES

Process variables indicate how the participant walked, i.e., the mechanics that pro-

duce the movement. To get accurate results, more sophisticated equipment is required 

and the more in-depth the variable, the more complex the technology.
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In order to locomote, the leg acts as a system of rotating elements coupled in 

series, each storing and releasing energy through passive muscle absorption of strain 

energy or through active muscle activation. The net torque results in rotations of seg-

ments about the ankle, knee, and hip joints. If the rotations are constrained as a result 

of a disruption to the joints or muscles, which are involved in producing the move-

ment, then the gait will be hampered. Locomotion will not be achieved or it may be 

achieved ineffi ciently (compared to normal gait) or not safely.

Movement is caused (or tends to be caused) by the application of a force. The 

forces which we analyze in human walking are due to muscle activation or  gravity. 

Ligament and tendon forces are often included with muscle forces as analyzing them 

separately is not feasible using most biomechanical equipment. Bone forces are also 

diffi cult to quantify but are sometimes calculated, particularly for the assessment 

of joint replacements. Centrifugal forces, arising from rotations of the body seg-

ments, act to decrease the vertical GRF but only by minor amounts [33] and are 

often not analyzed. The friction force is only considered in certain circumstances 

(e.g., slipping, surface assessment) and the fl uid force as a result of air resistance is 

not considered of suffi cient magnitude to be included in an analysis. If possible, the 

body will make use of gravity and momentum to try to reduce the involvement of the 

muscles as they are “free” energy as distinct from “costly energy” required when a 

muscle contracts.

Analyzing muscle activation and how the body maximizes the gravitational 

force are key to an effective biomechanical analysis of walking. Through a method 

known as “inverse dynamics” the joint moments and powers required to produce 

the movement can be calculated. For an in-depth description of how these variables 

are calculated, see Refs. [1,4]. The variable analyzed to assess the effectiveness of 

the muscle activation is power. A power generation (positive) result indicates that 

the joint muscles are involved in a concentric contraction. Power absorption (nega-

tive result) indicates muscles are contracting through an eccentric contraction to take 

energy out of the segment. Power relates to a net result at the joint therefore it cannot 

indicate the specifi c muscles involved in the contraction. Cocontractions are also not 

indicated through this result, which can result in poor interpretation for pathological 

gait. It is often useful to include an electromyographic (EMG) analysis to indicate 

which muscles are contracting, for how long at what percentage maximum voluntary 

contraction (%MVC). Increasingly, simplifi ed dynamic models and more sophisti-

cated muscle-actuated simulations are being used to investigate the effects of various 

gait features and muscle roles on the production of movement [33,34].

In gait, muscle roles are often associated with propulsion and/or support as these 

are the key elements in successful gait. Different muscles can have different roles 

during different phases of the gait cycle, and in some instances, different muscles 

acting about the same joint can have different roles. For example, there has been 

much controversy surrounding the role of the ankle plantarfl exors during late stance. 

Three main theories have been proposed regarding this muscle group. They are that 

the ankle plantarfl exors (a) provide controlled roll-off and do not actively contribute 

to progression but help in the controlled fall of the trunk [2], (b) actively contribute to 

forward progression through a push-off at terminal stance and the energy generated 

at the plantarfl exors is transferred to the trunk to provide both support and forward 
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progression [35], and (c) accelerate the limb into swing and forward progression is 

provided through the angular momentum of the swing limb, which is transferred to 

the trunk [36]. Neptune et al. [34], using muscle-actuated simulations, have indicated 

that in fact these theories are not mutually exclusive and that the role of the plantar-

fl exors needs to be described in terms of the particular muscles, which conduct dif-

ferent roles. In single-leg stance, both the soleus and gastrocnemius provide vertical 

support, in mid-single-leg stance, the soleus decelerates the forward rotation of the 

tibia so that the knee extends and the trunk is allowed to pass over the supporting 

foot. The gastrocnemius acts to fl ex the knee at this time. If the soleus is impaired, a 

compensation would be necessary to prevent the knee collapsing during the middle 

of single-leg stance. In late single-leg stance and early propulsion, both the soleus 

and gastrocnemius accelerate the trunk forward, with the soleus providing 60% and 

the gastrocnemius providing 25% of the trunk forward acceleration.

5.9 PHASES OF THE GAIT CYCLE

To examine the process variables, it is common to break the movement into smaller 

phases and to identify the aim of each subphase. This allows the mechanics associ-

ated with achieving that aim to be more easily identifi ed and interpreted.

There are a number of systems of subphasing the gait cycle. Perry [2] indicates 

weight acceptance, single limb support, and limb advancement as the key tasks to be 

achieved in the gait cycle. She divided the stance phase into fi ve distinct subphases 

to refl ect these tasks. The system used is a common phasing system: initial contact, 

load response, midstance, terminal stance, and preswing. Swing is divided into three 

phases: initial swing, midswing, and terminal swing. Sutherland [5] described three 

phases of stance: initial double support, single limb support, second double support, 

followed by the three swing phases outlined above, Winter [37] developed a slightly 

more functional gait cycle with the three stance phases coinciding with Sutherland [5], 

though the names are more descriptive of the function of the phase: weight accep-

tance; midstance; push-off, and he divides swing into two phases: lift-off and reach. 

Kirtley [1] adapts this further to identify the fundamental functions outlined by 

Perry [2] in the phasing: loading; support/progression; and propulsion and swing. 

Figure 5.3 illustrates the start and end of the three stance phases.

The following sections detailing the biomechanics, or process, by which gait is 

achieved will follow the phasing outlined by Kirtley [1], though swing is detailed as 

a separate phase here. Detailed data for normal gait are available from a number of 

sources [1–4,6] and the reader is referred to them if a more comprehensive under-

standing is required.

In studying the biomechanics of walking, it is reasonably common to divide the body 

into the mechanical “locomotor” system, consisting of the lower limbs and pelvis and 

the “passenger” system comprising the HAT. This is for the ease of mechanical interpre-

tation and to simplify the model and complexity of the data. There is growing evidence 

that muscle slings link the lower and upper body and that the opposing movement of the 

arms and limbs with the gluteus muscles and the latissimus dorsi working together con-

tributes to movement. Further research is required in this fi eld to develop this theory.

Figures in the following sections are illustrated for a male walking at 1.68 m/s 

with a stride length of 1.55 m. Three-dimensional gait analysis was conducted using 
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FIGURE 5.3 Photographs of normal gait indicating start and end of right limb stance phases. 

The phase is the interval between these images. Loading is the period between image 1 and 

image 2, weight is borne, the foot is lowered to the fl oor and the contralateral limb is in propul-

sion. Support/progression is the period between image 2 and image 3, the trunk passes over the 

supporting limb and the contralateral limb is in swing. Propulsion is the period between image 3 

and image 4, the limb is propelled into swing and contralateral stance loading occurs.

Loading Support/progression Propulsion 
a seven-camera, VICON 512 (Oxford Metrics, UK) motion analysis system (120 Hz) 

synchronized with a single Kistler force plate set at a sampling frequency of 600 Hz. 

Fifteen retrorefl ective markers were attached to anatomical landmarks in accordance 

with Davis et al. [38]. The three-dimensional maker trajectory data was fi ltered using 

Woltring’s cross-validated quintic spline routine as incorporated in “Plug-In Gait.” 

The data was then processed creating a three-dimensional link segment model. Kine-

matic and kinetic data were derived using the built-in facilities of VICON’s “Plug-in 

Gait” software and was used for calculating the three-dimensional kinematics and 

kinetics (through inverse dynamics).

5.9.1 LOADING: 0%–10% CYCLE

Aims of this phase: Safe contact with the fl oor; ensure stable limb and absorb force/

shock; smooth transfer of body weight from trailing limb; active bearing of weight.

Overall, the role of the foot is to absorb impact and adjust to surface irregularities. 

This is achieved by absorbing shock in the heel pad, eccentrically contracting the dor-

sifl exors, and pronating the subtalar joint to make the foot compliant and fl exible [1]. 

The support of the trunk is primarily provided by the ankle dorsifl exors [33].

The role of the knee is to absorb shock by the eccentric contraction of the knee 

extensors, which also maintains weight-bearing stability at the knee [2]. The role 

of the hip, through an eccentric contraction of the hip abductors and the activation 

of the core muscles, is to maintain stability of the pelvis and to ensure that an erect 

posture of the trunk is preserved. A concentric contraction of the hip extensors (H1S) 

helps to pull the trunk over the supporting limb.

As load is transferred to the stance limb, compression begins and deforma-

tion occurs. Under normal conditions, this deformation is well within the critical 

limits of the whole body and the individual joints and tissues. Weight is taken on 

the new stance limb, though at the early stage (0%–2%) in the cycle the muscles 

have not “taken control” of the movement and there can be a peak in the Fz, often 

known at the impact peak. It is a matter of debate as to whether this shock does 

any harm [3,39].
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FIGURE 5.4 External GRV causes an external plantarfl exor, knee fl exor, and hip fl exor 

moment. This is counteracted by an internal dorsifl exor, which controls the lowering of the 

foot to the fl oor, and a knee extensor and hip extensor moment, which stops the limb from 

collapsing as it is loaded.
In the sagittal plane, the GRV is directed behind the ankle and knee and in 

front of the hip (Figure 5.4). This causes an external plantarfl exor moment at the 

ankle and fl exor moment at the knee and at the hip. The ankle dorsifl exors contract 

eccentrically to control the lowering of the foot to foot-fl at and providing smooth 

transition to stance. The knee extensors activate to control knee fl exion allowing up 

to 20° of fl exion (K1S). This movement helps to control the downward acceleration 

of the CoM. A hip extensor moment helps to control hip fl exion and maintains 30° 

of fl exion. Once the hip is stabilized, it moves from fl exion to extension through a 

concentric contraction of the hip extensors (H1S) (Figure 5.4).

In the frontal plane, the GRV is directed medially and a strong adduction moment 

is exerted at the hip and knee that follows the rapid transfer of body weight onto the 

limb (Figure 5.5). The contralateral pelvis drops as the limb is being unloaded is 

limited to 5° by this strong hip abductor moment, which generates power through a 

concentric contraction (H1F). The external adductor moment that acts on the knee is 

largely controlled by the iliotibial band. The vector causes subtalar valgus, which is 

restrained by the tibialis anterior and posterior.

In the transverse plane, the subtalar valgus causes internal rotation at the talus 

and the accompanying rotation of the tibia results in an internal torque at the knee. 

The external rotators of the hip prevent the femur from internally rotating and this 

prevents excessive internal rotation at the knee. The limited internal rotation, which 

occurs at the hip, assists advancement of the contralateral limb in progression phase.

5.9.2 EFFECTS OF JOINT PATHOLOGIES

Due to the kinematic chain, if a pathology exists at one joint, it can effect other 

joints in the chain and compensations can also occur at different points in the chain. 
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FIGURE 5.5 External GRV passes medially and the internal abductor hip moment, caused 

by an eccentric contraction of the muscles, controls the drop of the pelvis.
A common pathology evidenced in this phase is that initial contact is made with 

the forefoot. Pathologies at the foot, knee, and hip can cause and effect this condi-

tion. With the foot in equinus forefoot initial contact occurs and the GRV passes 

anterior rather than posterior to the ankle. Due to the location of the CoP a large 

external dorsifl exor moment occurs. The cause of the equinus could be an ankle 

plantarfl exor contracture. Poor alignment of a prosthesis can also result in a similar 

plantarfl exor position. To resolve the forefoot strike, if the person tries to contact in 

footfl at then the compensation may be knee hyperextension and possibly increased 

foot (if present) pronation. Pseudoequinus can occur if the knee is excessively fl exed 

at initial contact. Here, the ankle is normal, but the fl exed knee enforces forefoot 

contact. Higher up the chain, if there are fl exor hip contractures present, the impli-

cations for this phase of the gait cycle mean that the pelvis tilts anteriorly and the 

knee can be excessively fl exed to ensure the heel contact the ground. This requires 

increased quadricep activity and results in crouched gait. For all these conditions, 

the initial contact is poorly aligned to absorb the subsequent load, which cannot be 

easily accommodated by the eccentric contraction at the hip and knee. Further, H1S 

is inhibited and so raising the trunk to the high point of midstance is diffi cult. As a 

result, anterior trunk lean can compensate to move the CoM forward. Reduced step 

length is evident with hip and knee fl exor contractures.

At the ankle, loss of dorsifl exor function results in uncontrolled plantarfl ex-

ion and footslap occurs. If the knee at the end of the previous swing phase cannot 

absorb the momentum of the swinging limb prior to initial contact, then the force 
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 experienced at initial contact may be high, and the orientation of the limb may cause 

higher loads. If the knee extensors are weak, excessive knee fl exion can be seen, 

though more often the knee will remain fully extended throughout early stance and 

the gait will be abrupt in this phase.

In pathologies where the ankle and knee mechanisms do not work effectively, an 

excessive vertical displacement of the CoM can result, which is energy expensive. 

This is often seen in TT amputees and those with a peronial nerve disorder.

If the knees are in valgus or varus, the GRV may pass inside or outside the knee 

joint and if the knee abductor or adductor muscles are insuffi ciently strong to balance 

the load then the knee may collapse. A leg length discrepancy results in an asym-

metrical pelvis and asymmetrical loading on the limbs.

Wearing high heels results in a larger plantarfl exor moment as a result of the 

increased moment arm. The pretibial muscles have to generate a larger eccentric 

contraction to control the lowering of the foot to foot fl at.

5.9.3 SUPPORT/PROGRESSION: 10%–50% CYCLE

Aims of this phase: Stable base over which the trunk can travel to progress; support 

and balance without collapsing; facilitate swing of contralateral limb. Single support 

means that the load is taken solely by the stance limb.
FIGURE 5.6 GRV passes anterior to the knee and hip keeping them extended. This exten-

sion by the external moment means that the muscles do not have to contract to maintain an 

extended limb in this phase. The eccentric contraction of the ankle plantarfl exors restrains 

the passage of the trunk over the foot and helps to ensure stability and effective progression.
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Overall, the role of the foot is to provide a fl at stable base over which the body 

can progress, i.e., the trunk can be raised to the high point of midstance. The ankle 

must restrain the shank. The knee must extend to increase the weight-bearing capac-

ity of the joint and to facilitate the raising of the trunk. The hip must provide stability, 

and support through a contraction of the gluteus medius and minimus with gravity 

assisting signifi cantly [33], which also facilitates an upright alignment of the trunk.

In the sagittal plane, the ankle, knee, and hip work together to ensure that prog-

ress occurs with minimal overall energy cost. The ankle plantarfl exors generate a 

large plantarfl exor moment with an eccentric contraction at the soleus in which the 

muscle does negative work (A1S) [6]. That keeps the GRV vector passing anterior to 

the knee joint and behind the hip to stabilize these joints (Figure 5.6). This external 

extensor moment around the knee keeps the knee stable without the use of the knee 

extensors. Knee hyperextension is prevented by the posterior capsule ligaments and 

the gastrocnemius muscle and the result is an internal fl exor moment.

In the frontal plane the hip stabilizes the pelvis with abductor muscle action to 

maintain it in a level posture as the contralateral limb swings through (Figure 5.7).
FIGURE 5.7 GRV passes medially and an eccentric contraction by the hip abductors keeps 

stops the pelvis from dropping more than about 5°. Maintaining a balanced pelvis ensures 

that there is suffi cient clearance for the contralateral swinging limb to clear the fl oor.
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5.9.4 PATHOLOGIES

The large plantarfl exor moment, which restrains the shank and keeps the GRV ante-

rior to the knee is a major mechanism for support in this phase [33,35]. Weakness 

of the plantarfl exors allows the GRV to pass behind the knee and tends to cause 

collapse at this joint, with repercussions at the ankle and hip in the kinematic chain. 

This collapse is evident in “crouch gait.”

Crouch gait (seen in diplegic cerebral palsy) is a multilevel pathology affecting 

the ankle, knee, and hip. There is often spacisticity of the hamstrings and iliopsoas. 

Due to the weak plantarfl exors, the GRV passes posterior to the knee and so a fl exor 

moment results in collapse of the joint and a consequent collapse at the hip. A com-

mon compensation for the unstable knee is anterior lean of the trunk shifting the 

GRV anterior to the knee again. To improve stability a KAFO, which ensures that 

hyperextension is prevented, can be prescribed. These devices have been developed 

to allow for fl exion of the knee in swing while providing full stability in stance by 

automatically locking on loading in the stance phase. Both mechanical and electronic 

locking mechanisms are available. While the magnitude of the knee fl exion in swing 

may not be as great as those in normal gait using the orthosis [40], it is suffi cient to 

eliminate the need for vaulting.

Knee valgus/varus can result in the GRF vector passing medial or lateral to the 

knee in this phase. This increased moment can result in the increased stress on the 

collateral ligaments at the knee (or lax ligaments could cause the instability with 

results in valgus/varus) or increased load in the medial or lateral compartments of 

the joint. This may be a precursor to degenerative osteoarthritis. Lateral trunk lean 

may help to unload the medial compartment. Orthoses can also help to counteract 

these moments.

Contralateral swing through occurs in this phase. Any issues related to ensuring 

toe clearance can affect ipsilateral stance. For instance, if the contralateral swing-

ing limb is long, then toe clearance can be ensured by trunk lean or pelvis hiking. 

However, these compensations can move the GRVr more medially on the supporting 

limb and increase loading on it. Further, the loading on the ipsilateral hip abductors 

is energy demanding and can effect stability in stance. An alternative method of 

clearing the long limb is through circumduction, which, again, can affect stance sta-

bility. Vaulting, through active ankle plantarfl exion, on the stance limb is sometimes 

evident. This is energy expensive and increases lack of stability.

If the stance limb has weak hip abductors, the pelvis on the swinging side is 

more likely to drop and swing clearance needs to be ensured by the knee and ankle 

on the swinging side (Section 5.9.7). This gait is known as Trendelenburg gait and an 

obvious compensation is to lean the trunk toward the weak side, thus reducing the 

required hip abductor moment. This gait gives the appearance of waddling.

In patients with OA, Trendelenburg gait compensation is related to a painful 

hip. The load on the hip is reduced by decreasing gluteus medius activity, increasing 

pelvic tilt, and inclining the trunk on the side of the supporting limb. This is done 

to ensure that the moment arm between the hip and the CoM of the upper body is 

reduced in the frontal plane. The effect on the lumbar spine is not fully understood.

To try to reduce the loading on the hip in the support phase after a total hip 

arthroplasty, a cane is often recommended. Mechanically, contralateral use helps 
� 2008 by Taylor & Francis Group, LLC.



to reduce the loading on the affected hip primarily by decreasing the hip abductor 

muscle force required to balance the pelvis during single support. Ajemian et al. [18] 

found that the hip abductor moment on the affected hip decreased by 26%. However, 

the contralateral hip force increased by 28%. They concluded that this could hasten 

degeneration of an asytomatic joint and that sustained use of a cane after adequate 

healing should be monitored to avoid overloading the joint. Toward the end of sup-

port, if the ankle plantarfl exors are weak or missing, then the foot rocker is missing 

and there is a loss of heel-off.

If there is posterior trunk lean in this phase (as a result of hip extensor weakness), 

then the GRV will pass further behind the hip and a larger extensor moment is evi-

dent. The resulting increased stability needs to be overcome to ensure progress.

In the transverse plane, toeing in can result in femoral anteversion. To bring the 

foot straight and avoid large torsion moments on the supporting limb, the hip exter-

nally rotates.

5.9.5 PROPULSION: 50%–60% CYCLE

Aims: Facilitate initial contact of contralateral limb; initiation of limb advancement 

into swing, which infl uences the subsequent raising of the trunk in contralateral 

loading and support.

This is the second double support of stance limb, ipsilaterally active ankle plan-

tarfl exion push-off (Figure 5.8) and hip fl exion pull-off (Figure 5.9) propel the limb 

into swing. The angular momentum of the limb in swing is crucial for forward pro-

gression and it is determined at this stage. If the ankle plantarfl exors or hip fl exors do 

not contribute effectively to this phase then the contralateral stance is effected. Knee 

fl exion, controlled by a knee power absorption (K3) is required to unload and shorten 

the limb and fl exion velocity is crucial to successful swing. Females have indicated a 

greater knee fl exion moment and a greater power absorption than males.
FIGURE 5.8 GRV at A2. The ankle push-off as a result of a powerful plantarfl exor  concentric 

contraction helps to propel the limb into swing. The energy produced in this phase is  crucial 

to progress the trunk through contralateral stance. K3, the eccentric muscular  contraction to 

control knee fl exion also occurs now.
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FIGURE 5.9 Just after A2, the hip pull-off power (H3) occurs. This hip power as a result 

of the concentric contraction of the hip fl exors helps to propel the limb into swing. The distal 

to proximal pattern indicates a powerful coordination to increase the velocity of the limb at 

toe-off. The energy produced in this phase is crucial to progress the trunk through contral-

ateral stance.
In order to propel the limb into swing, two key power bursts occur as a result of a 

concentric contraction. The ankle push-off power (A2S) is crucial with the gastroc-

nemius being the key muscle involved [34]. The hip, which was extended, often up to 

10° of hyperextension at late support now actively fl exes with a concentric contraction 

(H3S), which contributes to pulling the limb into swing. The plantarfl exors generate 

almost all the support of the whole body in this phase [33].
5.9.6 PATHOLOGIES

Walkers who do not have the active plantarfl exion on the affected side, compensate, 

if possible, with the hip fl exors. These produce more power than for the able-bodied. 

The contralateral hip, which is in loading, also compensates with an increased H1S.
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When wearing high heels, the ankle plantarfl exors cannot produce the A2S 

power as effectively and again, the compensation of increased hip pull-off assists the 

limb to advance. Hip fl exion contractures can result in reduced step length, and the 

resulting knee fl exion can result in “drop-off.”

For the elderly, reduced gait velocity appears to be due to a reduced hip exten-

sion and to reduced peak power generation and reduced peak ankle plantarfl ex-

ion [22]. A consequence of the reduced hip extension appears to be an increased 

anterior pelvic tilt to try to maintain a reasonable step length [22]. They suggest 

that the reduced range and power at the ankle could be due to reduced strength 

or could be a strategy to preserve balance during walking, to maintain greater 

foot–fl oor contact.

If the hip medial/lateral rotators are too tight, the resulting reduced pelvic rota-

tion can result in a reduced step length and pronation or supination at the foot. Con-

versely, if there are pronation or supination deviations, then torsion at the knee and 

hip can occur and again due to the lack of rotation, the step length is reduced.

5.9.7 SWING: 60%–100% CYCLE

Aim: To advance the limb to a position to take over support in the next stance 

phase.

Loading from the ground is absent and only gravity, muscle and centrifugal 

forces are active. Once the limb is in swing, it swings much like a pendulum, though, 

the limb is shortened by knee fl exion, which is required to ensure toe clearance. 

Muscle actions are necessary to check the large knee fl exion velocity and the rectus 

femoris plays an important role in regulating the knee fl exion. Knee fl exion  velocity 

at toe-off is highly correlated with the knee fl exion in this phase [41]. This knee 

fl exion velocity is in turn highly related to the ankle push-off at propulsion [6]. As 

the foot clears the ground by approximately 5 cm, the foot can be in danger of trip-

ping as a result of, for instance, an uneven surface. Excessive knee fl exion and ankle 

dorsifl exion can occur, or the pelvis can be raised. There are consequences for the 

stance limb in midstance (Section 5.9.4).

To prepare for the following stance, angular momentum must be removed from 

the swinging limb to ensure that it is safely placed on the fl oor for the next stance 

phase. Hip extensors eccentrically contact to control the swinging limb. The knee 

fl exors eccentrically contract (K4S) to control the knee extension, which occurs as 

the foot swings forward to complete the stride. Rotational kinetic energy from the 

swinging limb is returned to the trunk through the hip joint and helps in forward 

progression by helping to raise the trunk through loading into single support [6]. 

Females demonstrated greater hip fl exion and less extension before initial contact.

5.9.8 PATHOLOGIES

Pathologies, which can infl uence foot clearance, include foot-drop as a consequence 

of a lower-motor neuron lesion, dynamic or fi xed equinus. In these cases, there are 

four options to ensure ground clearance (a) hip hiking; (b) circumduction; (c) vault-

ing; and (d) high-stepping. Often all the four are used to some extent. Other patholo-

gies can affect the contralateral limb in stance (Section 5.9.4).
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5.9.9 DETAILED DESCRIPTION OF GAIT FOR TRANSTIBIAL AMPUTEES

For the transtibial amputee (TAA), the lower limb and ankle joint is missing. The 

disruption to the distal end of the kinematic chain means that the amputee can 

achieve a stable walking pattern through compensations at the remaining joints. As 

the amputation moves higher, or as it affects the contralateral limb, the extent of the 

compensations increases and the deviation from normal gait increases.

For a unilateral TTA, the aims of walking, to progress, in a stable and effi cient 

manner can be achieved. The type of prosthesis, the alignment of the prosthesis, the 

length of the stump, the time since amputation, type of socket, liner, etc., can all have 

an affect on the gait of the amputee.

To ensure progression, the amputee must effectively initiate swing and then, once 

the limb is swinging, must ensure the prosthesis is swinging suffi ciently fast so that 

the limb may be placed safely on the ground for the subsequent stance phase. Stabil-

ity is somewhat compromised and the energy cost of walking is increased.

The key issue for the TTA is compensating for the loss of the ankle. As the 

ankle plays a key role at different parts of the gait cycle, the mechanical limita-

tions of the prosthesis result in limited adaptability of the prosthesis. Different 

prostheses have been developed to try to enhance their mechanical characteristics 

to improve the walking pattern and reduce the compensatory mechanisms. The 

prostheses fall into two main categories, inert prostheses (typically SACH foot 

or uniaxial foot) and dynamic prostheses (typically fl ex-foot, mercury, seattle). 

The dynamic feet are often known as dynamic elastic response (DER) prostheses. 

The primary difference between these two prostheses is the “liveliness” of the 

pylon/foot. They are unresponsive in the inert foot—aside from the cushion heel 

of the SACH foot or the plantar/dorsifl exor bumpers on the uniaxial foot. For the 

dynamic feet, elements of the prosthesis have been designed to store energy in a 

spring mechanism early in stance and to return this energy in late stance, thus 

mimicking the A1S absorption of the normal ankle in midstance and A2S gen-

eration of power at terminal stance. These prostheses have had mixed success in 

enhancing TTA gait.

Perry and Shanfi eld [42] noted a difference in the forefoot area of the various 

designs, which allowed for different rates of progress for the CoP along the base of 

the foot. The FF had a more rapid progression of the trunk over the prosthesis during 

prosthetic support. The rate of progress of the CoP may be related to stability and 

those with a fast progress can be perceived as unstable by some amputees. In spite of 

the increased dorsifl exion at the ankle and the increased dorsifl exor moment in late 

stance for the FF, there was no corresponding increased velocity for the amputee nor 

a reduction of the energy expended by the amputee. This may have been as a result 

of any increased mobility being absorbed by the FF shank and not translating to the 

knee or hip [43].

An oft-reported aspect of the performance of DER prostheses is the “net effi -

ciency” of the prosthesis. This relates to the ratio of the energy returned relative the 

energy absorbed, with a high net effi ciency being rated as good. However, the net 

effi ciency of the prostheses is not a suitable performance characteristic as it does not 

take into account the timing of energy storage and recovery and the effects that this 

timing will have on the gait of the amputee.
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TABLE 5.2
Temporal Characteristics of TT Amputees Using Different Prostheses

Velocity (m/s)
Cadence 

(step/min)
Stride Length

(m)
Prosthetic Stance 

(% cycle)

Winter and Sienko [44] 0.97 92 1.27 —

SACH [45] 1.04 — 1.23 47.8

Seattle [45] 1.1 — 1.28 47.98

SACH [27] 1.32 118 1.36 43.8

CCII [27] 1.342 118.4 1.38 43.8

— Indicates no data reported.
5.9.10 OUTCOME MEASURES

Generally, the outcome measures for TTA indicate that the gait is not as successful 

as for the able-bodied. Velocity is reduced, stride length is shorter, step length and 

swing timing are asymmetric, and results vary for different prostheses. General tem-

poral characteristics for transtibial amputees include decreased speed, shorter stride 

length and asymmetric step, and swing timings between the intact and prosthetic 

limbs, which vary for different prostheses. Table 5.2 summarizes some of the tem-

poral characteristics reported in the literature.

Some of the data in Table 5.2 has been modifi ed so that it could be reported in a com-

parative format. Due to different protocols and the different prostheses comparisons can 

only be made between prostheses in studies by the same researchers. Colborne et al. [45] 

reports strides/min rather than steps/min as 50.8 (±5.49) for the SACH and 52.4 (±10.6) 

for the Seattle prostheses. Anzel et al. [46] found that the speed of the amputee using 

the FF was 84 m/min, which was signifi cantly faster than the 75.4 m/min when using the 

SACH foot. Using the Seattle, CCII, and Quantum, the speed was 79–81 m/min.

In the following section, the fi gures are based on a transtibial male walking at 

1.42 m/s with a stride length of 1.46 m and a cadence of 117 steps/min. Data were 

collected and processed as for the participant above, but the markers were placed on 

the prostheses in anatomically matched positions. The amputee was wearing a patel-

lar tendon bearing socket with an endolite limb, a teletorsion pylon, and a multifl ex 

ankle. Process variables are discussed with the prosthesis as the focus limb.

5.9.11 LOADING

At initial contact, the prosthesis must safely take the load. Poor alignment can result in 

excessive knee extension, or fl exion with consequent implications for the hip. Depend-

ing on the type of prosthesis, dorsifl exion is reduced or increased. If the alignment is 

such that the knee extends excessively, then the shock absorption capacity of the limb is 

reduced and the hip has to compensate (Figure 5.10). Alternatively, if there is too much 

fl exion, then the movement of the CoM can be disrupted and the tibia can advance too 

quickly for the heel rocker to be effective. In order to compensate, the hip extensors 

will compensate to raise the body up to midstance. The trunk may also lean forward.
� 2008 by Taylor & Francis Group, LLC.



FIGURE 5.10 Direction of the GRV is altered due to the poor positioning of the limb at 

initial contact. It passes through the ankle and the knee and anterior to the hip. The ankle and 

knee remain stable and as the phase progresses the knee extension is maintained. The result is 

a stiff-kneed gait and is a common consequence of the abnormal ankle motion as a result of 

the passive prosthesis. More hip fl exion than normal is a common consequence as a result of 

the kinematic chain.
During loading, the prosthesis is compressed. There is some deformation of the 

“cushion heel” of the SACH foot. The uniaxial prosthesis allows limited plantar-

fl exion due to the moment caused by the GRV passing behind the joint at the ankle. 

It is controlled by the rear rubber bumper. In the more dynamic prostheses, the 

dynamic element deforms to store elastic energy in the material of the prosthesis. 

This deformation simulates to a lesser degree than normal the plantarfl exion of the 

foot. The absence of controlled plantarfl exion results in footfl at being delayed due 

to the length of time it takes for the amputee’s leg to rotate forward until the foot 

is fl at [44].

Saunderson and Martin [47] found that when using the FF there was a prolonged 

fl exor moment at the knee in the fi rst half of stance. They attributed the high extensor 

moment at the hip to the need to compensate for the knee fl exor moment in the fi rst 

half of stance, and that this was important to maintain the leg in extension and to 

move the body over the stance leg. The magnitude of H1S was more than twice that 

of normal and was maintained for longer than normal actually lasting for more than 

the fi rst half of stance. This is attributed to the hip assisting in the control of knee 

fl exion and in aiding to pull the trunk over the stance foot (Figure 5.10). This use of 

hip extensor power is known to increase as speed increases. In the frontal plane, the 

biomechanics are almost normal, though the loading may be more lateral to ensure 

stability (Figure 5.11).
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FIGURE 5.11 GRV passes medially, though often less than for nonpathological gait. 

The more lateral loading is to ensure a safe contact and stability in loading in the absence of 

adequate proprioception. An internal abductor hip moment, caused by an eccentric contrac-

tion of the muscles, controls the drop of the pelvis.
5.9.12 SUPPORT/PROGRESSION

Here, the ankle rocker is disrupted and the tibial restraint can be diffi cult to time. As 

a result the knee remains in fl exion and the thigh does not move forward in a smooth 

manner (Figure 5.12).

As the forefoot bends over the keel, reduced dorsifl exion occurs. This limited 

motion prevents the amputee from taking longer steps due to the limited lean allowed 

by the body [48].

For the uniaxial prosthesis, in the transition to midstance the GRV passes rapidly 

along the plantar surface of the foot. As the rear bumper unloads and the front bum-

per is loaded, the foot begins to dorsifl ex. This limited motion could also be a reason 

for increased energy expenditure due to the resulting elevation of the CoM.

Generally, the knee remains partly fl exed throughout stance. The normal power 

burst at midstance (K2S) used to extend the knee and raise the CoM of the body is 
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FIGURE 5.12 Lack of the eccentric contraction by the plantarfl exors means that the GRV 

passes along the plantar surface of the foot faster than normal. As a result the knee remains 

fl exed to compensate. The hips produce a larger than normal extensor moment to ensure the 

limb remains extended.
missing. Colborne et al. [45] noted the strong hip extensor moment throughout most 

of stance and the tendency for the knee to collapse is prevented by the hip. In the 

frontal plane the biomechanics are close to normal (Figure 5.13).

5.9.13 PROPULSION

At terminal stance, the lack of the ankle plantarfl exors results in a reduced A2S and 

there is little power to begin to supply momentum to the limb for swing. The hips 

compensate and the H3S is larger than normal. In inert prostheses, the limb is lifted 

into swing from the more proximal joints, rather than pushed from the more distal 

joints. For the more dynamic prostheses, there is evidence that the A2S exists, but the 

timing and magnitude is not as effective as for a normal ankle and the hip continues 

to compensate (Figures 5.14 and 5.15).

The knee absorption power at toe-off quite normal.

5.9.14 SWING

Amputees must have both the strength to swing the limb and the ability to con-

trol the position of the limb when it is being loaded. For swing, there may be 

some knee or hip fl exion to ensure toe clearance in midswing. The limb does not 

swing as quickly and knee power absorption at the end of swing (K4) is lower than 

 normal as minimal power is needed to slow the slowly swinging prosthesis [44]. 
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FIGURE 5.13 GRV passes medially and an eccentric contraction by the hip abductors keeps 

stops the pelvis from dropping more than about 5º. Maintaining a balanced pelvis ensures that 

there is suffi cient clearance for the contralateral swinging limb to clear the fl oor. There is 

little difference between amputee and normal gait in this frontal plane in this phase.
A small extensor moment at the hip to stop the thigh rotating in preparation for 

heelstrike is evident.

The intact limb as the focus limb requires the key compensation during loading. 

Even when using dynamic prostheses contralaterally, the mean power pattern shows 

a large power burst at H1 when the hip extensors are shortened under tension to pro-

pel the body forward and thus compensate for the lack of energy generation by the 

missing contralateral ankle plantarfl exors in contralateral propulsion.

5.9.15 BIOMECHANICALLY BASED SPECIFIC NEEDS OF THE TTA

To enhance progression and to facilitate stability, the following features of the patho-

logical gait need to be addressed—“deformity” in the prosthesis, which results in a lack 

of ankle motion and inhibits knee motion as a result of the  amputation, “ development 
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FIGURE 5.15 Just after A2, the hip pull-off power (H3) occurs. This hip power as a result 

of the concentric contraction of the hip fl exors is larger than normal to compensate for the 

reduced power at the ankle. The energy produced in this phase is insuffi cient to fully compen-

sate for the lacking ankle plantarfl exors and progression is slower than normal, a result of the 

reduced stride length.

FIGURE 5.14 GRV at A2. The ankle push-off as a result of a powerful plantarfl exor 

 concentric contraction is missing in inert limbs and is reduced compared to normal in 

dynamic limbs. The reduced power results in reduced energy produced in this phase. In order 

to progress the trunk through contralateral stance the hip at H3 and contralaterally at H1 

compensates. K3, the eccentric muscular contraction to control knee fl exion is normal.
of muscle strength” on the muscles of the knee and hip on the amputated side, and the 

development of the prosthesis to replicate the action of the ankle dorsifl exors at load-

ing, the plantarfl exors eccentric contraction in support and  plantarfl exors  concentric 

contraction in progression, “enhanced proprioception” especially at loading and pro-

pulsion and reduction of “pain” in the stump. Through rehabilitation, exercise and 

prosthetic development many of these areas can be addressed such that the TTA 

evidences little compensations to achieve gait.
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5.10 CONCLUSION

Human walking gait is a complex movement, which, if successful, results in progres-

sion and support. Effi ciency is required to sustain the walking mechanics over a dis-

tance. The biomechanics are the result of the individual’s accommodation of imposed 

constraints. Walking is achieved through an interplay of internal and external forces. 

When pathological gait is being assessed, it is important to fully understand normal 

gait in order to be able to understand the adopted compensations. These compensa-

tions should not be viewed in isolation, and should not necessarily be “fi xed” as the 

compensation is, in itself, a valid solution. Functional devices can be used to enhance 

gait, that is, to facilitate a more mechanically effi cient or effective progression of a 

safely supported system.

REFERENCES

 1. Kirtley, C., Clinical Gait Analysis: Theory and Practice. 2006, Edinburgh: Churchill 

Livingstone.

 2. Perry, J., Gait Analysis: Normal and Pathological Function. 1992, Thorofare, NJ: 

Slack Incorporated.

 3. Whittle, M., Gait Analysis: An Introduction. 3rd ed. 2002, Oxford: Butterworth-

Heinemann.

 4. Winter, D., Biomechanics and Motor Control of Human Gait. 1987, Waterloo: 

 University of Waterloo Press.

 5. Sutherland, D.H., R.A. Olshen, E.N. Biden, and M.P. Wyatt, The Development of 
Mature Walking. 1988, Philadelphia, PA: JB Lippincott.

 6. Gage, J., Gait Analysis and Cerebral Palsy. 1991, Oxford: Blackwell Scientifi c 

Publications.

 7. Fonseca, S.T., et al., A dynamical model of locomotion in spastic hemiplegic cerebral 

palsy: Infl uence of walking speed. Clinical Biomechanics, 2001. 16(9): 793–805.

 8. Olney, S.J. and C. Richards, Hemiparetic gait following stroke. Part I: Characteristics. 

Gait & Posture, 1996. 4(2): 136–148.

 9. Huitema, R.B., et al., Functional recovery of gait and joint kinematics after right 

hemispheric stroke. Archives of Physical Medicine and Rehabilitation, 2004. 85(12): 

1982–1988.

 10. Quesada, P.M., L.J. Mengelkock, R.C. Hale, and S.R. Simon, Biomechanical and 

metabolic effects of varying backpack loading on simulated marching. Ergonomics, 

2000. 43(3): 293–309.

 11. Chow, D.H., et al., The effect of backpack load on the gait of normal adolescent girls. 

Ergonomics, 2005. 48(6): 642–656.

 12. Fowler, N.E., A.L.F. Rodacki, and C.D. Rodacki, Changes in stature and spine kine-

matics during a loaded walking task. Gait & Posture, 2006. 23(2): 133–141.

 13. Kerrigan, D.C., et al., Moderate-heeled shoes and knee joint torques relevant to the 

development and progression of knee osteoarthritis. Archives of Physical Medicine and 
Rehabilitation, 2005. 86(5): 871–875.

 14. Mann, R., Biomechanics of the foot and ankle, in Surgery of the Foot, R. Mann, Ed. 

1986, St. Louis, MO: Mosby.

 15. Perry, J., Normal and pathological gait, in Atlas of Orthotics, American Association of 

Orthopaedic Surgeons, 1985, St. Louis, MO: Mosby. 76–111.

 16. Miller, S., Biomechanical Implications of Prosthetics and Orthotics, in Prosthetics 
and Orthotics: Lower Limb and Spinal, R. Seymour, Editor. 2002, Baltimore, MD: 

Lippincott Williams and Wilkins.
� 2008 by Taylor & Francis Group, LLC.



 17. Youdas, J.W., et al., Partial weight-bearing gait using conventional assistive devices. 

Archives of Physical Medicine and Rehabilitation, 2005. 86(3): 394–398.

 18. Ajemian, S., et al., Cane-assisted gait biomechanics and electromyography after total 

hip arthroplasty. Archives of Physical Medicine and Rehabilitation, 2004. 85(12): 

1966–1971.

 19. American Physical Therapy Association, A Guide to Physical Therapist Practice. 2nd ed. 

2001.

 20. Sadeghi, H., et al., Symmetry and limb dominance in able-bodied gait: A review. Gait & 
Posture, 2000. 12(1): 34–45.

 21. Sadeghi, H., Local or global asymmetry in gait of people without impairments. Gait & 
Posture, 2003. 17(3): 197–204.

 22. Kerrigan, D.C., et al., Biomechanical gait alterations independent of speed in the healthy 

elderly: Evidence for specifi c limiting impairments, Archives of Physical Medicine and 
Rehabilitation, 1998. 79(3): 317–322.

 23. Hyndman, D., et al., Interference between balance, gait and cognitive task performance 

among people with stroke living in the community. Disability and Rehabilitation, 

2006. 28(13–14): 849–56.

 24. Chen, G., et al., Gait differences between individuals with post-stroke hemiparesis and 

non-disabled controls at matched speeds. Gait & Posture, 2005. 22(1): 51–56.

 25. Watelain, E., et al., Pelvic and lower limb compensatory actions of subjects in an early 

stage of hip osteoarthritis. Archives of Physical Medicine and Rehabilitation, 2001. 

82(12): 1705–1711.

 26. Kerrigan, D.C., et al., Kinetic alterations independent of walking speed in elderly fall-

ers. Archives of Physical Medicine and Rehabilitation, 2000. 81(6): 730–735.

 27. Barr, A., et al., Biomechanical comparison of the energy-storing capabilities of SACH 

and Carbon Copy II prosthetic feet during the stance phase of gait in a person with 

below-knee amputation. Physical Therapy, 1992. 72(5): 344–354.

 28. Lelas, J.L., et al., Predicting peak kinematic and kinetic parameters from gait speed. 

Gait & Posture, 2003. 17(2): 106–112.

 29. Lord, S.E., et al., The effect of environment and task on Gait parameters after stroke: 

A randomized comparison of measurement conditions. Archives of Physical Medicine 
and Rehabilitation, 2006. 87(7): 967–973.

 30. Lerner-Frankiel, M.B., S. Varga, M.B. Brown, et al., Functional community ambula-

tion: What are your criteria? Clinical Management in Physical Therapy, 1986. 6(2): 

12–15.

 31. Cohen, J.J., J.D. Sveen, J.M. Walker, and K. Brummel-Smith, Establishing criteria for 

community ambulation. Topics in Geriatric Rehabilitation, 1987. 3(1): 71–77.

 32. Shumway-Cook, A., et al., Environmental demands associated with community mobil-

ity in older adults with and without mobility disabilities. Physical Therapy, 2002. 82(7): 

670–681.

 33. Anderson, F.C. and M.G. Pandy, Individual muscle contributions to support in normal 

walking. Gait & Posture, 2003. 17(2): 159–169.

 34. Neptune, R.R., S.A. Kautz, and F.E. Zajac, Contributions of the individual ankle 

plantar fl exors to support, forward progression and swing initiation during walking. 

Journal of Biomechanics, 2001. 34(11): 1387–1398.

 35. Kepple, T.M., K.L. Siegel, and S.J. Stanhope, Relative contributions of the lower 

extremity joint moments to forward progression and support during gait. Gait & 
Posture, 1997. 6(1): 1–8.

 36. Mienders, M., A. Gitter, and J.M. Czerniecki, The role of the ankle plantar fl exor 

muscle work during walking. Scandinavian Journal of Rehabilitation Medicine, 1998. 

30(1): 39–46.

 37. Winter, D.A., Concerning the scientifi c basis for the diagnosis of pathological gait for 

rehabilitation protocols. Physiotherapy Canada, 1985. 37(4): 245–252.
� 2008 by Taylor & Francis Group, LLC.



 38. Davis, I. and B. Roy, et al., A gait analysis data collection and reduction technique. 

Human Movement Science, 1991. 10(5): 575–587.

 39. Radin, E., R. Martin, D. Burr, B. Caterson, and R. Boyd, Mechanical factors infl uenc-

ing cartilage damage, in Osteoarthritis, Current Clinical and Fundamental Problems, 

J. Peyron, Ed. 1985, CIBA-Geigy: Basel, Switzerland. pp. 90–99.

 40. Hebert, J.S. and A.B. Liggins, Gait evaluation of an automatic stance-control knee 

orthosis in a patient with postpoliomyelitis. Archives of Physical Medicine and Reha-
bilitation, 2005. 86(8): 1676–1680.

 41. Piazza, S.J. and S.L. Delp, The infl uence of muscles on knee fl exion during the swing 

phase of gait. Journal of Biomechanics, 1996. 29(6): 723–733.

 42. Perry, J. and S. Shanfi eld, Effi ciency of dynamic elastic response prosthetic feet. 

Journal and Rehabilitation Research and Development, 1993. 30: 137–143.

 43. Torburn, L., C.M. Powers, R. Guiterrez, and J. Perry, Energy expenditure during 

ambulation in dysvascular and traumatic below-knee amputees: A comparison with 

fi ve prosthetic feet. Journal and Rehabilitation Research and Development, 1995. 32: 

111–119.

 44. Winter, D.A. and S.E. Sienko, Biomechanics of below-knee amputee gait. Journal of 
Biomechanics, 1988. 21(5): 361–367.

 45. Colborne, G.R., et al., Analysis of mechanical and metabolic factors in the Gait of con-

genital below knee amputees: A comparison of the SACH and seattle feet. American 
Journal of Physical Medicine and Rehabilitation, 1992. 71: 272–278.

 46. Anzel, S., J. Perry, E. Ayyappa, L. Torburn, and C.M. Powers, Effi ciency of dynamic 

Elastic Response Feet. Rehabilitation R&D Progress Reports, 1991. 29: 32–33.

 47. Saunderson, D.J. and P.E. Martin. Joint Kinetics in Unilateral Below Knee Amputees 
During Walking. in NACOB. 1992. Chicago, IL.

 48. Wagner, J., et al., Motion analysis of SACH versus fl ex-foot in moderately active below-

knee amputees. Clinical Prosthetics and Orthotics, 1987. 11: 55–62.
� 2008 by Taylor & Francis Group, LLC.



� 2008 by Taylor & Francis Group, LLC.



6 Wheelchair Ambulation: 
Biomechanics 
and Ergonomic 
Considerations*

Lucas H. V. van der Woude, Sonja de 
Groot, Dirkjan H. E. J. Veeger, Stefan van 
Drongelen, and Thomas W. J. Janssen

CONTENTS

6.1 Introduction ................................................................................................... 173

6.2 Wheeling and (In-)Activity ........................................................................... 177

6.3 Wheeling and Upper-Body Overuse ............................................................. 178

6.4 Research Technology and Wheelchair Propulsion ....................................... 180

6.5 Manual Wheelchairs ..................................................................................... 182

6.5.1 Vehicle Mechanics ............................................................................. 184

6.5.2 Physical Work Capacity ..................................................................... 189

6.5.3 Wheelchair–User Interface ................................................................ 190

6.6 Alternative Propulsion Mechanisms ............................................................. 197

6.6.1 Power Support ................................................................................... 199

6.7 Other Assistive Technology for an Active Lifestyle .....................................200

6.8 Ergonomic Guidelines .................................................................................. 201

6.9 Conclusions ................................................................................................... 201

References ..............................................................................................................204

6.1 INTRODUCTION

Wheeled mobility is a necessity in daily ambulation for a growing number 

of  people. In the Netherlands the number of wheelchair users is estimated 

to be around 150,000 [180]. Based on this estimate, the fi gure for the United 

* Based on a position stand presented at the Meeting “Health, Sports and Innovations,” Session “Sports 

and Disability,” Brussels, Belgium, 27–28 May 2005 and published in adapted form in Science et 
Sports 21, 226–235, 2006 and Medical Engineering & Physics 28, 905–915, 2005.
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States and Europe may be extrapolated to, respectively, a rough 2.6 and 3.9 

million—on average elderly—people. The majority of these people will use a 

self-or  assistant-propelled manual wheelchair. This chapter will focus on the self-

propelled wheelchair. By nature, the use of the upper-body and arms, a limited 

(age-related) fi tness, and the impairment itself, a wheelchair-confi ned lifestyle will 

hamper individual mobility and participation. Simmons et al. [152] conclude their 

study “Wheelchairs as mobility restraints…” with: “Improving wheelchair skills 

with targeted intervention programs, along with making wheelchairs more ‘user 

friendly’ … could result in more wheelchair propulsion with resultant improve-

ments in the resident’s independence, freedom of movement and quality of life.”

This statement, evidently coming from the heart, seemingly sets the scene for 

a straightforward research agenda. However, this puts the complexity of wheeled 

mobility into a somewhat too simplifi ed perspective. Wheeled mobility is indeed 

a complex issue both in theory and practice and its study requires a systematic 

approach that can do well with a clear conceptual framework.

Although mobility is an essential element in daily life, its importance is  usually 

only then recognized when it is for some reason (temporarily) limited, as is the case in 

those who are wheelchair dependent. Mobility is a multilayered concept. One can speak 

of joint mobility, but also of mobility as an element of daily activities and of course 

within the context of participation we use the term mobility (social range of action, 

freedom of movement). All three mentioned connotations of mobility substantiate the 

main objectives of an integral (often lifelong) rehabilitation process. As such, mobility 

can be positioned at each of the three domains of functioning within the International 

Classifi cation of  Functioning, Disability, and Health (ICF) model [198]. This model 

is exemplifi ed for (the rehabilitation of) persons with a  spinal cord injury (SCI) in 

Figure 6.1. It is in many ways the conceptual starting point of the different aspects 
ICF, 2001

Lesion characteristics 
secondary impairments, 

comorbidity

Hand and arm
functionality, basic

 and complex (wheelchair)
 skills, ADL and

functional independence

Cardiovascular and 
respiratory functions; motor,

autonomic and sensory 
functions 

Work, school,
sports, family,

friends 

Rehabilitation, strategy, 
treatment intensity and
form, exercise, training 

Age, cultural
background, socioeconomic

status, fitness, gender 

FIGURE 6.1 ICF model, as applied to persons with a SCI. (From WHO, International 
 Classifi cation of Functioning, Disability and Health, Geneva, World Health Organisation, 

2001. With permission.)
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of  (biomechanics and ergonomics) research in rehabilitation and in the related issues 

of restoration of (wheeled) mobility, activities of daily living, and sports for those 

with a disability.

Within the context of a chronic impairment, rehabilitation focuses on  restoration 

of mobility in its widest sense. Continuing to be a mobile individual and having an 

optimal social and physical range of action are key objectives in rehabilitation of 

those with lower-limb impairments. In today’s  rehabilitation fi eld, this goes beyond 

the mere restoration, compensation, and (technology-based) adaptation of sensomotor 

function, functional capacity, activities of daily living (ADL), functional capacity, and 

independence. A physically active lifestyle, including sports, during and after reha-

bilitation is becoming an increasingly important issue on the rehabilitation research 

agenda [37,58,65,138]. Understanding the underlying mechanisms and processes of 

adaptation and/or the compensation of function and functioning, with or without the 

use of optimal assistive technology, is the core of biomechanics and ergonomics-based 

rehabilitation research and knowledge. The underlying  multicausal and multilayered 

rehabilitation paradigm is “To restore function and functionality, and to stimulate 

optimal activity and participation.”

Wheelchairs are assistive devices crucial for daily functioning of those 

with lower-limb impairments. The interaction between assistive technology and 

the (disabled) human system is complex by defi nition and requires a detailed 

research approach from a combined ergonomics and biophysical rehabilitation 

perspective.

As an example, the long-term use of assistive technology* and its  consequences 

on the musculoskeletal system have become an important issue in manual wheel-

chair research, where the continued imbalance between the task stresses, physical 

strain, and overall mechanical and physiological work capacity leads to overuse 

injuries in the upper extremities [13]. In general when assistive technology for 

(wheeled) mobility and the biological system do not optimally match and func-

tion, a debilitative cycle may start that can lead to an inactive lifestyle [88,98], 

leading to disuse and even nonuse of assistive technology, and consequently to 

an increased risk for secondary health complications. This stresses the impor-

tant preventive role of an integrative ergonomics approach within the fi eld of 

rehabilitation and assistive technology, as is clearly exemplifi ed in the Human-

Activity-Assistive-Technology (HAAT) model of Cook and Hussey [32] (Figure 

6.2). This model emphasized the, not too often  explicitly recognized in the sci-

entifi c literature [25,103,111,116,151,155,201], ergonomics basis of assistive and 

rehabilitation technology, and of the rehabilitation approach in a broader context 

[92,111,121].

Optimal functioning of the human movement system in the context of (wheeled) 

mobility restoration can be conceptualized as a continued effort of the biological 

system to maintain a proper balance between external stresses, internal strain, and 

the (physical) work capacity. As such, the stress–strain–work capacity model of 

* For example, “…a broad range of devices, services, strategies and practices that are conceived and 

applied to ameliorate the problems faced by individuals who have disabilities…”
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Context

Human

Human–technology
interface

Processor

Environmental
interface

Activity
output

Activity

Assistive
technology

FIGURE 6.2 The HAAT model. (From Cook, A. and Hussey, S., Assistive Technologies: 
Principles and Practice, Mosby Year Book Inc., St Louis, MO, 2002. With permission.)
van Dijk et al. [57] expresses the interdependency of these domains in a fl ow diagram 

(Figure 6.3), applicable also in rehabilitation and indeed useful in the context of 

assistive technology research and practice. “Overall work capacity” must be inter-

preted here as the total sum of maximum physical, cognitive, mental, and social 

aspects of the human capacity in every day functioning.

Although the individual is by defi nition viewed as a biopsychosocial entity, the 

issues addressed in the following will primarily have a biophysical perspective.
Stress:
External load 
and personal 

control

Strain:
Short-term 

effects
strain

Strain: Long- 
term and 

permanent
effects

Overall work 
capacity

FIGURE 6.3 The stress–strain–work capacity model of van Dijk et al. (From van Dijk 

et al., TSG, 68, 3, 1990. With permission.)
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From an ergonomics perspective, the external stresses in the context of wheeled 

mobility for instance are a consequence of (1) the combined effect of mechanical 

wheelchair characteristics and environmental conditions and (2) from the fi ne-tuning 

of the wheelchair–user interface [6,112,120,160,175]. Beyond that, (3) physical work 

capacity is defi ned by the overall functional capacity of the cardiovascular, respira-

tory, and the neuromuscular systems, and clearly is dependent on such individual 

characteristics as impairment, age, gender, training status, genetics, and expertise. 

In manual wheelchair use, the optimal level of, and interplay among, these three dif-

ferent domains are crucial for a maximum range of mobility, as it would be for any 

other assistive devices for ambulation, as indeed can be represented with Cook and 

Hussey’s “ergonomics” model for assistive technology [31] (Figure 6.2).

Having the different conceptual models at the background of our mind, the 

current chapter will address important practical and research issues of a mobile and 

physically active lifestyle for those in rehabilitation, especially in those who are 

wheelchair dependent. In addition, it will provide a framework of biophysical and 

ergonomics considerations for manual wheelchair practice and research.

6.2 WHEELING AND (IN-)ACTIVITY

The importance of a physically active lifestyle was recognized for the general popu-

lation in research [21,80,81] and by infl uential (political) bodies such as the Ameri-

can College of Sports Medicine,* Centers for Disease Control,
†
 and the World Health 

Organization.
‡
 Recently, it became even more evident, that (restoration of) an active 

lifestyle is highly more important for those with a chronic disease or those involved 

in (clinical) rehabilitation [37,58,65,138,163].

The focus onto the health-related mobility problem of a wheelchair-confi ned 

life in individuals with a SCI was already recognized by Clarke [28] in 1966 and 

later stressed by Voigt and Bahn [195], Hjeltnes and Vokac [88], Dallmeijer et al. 

[43], and Janssen et al. [43,98,99]. Sports have played a major role in an active life-

style over the years. Today, being active in daily life is considered essential for gen-

eral health. More and more, the risks of a sedentary lifestyle have become apparent 

in international literature as being one of the keystones to the prevention of many 

chronic diseases such as diabetes type II, the metabolic syndrome, forms of can-

cer, and  cardiovascular disease [37,58,65,138,163]. The prominent role of an active 

lifestyle in the prevention of long-term health problems has become a specifi c issue 

that must be on the rehabilitation and sports-research agenda [58,65,138,163], espe-

cially in those who are limited in their mobility, such as people who are wheelchair-

dependent. Sports and an active lifestyle have been shown to have a marked effect 

on life satisfaction [158], quality of life, and participation [79,128,129]. The risk of 

an inactive life, the problem of ineffi ciency of the manual wheeling task in general, 

and the subsequent risks of mechanical overload has boosted the research activity 

* www.acsm.org
† www.cdc.gov/nccdphp/dnpa/surveill.htm
‡ www.who.int/hpr/physactiv/health.benefi ts.shtml
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over the years and has changed wheelchair design from the chromium-plated sling 

seat format in the early years toward a much more specialized and often individually 

fi ne-tuned assistive device today.

6.3 WHEELING AND UPPER-BODY OVERUSE

Wheelchair arm work is physically straining, and this is even more so for individuals 

who are not well trained. Next to the cardiovascular risk of an inactive lifestyle, an 

important other long-term secondary health problem in wheelchair-confi ned indi-

viduals is upper-body musculoskeletal overuse [15,40,59,66,106,145,181]. Overuse—

especially in the shoulders and wrists, but also neck and low back—are seen in both 

sedentary as well as highly active wheelchair users. In various studies, a direct link 

has been made between this overuse problem and the repetitious and daily use of 

the hand rim wheelchair [140] in combination with other daily activities such as 

weight-relief lifts and body transfers [62,67,68,132,182]. Especially the latter have 

been suggested to generate local peak strains on the upper body. Internal joint forces 

have been described to exceed forces equal to body weight [184–186]. Wheelchair 

propulsion itself is in that sense a relatively low intensity, but highly frequent stress 

[190]. Based on the work of Veeger et al. [190] and van Drongelen et al. [185,186] 

(Figure 6.4), it can be suggested that an estimated minimum daily period of 1 h hand 

rim propulsion would lead to some 1800 bimanual pushes. Using biomechanical 

modeling, each push generates an unilateral reaction or compression force in the 

shoulder joint of some 40 kg (390 N). In that same day a wheelchair user will make 

some 15 lifts and or transfers. Each lift leads to a joint compression or contact force 

of 110 kg (1080 N), which has been shown to be even higher (+55 kg (540 N) ) in 

those with trunk and arm impairments, such as tetraplegia. The combination of high-

repetition–low-intensity wheeling with the relatively low number but highly intense 

daily transfers, lifts, and other activities—in association with the lack of recovery 

time of the upper extremities in individuals in a wheelchair during a day—seem to 

explain the high prevalence (50%–70% of the population is at risk [59,126,145]) of 

upper-extremity complaints after 10–15 years of wheelchair use.
Glenohumeral contact forces
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FIGURE 6.4 Model outcome: mean and peak GH contact forces in three ADL tasks for 

fi ve able-bodied subjects (AB), eight persons with paraplegia (PP), and four with tetraplegia 

(TP) [184–186].
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It is expected that next to impairment (i.e., high/low lesion), technique and 

boundary conditions (i.e., wheelchair fi t, physical environment), balanced upper-

body physical conditioning [66,181] may infl uence the risk of these activities for 

overuse problems [40]. Prevention of overuse, such as through improved (hand 

rim) wheelchair design [135], must directly impact the balance of stress–strain and 

capacity of wheeling and daily wheelchair use, especially with respect to muscle 

force/power and the balance of muscle capacity around complex joints, such as 

the shoulder and the wrist. Practical consequences are the need for ergonomic 

 optimization of both wheelchair technology and the built environment [108]. The 

latter should limit too high physical exertions due to, for example, negotiation 

of (side) slopes, curbs, and fl oor surface characteristics. In addition, other tech-

niques of transfers and the use of appropriate transfer-assist devices [30,73] must 

be trained in early rehabilitation. Finally, a well-trained upper-body musculature 

must help prevent an imbalance among muscle groups and the disturbance of 

the mechanical balance around the highly fl exible, but complex structures of the 

shoulder and wrist joints [40,66].

To develop an understanding of dose–response relationships, research should 

study the longitudinal development of overuse problems in combination with mechan-

ical strain in association to specifi cs of daily activities, wheelchair design, and that of 

the built environment and individual physical capacity (e.g., muscle strength), both 

in sedentary persons and athletes. In addition, intervention studies [40] should be 

further elaborated on. With regards to the underlying mechanisms of tissue damage, 

effects of both incidental peak stresses as well as highly repetitious but submaximal 

stresses should be studied with different laboratory techniques. Eventually, this may 

lead to more evidence-based guidelines for the prevention of upper extremity over-

use in those with a SCI [16], as well as other groups of wheelchair users.

A BRIEF HISTORICAL SIDESTEP (1)

The presence of wheelchairs for ambulation dates back to ancient times.* In 1655 

Stephen Farfl er, a paraplegic watchmaker, built his own—mainly wooden self-propelled 

three-wheeled arm crank wheelchair—in many ways much a physical archetype of 

today’s hand cycle. Yet, serious wheelchair research was only to start in the late 1960s, 

initially from a mechanical point of view. Focus was made on materials, durability, 

safety, and vehicle mechanics [22,64,131,156]. Despite a start in the late 1960s [17,20] 

at a much later stage interest in manual wheelchair propulsion was directed toward the 

physiological and health-related consequences. Even more recently, attention was more 

consistently also geared toward the biomechanical aspects of wheelchair propulsion 

[18,33–35,91,139,143,161,188]. A detailed engineering perspective of different aspects 

of wheeled mobility is given by Cooper [36].

Initially, biomechanics and physiology focused on performance-related issues 

with relatively simple technology and methodology. Despite the major improvement 

in technology, propulsion technique is still not very well understood. More recently, 

biomechanics research has been geared toward the musculoskeletal problems of long-

term wheelchair use and sports. Today, within the framework of active wheelchair 

* www.wheelchairnet.org/WCN_WCU/SlideLectures/Sawatzky/WC_history.html
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use, a number of relevant research questions can be categorized and receive increasing  

 attention in international literature. There are a number of performance associated 

issues: propulsion technique, (peak) power production, short-term peak power or anaer-

obic power production. But also disability-related issues must be raised, for instance 

with respect to questions directly associated with the human stress–strain–capacity 

problem, all in relation to the ergonomics of wheelchair design and fi tting.

Obviously, a wide variety of hand-propelled wheelchairs is available on the  market 

today. One cannot speak of the wheelchair, even when we isolate the hand rim- 

propelled wheelchair that is predominantly used in daily life and sports. Indeed, just small 

variations in wheelchair confi guration may lead to differences in the human–machine 

interaction and in vehicle mechanics. This will subsequently infl uence  physiological and 

biomechanical measures of performance.

6.4  RESEARCH TECHNOLOGY AND WHEELCHAIR PROPULSION

To study the physiological and mechanical strain of manual wheelchair propulsion 

and wheelchair sports performance in rehabilitation today, specifi c technologies (often 

limited to laboratory settings) are required to measure with detail and accuracy. The 

 development of computer technology, human movement sciences, biology,  engineering, 

and electronics into the interdisciplinary fi eld of biomechatronics over the past decades 

has driven the design and availability of precise and fast measurement technology, 

such as motion sensors, in- and outside the rehabilitation research laboratory.

Primarily for its complexity, few studies have evaluated the more overall func-

tional use of (sports) wheelchairs [49]. Functional evaluation of wheelchairs is often 

conducted in standardized laboratory experiments on treadmills or ergometers [175], 

allowing detailed physiology and biomechanics (using simulation devices such as 

treadmills or ergometers; Figure 6.5.), but with limited face validity. These set-ups 

allow repeated and specifi c physiological steady-state or peak exercise testing in 

sedentary and expert wheelchair users, as well as evaluation of propulsion tech-

nique and mechanical strain. Small numbers of subjects are generally used in these 
(a) (b)

FIGURE 6.5 (a) Exercise testing on a motor-driven treadmill and (b) on a computer-

controlled wheelchair ergometer.
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studies. This research effort has led to the start of the development of more or less 

 evidence-based guidelines for exercise prescription in rehabilitation [58,65].

Measurement outside the laboratory and on the track has become more feasible 

due to the further development and miniaturization of monitoring devices, por-

table metabolic analyzers, and motion sensor technology. Especially in wheelchair 

sports, but also in rehabilitation, this opens up new avenues for performance-related 

(longitudinal) research.

The study of daily physical activity and associated health issues require large 

subject numbers. Apart from heart rate monitoring [43,89,98] and the common use 

of questionnaires for (in-)activity and lifestyle research, the use of small computer-

based activity sensors has recently entered research into activity monitoring, also in 

the fi eld of rehabilitation and sports [76,157]. Accelerometer monitoring of home- 

and community-based ambulatory activity during and after rehabilitation allow to 

study quantity of movement [26,130,133,153,162], thus opening ways to stimulate 

and advise on activity and lifestyle. Only few physical activity questionnaires are 

available for specifi c use in rehabilitation populations [163], while the sensor-based 

techniques require elaborate validation and reliability research for different subpop-

ulations in rehabilitation. However, it is important to stimulate this type of research. 

Some of these more complex sensor techniques not only allow to observe the quan-

tity but also the quality of ambulation in real life over a longer period of time [26], 

even in hand rim wheelchair propulsion [133].

To study the force impact of wheeling and other ADL on the  musculoskeletal 

system requires not only detailed biomechanical modeling [182,190], but also 

the accurate measurement of 3D forces and moments of the hands on the propul-

sion mechanism. 3D force measurement is available in some ergometers [191] 

(Figure 6.5b), but today also in instrumented wheels [5,41,144,186,190,202]. 

A six degrees of freedom force measuring hand rim wheel (Figure 6.6) is currently 
FIGURE 6.6 The Smartwheel, a six degrees of freedom force-sensing measurement hand 

rim wheel.
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available commercially.* Obviously, detailed propulsion technique and power output 

can be studied with these (expensive) devices in sports and rehabilitation practice, 

but interpretation is not self-evident.

Less expensive tools for ambulant power output measurement—outdoors dur-

ing rehabilitation, sports, and recreation, or in daily wheelchair use—for hand rim 

wheelchairs may become available in the near future, based on bicycle measurement 

technology such as the Power Tap† and SRM‡ [9], which is currently being applied in 

hand cycle systems. Power output in wheelchair ambulation is an important perfor-

mance indicator—next to the traditional peak oxygen uptake—being specifi c, sensi-

tive and reliable, and closely linked to daily wheelchair activity [44,105,175,187].

6.5 MANUAL WHEELCHAIRS

Obviously, manual wheelchair technology has dramatically improved over the last 

decades, although the central concept of the most frequently employed hand-propelled 

wheelchair in the western world, the hand rim wheelchair, has not clearly changed. 

The transfer of the sling-seat chromium-plated wheelchair of the 1950s toward the 

function-specifi c (all lightweight and high-tech material, solid frame wheelchairs; 

and e.g., in track wheelchairs: speed and endurance-oriented design, aerodynamic 

low bucket seat, large wheels, smaller hand rims; or: basketball wheelchairs: highly 

maneuverable and acceleration-oriented design, large camber angle and small 

castors, normal sized rim diameter; Figure 6.7) and modern looking design of 

today took place in different phases, initiated primarily through wheelchair sports 

 developments. Research clearly contributed, but many innovations originated initially 

from sports practice. In the context of mobility, the hand rim wheelchair has become a 

task-specifi c, versatile, and functional device.

THEORETICAL SIDESTEP (2): A BIOMECHANICAL 
RESEARCH STRATEGY

Cyclic movement

Manual wheelchair propulsion is frequently studied as a cyclic movement pattern [171] 

a given propelling motion is repeated over time at a given frequency ( f ), generally to 

maintain a certain stationary velocity (v). This implies that in each stroke or push of 

the wheel the athlete produces a more or less equal amount of work (A). The advantage 

of this approach is that physiological measures (i.e., energy cost, physical strain) can 

elegantly be linked to biomechanical measures (i.e., power output, work, force, and 

torque production). The product of push frequency ( f) and work (A) gives the average 

external power output (Po), according to

 
=

o
(W)P fA

 
(6.1)

* www.3rivers.com
†
 www.analyticcycling.com

‡
 www.srm.de
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FIGURE 6.7 A sample of contemporary ADL (left) and sports wheelchairs (right, top to 

bottom basketball, rugby, tennis, wheeling, and hockey).*

(e) (f )

(g) (h)

(i) (j)

(a) (b)

(c) (d)

* www.doubleperformance.nl
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The work produced in each push constitutes the integral of the momentary torque (M) 

applied by the hands to the hand rim over a more or less fi xed angular displacement 

(Q). In hand rim propulsion, the push is discontinuous, under steady-state conditions 

highly reproducible, and generally is limited to an angle of 70°–80° [7,168], given the 

constraints of the sitting posture, functional anatomy of the upper-body, and the spatial 

orientation of the rim. Equation 6.1 can be rewritten as

 o
d (W)P f M Q= Σ

 
(6.2)

where torque is the product of the bimanual tangential force, that is applied on the hand 

rim, and the radius of the hand rim.

Measurement of angular displacement and the torque around the wheel-axle 

requires specialized experimental techniques for motion analysis and force measure-

ment, which are not widely available. Therefore a different approach to determine Po 

is frequently employed. Here the forces resisting the wheelchair–user combination are 

taken as the starting point for the calculation of power output. The wheelchair–user 

combination is approached as a free body that moves at a given speed (v) and encoun-

ters the following (drag) forces; rolling friction (Froll), air resistance (Fair), gravitational 

effects when going up/down a slope (mg.sin a), and internal friction (Fint). Details of 

these forces will be discussed below. The product of the sum of these drag forces (Fdrag) 

and the linear velocity of the free body equals the power output that must be produced 

to maintain that velocity, according to

 o drag
(W)P F ν=

 
(6.3)

The drag force can fairly easily be determined through a drag test [149,150].

Arm work and gross mechanical effi ciency

Power production during hand rim wheelchair propulsion is achieved by  upper-body 

work, primarily the arms. The relatively small muscle mass of the upper  extremities 

and increased tendency for local fatigue leads to a much lower maximal work  capacity 

in comparison to legwork. Peak upper-body oxygen uptake is usually 60%–85% of 

that in leg work [175]. Measurement of power output in wheelchair exercise testing, 

in combination with physiological measurements of the cardiorespiratory strain, gives 

additional information on the physical capacity of the person, and is also required for 

the calculation of the effi ciency of the wheelchair–user system. The gross mechanical 

effi ciency (ME) is defi ned as the ratio between externally produced energy (power out) 

and internally liberated energy (En: i.e., oxygen cost under submaximal, physiological 

steady-state conditions), according to

 
−= ×1

o n
ME ( ) 100 (%)P E

 
(6.4)

6.5.1 VEHICLE MECHANICS

Overall, innovation in vehicle mechanics has changed the specifi cs of the daily 

use and sports wheelchair dramatically in the light of load reduction, stability, 

and endurance. As is indicated in Table 6.1, various aspects of wheelchair design 
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TABLE 6.1
Mechanical Factors and Their Way in Which 
They Infl uence Rolling Resistance of Hand 
Rim Wheelchairs

Factors Rolling Resistance

Body mass ↑ ↑
Wheelchair mass ↑ ↑
Tire pressure ↓ ↑
Wheel size ↑ ↓
Hardness fl oor ↓ ↑
Camber angle ↑ ?

Toe-in/out ↑ ↑↑
Castor shimmy ↑ ↑
For-aft position center of mass 

closer to large rear wheels

↓

Folding frame (versus box frame) ↑
Maintenance ↓ ↑

Source: van der Woude, L.H., et al., Med. Eng. Phys., 23, 713, 2001. 

With permission.
and technology have a major impact on rolling resistance [108] and thus on the 

mechanical and metabolic strain of the user [170].

The rolling resistance is the major opposing force in daily life and is heavily 

infl uenced by relatively straightforward aspects of “bicycle technology,” such as 

wheel and tire characteristics, frame design, overall weight, etc. From a prac-

tical perspective, much profi t can relatively easily be gained from proper and 

regular maintenance and from the choice of material, especially critical in the 

light of prevention of mechanical overuse and physical inactivity. Many different 

wheel and tire characteristics have been studied in fair detail [93,147,168] for that 

purpose.

THEORETICAL SIDESTEP (3): VEHICLE MECHANICS

The mechanical performance of a wheelchair is subject to rolling friction, air drag, and 

internal friction of the wheelchair. Task load can be expressed as external power, or the 

energy per unit time that is required to maintain the speed of the wheelchair–user com-

bination. With the help of a so-called “power balance,” the forces and energy sources 

responsible can be systematically evaluated [170]. The power balance for wheelchair 

propulsion can be expressed in the following equation:

 o roll air int
( sin )· ( )P F F F mg ma W= + + + α + ν

 
(6.5)
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where

Po is the external power output

a is the acceleration of the system

m is the mass of the wheelchair + user

α is the angle of slope or inclination

If a wheelchair is kept at a constant speed, the athlete has to produce a certain amount 

of energy per unit time, or power. This is called external power (Po). This external 

power is produced by the user and requires a much higher amount of internal power. 

The external power output is necessary to overcome energy losses in the system. The 

wheelchair–user combination will lose energy in the form of rolling resistance, air 

resistance, and internal resistance in the mechanical structures of the chair. When 

more external power is produced than is needed to overcome these losses, the chair 

will accelerate. The magnitude of acceleration will be dependent on the weight of the 

chair (ma). Also, the surplus of external power can be used to overcome a slope (mg sin 

l). On the other hand, negotiating a slope will, at a given external power output, lead 

to slowing down of the system. The terms ma and mg sin l should not be considered 

as straight losses since they will work both ways. Energy, invested in acceleration 

or climbing, will be “harvested” when coasting or descending. In the following, we 

will briefl y discuss the sources of energy losses; rolling resistance, air resistance, and 

internal friction.

Rolling resistance

In daily use conditions, rolling resistance generally is the major resisting force. 

Below relative head wind conditions of 2 m s−1, air drag is still negligible. Rolling 

resistance can be determined in different manners. A coast-down technique is 

frequently used to determine rolling friction characteristic of the wheelchair in 

combination with different floor surfaces, or the effect of combined air and roll-

ing resistance. A second method is the drag test. Also, rolling resistance can be 

measured by measuring the push force as is exerted by a wheelchair attendant to 

evaluate different floor surfaces [99,102] (Figure 6.8). This may lead to consider-

ably high resisting forces and as a consequence to high start-up and push forces, as 

described by Koontz et al. [108].

Apart from fl oor surface, rolling friction is essentially dependent on the charac-

teristics of the wheels and tires; rolling resistance is lower for wheels with a larger 

radius and for harder tires. Rolling resistance can be expressed as the following 

equation:

 
1 1

roll 1 1 1 2 2 2
( ) ( ) ( )F N R N R N− −= η + η

 
(6.6)

where

R1 and R2 are the radii of the front and rear wheels

N1 and N2 indicate the relative weight on those wheels

η1, η2 are the friction coeffi cients

The magnitude of the friction coeffi cients is related to the amount of deformation of 

tire and fl oor surface. This deformation dissipates energy [189]. Deformation is depen-

dent on tire pressure, tread and profi le, or wheel diameter, but also on wheel align-

ment (Table 6). Wheel toe-in or toe-out has a considerable effect on rolling resistance. 
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FIGURE 6.8 Effects of different fl oor surfaces on the horizontal (for-after) push force 

(measured with an experimental push wheelchair with two degrees of freedom force 

 transducer). (From van der Woude, L.H., et al., Med. Eng. Phys., 23, 713, 2001. With 

permission.)
For camber this is not so clear. It appears that, according to experimental results of 

Veeger et al. [196], camber of the rear wheels has no negative effect on rolling fric-

tion. However, Weege [23,196] advocates the opposite on the basis of theoretical 

considerations.

A special—frequently encountered problem in daily wheelchair use and racing—

is the effect of a side slope [64]. The wheelchair generally will have the tendency 

to coast down a slope, which makes the steering of the wheelchair complicated and 

increases rolling resistance due to the effect on the alignment of the front casters. For 

that purpose track and racing wheelchairs are equipped with steering mechanisms that 

fi xes the direction of the front wheel in a preset direction.

Air resistance

The second important factor in the power balance equation (Equation 6.6) is air resis-

tance. In wheelchair racing this factor is by far the most important source of energy 

losses. Air resistance is dependent on the drag coeffi cient (Cd), frontal plane area (A), 

air density (∂), and velocity of the air fl ow relative to the object (v):

 

2

air d

1
 (N)
2

F AC v= ∂
 

(6.7)

As mentioned earlier, air resistance will be of minor importance at low speeds, but at 

high speeds and/or wind velocities air resistance will be the most important source 

of resistance. Following Abel and Frank [29] at slow speed (1 m s−1) air drag will 

be below 1 N, while at 5 m s−1 the drag force due to air resistance is ±14 N, which 

implies an average power output of (5 × 14=) 70 W for wind resistance only at that 

wheelchair speed. It is obvious that the frontal plane area is dependent on the posture 

of the athlete. Although a wind tunnel experiment has been performed [64] as well as 

empirical measurements, no recent fi gures on air resistance have been published in 
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association with contemporary wheelchair sitting posture and propulsion technique. 

However, from cycling or speed skating many new developments were transferred to 

wheelchair racing. Next to frontal plane area reduction, adaptation of the seat posi-

tion and orientation of the segments of the body, and the application of skin suits 

will infl uence the drag coeffi cient. Especially in hand cycling both optimization of 

aerodynamics and the power producing muscle mass of arms and trunk has led to 

higher speeds and endurance.

Internal friction

Energy losses within the wheelchair are caused by bearing friction around the wheel 

axles and in the wheel suspension of the castor wheels and possibly by the deformation 

of the frame in folding wheelchairs during the force exertion in the push phase. Bear-

ing friction generally is very small, and given that the hubs have annular bearings and 

are well maintained and lubricated, this friction coeffi cient will not exceed 0.001 [32]. 

However, the losses in ill-maintained bearings can be considerable. An experimental 

comparison of one subject with a worn out castor wheel bearing in his racing wheel-

chair with seven companion racers in a similar design wheelchair showed that the 

mean values for power output of the seven subjects (with a higher overall mean body 

weight) was 20 W lower at a velocity of 3.3 m s−1, which implies—at a theoretical gross 

ME of 8%—an increase in oxygen consumption of 0.75 L min−1 for the subject in the 

wheelchair with the worn-out castor. This occurred despite the fact that this subject 

had a lower body weight than the other seven subjects.

An unknown aspect of internal energy dissipation is the loss of propulsion energy 

due to deformation of the frame elements. This will clearly be possible in folding 

wheelchairs, but has not been addressed empirically. The use of levers and cranks does 

introduce a chain, chain wheel and gearbox-related friction.

The change in frame construction material from the original steel into other mate-

rials (aluminum, titanium, and carbon fi ber-reinforced materials, chrome alloy) has 

had a strong impact on the design, mass, stability, strength, and endurance of the 

wheelchair today [175]. Over the years, the folding mechanism has been replaced 

by the box frame design in many hand rim wheelchair models, thus reducing the 

potential internal loss of energy of propulsion into nonstiff joints, nuts, and bolts.

Depending on the conditions of use, tires and wheels can be changed or are 

wheelchair task-specifi c, e.g., tennis, basketball, wheelchair rugby, track wheel-

chairs. These are all different and highly task-specifi c in design. The choice of tires 

and castor wheels will not only depend on rolling characteristics and conditions of 

use but also on riding comfort. “No-more fl ats” have a reduced spring character-

istic and a higher rolling resistance compared to pneumatic tires [38,56,200], but 

no risk of a puncture. Above that, “no-more fl ats” have a worse shock absorbance 

quality. Comfort is not the only reason to seek for shock absorption and reduction 

of vibration in hand rim wheelchairs. Vibration and shocks may impact the condi-

tion of the spinal column and produce low back pain [64,72,102]; prevention may 

be relevant in those sensitive to spinal or low back pain. Pneumatic tires have good 

spring and shock reducing characteristics, but may require more power to propel on 

certain  materials in comparison to harder wheel/tire materials [90]. The “Spinergy”* 

* www.spinergy.com
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PBO fi ber spokes (and hubs and rims) that are seen today, are ultralightweight, are 

stronger, and suggested to be better on shock absorption than the traditional wheel 

technology. In addition to shock absorption of the usual pneumatic tires, some wheel-

chairs are equipped with suspension in the castors or at the rear. This may indeed be 

comfortable, but leads to increased energy consumption [170].

Vehicle mechanical aspects that further impact wheelchair stability, versatility, 

and energy cost of wheeling are camber of the rear wheels and the for-aft position. 

The optimum must be strived for within the individual demands of the user. All 

in all, construction and mass of the wheelchair are pivotal to performance. The 

body mass of the person in the chair is often of greater importance than wheelchair 

mass, however. Body weight management is an important aspect in both rehabilita-

tion and sports practice that should not be underestimated. In addition, environ-

mental characteristics are of crucial importance [44,87,119,154,168,199], but are 

diffi cult to infl uence.

6.5.2 PHYSICAL WORK CAPACITY

Apart from age, gender, and genetics, upper-body exercise capacity and ME are 

dependent on training status, expertise, impairment, and the mode of exercise. 

Hand rim wheelchair propulsion shows lower effi ciency and peak power out-

put values, when compared to arm crank exercise or hand cycling [78], as is for 

instance summarized in data from Haisma et al. [45] and Dallmeijer et al. [78] 

(Figure 6.9).

In individuals with a SCI, work capacity is generally associated with lesion level. 

Haisma et al. [77,78] showed that in the initial rehabilitation (T1) the physical work 
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FIGURE 6.9 Overview from literature (each dot represents the mean outcome of a separate 

study; the dash indicates the weighted mean of the different studies) of peak performance 

(power output, PO; peak oxygen uptake, VO2) levels in persons with SCI during hand rim 

propulsion wheel chair exercise (WCE) and arm crank exercise (ACE). (From Haisma, J.A. 

et al., Spinal Cord., 44, 642, 2006. With permission.)
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FIGURE 6.10 Model outcomes of peak hand rim wheelchair performance on a motor-

driven treadmill (PO, peak power output; VO2, peak oxygen uptake) in persons with SCI 

 during (T1–T3) and one year after conclusion of clinical rehabilitation (T4), based on 

multilevel regression analysis. (From Haisma, J.A., et al., Arch. Phys. Med. Rehabil., 
87, 741–748, 2006. With permission.)
capacity generally improved from a generally extremely low value, just after the 

lesion, to values almost double that value one year after conclusion of rehabilitation 

at T4, however consistently being lower for those with a cervical spinal cord lesion 

when compared to those with paraplegia (Figure 6.10).

A critical review of literature shows many other sources of variation in exercise 

testing modes and protocols, which will infl uence the outcome and comparability 

of results. The bottom line, however, is that hand rim arm work is limited but can 

be very well trained [164,167]. It is also evident that people with lower-limb dis-

abilities have a lower work capacity than able-bodied individuals performing leg 

exercise. Despite that, people with lower-limb disabilities will improve performance 

due to training and exercise. Athletes overall exhibit higher levels of performance 

than nonathletes and especially sedentary individuals [94,97,164], as exemplifi ed in 

Tables 6.2 and 6.3. Anaerobic or sprint work capacity has been studied less fre-

quently in wheelchair users [46,77,97,167], but is probably equally important as aero-

bic capacity or body muscle strength during daily functioning. In addition, there 

appear to be strong associations among anaerobic, aerobic, and upper-body strength 

outcome measures for wheelchair users [42,88,98]. Physical strain of standardized 

daily wheelchair arm work (expressed as percentage heart rate reserve) is inversely 

associated to work capacity [98,105], even in a longitudinal context and during 

rehabilitation [10].

6.5.3 WHEELCHAIR–USER INTERFACE

Of utmost importance for performance in sports is the individual tuning of wheel-

chair–user interface, where the wheelchair is fully fi tted to the individual functional 

characteristics. Over the years, the importance of fi ne-tuning the wheelchair–user 
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TABLE 6.2
Aerobic Capacity in Male Wheelchair Athletes and Sedentary Subjects 
of Some Selected Arm Crank and Wheelchair Ergometry Studies

Authors Mode N ISMGF Disability
VO2 

(L/min)
VO2 

 (ml/kg/min)
Heart Rate 

(b/min)
Power 

output (W)

Gass and 

Camp 

(1979)

MDT 8 T4–L3 40.6

Wicks et al. 

(1983)

MDT 40 Ic–V C7–S1 2.23 32.9 175 81.1

Davis and 

Shephard 

(1988)

ACE 15 III–V T6–L5 2.24 182 97

Veeger et al. 

(1991a)

MDT 9

1 Ic

T4–T6

C7–C8

1.72

1.64 27.3

177

150

6 II T1–T5 1.84 23.0 170 66

10 III T6–T10 1.97 26.8 175 80

13 IV T11–L3 2.42 36.9 182 85

7 V L4–S1 2.38 40.6 182 79

3 Other POL 2.94 39.4 160 93

Gass et al. 

(1995)

MDT 10 1.94 27.1 181

Vinet et al. 

(1997)

WCE 8 III–IV T8–L3 2.67 40.6 174

Pare and 

Simard 

(1993) 

Sedentary

WCE 35 II–V <T1 1.63 23.9 187 39

Huonker 

et al. (1998) 

Athletes

WCE 29 T1-S2 1.76 34.59 183 89

Sedentary WCE 20 SB, T2–T12 1.14 23.9 162 50

Keyser et al. 

(1999)

WCE 15 a.o. SB, 

T2–T12

1.14 14.6 146

Woude et al. 

(2002)

WCE 3

4

T1

T2

C5/6–C7

C7

0.67

1.30

110

133

22

51

8 T3 T5–L1 2.04 183 86

23 T4 T6–S1 

POL, SB

2.29 187 106

Source: van der Woude, L.H., et al., Med. Eng. Phys. 23, 713, 2001. With permission.

ACE, arm crank exercise; MDT, motor-driven treadmill; WCE, wheelchair ergometry; T1 t/m T4, 

ISMGF functional classifi cation; AMP, amputees; CP, cerebral palsy; HEM,  hemiplegia; KA, 

knee artrodesis; POL, polio; SB, spina bifi da; SCI, spinal cord injury; F, female. 
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TABLE 6.3
Wheelchair Sprint Power Production in Wheelchair Athletes and 
Sedentary Subjects (Men and Women) for a Number of Wheelchair 
and Armcrank Studies

Authors Modus N ISMGF Disability

Peak Sprint

Po (W) Po (W/kg)

Coutts and 

Stogryn 

(1987)

WCE 2

3

1 (F)

Ia, Ib

III–V

IV

C6–C7

T9–T12, POL

T10

46

143

85

0.77

2.02

1.73

Lees and 

Arthur 

(1988)

WCE 6 II–V T1–L5 102–149a

Janssen et al. 

(1993)

WCE 9 I 41.4 0.51

Sedentary 6 II 70.4 0.85

15 III 95.9 1.22

12 IV 114.4 1.45

2 V 100.5 1.47

Woude et al. 

(1997)

WCE 3

4

T1

T2

C5/6–C7

C7

23

68

0.36

1.03

8 T3 T5–L1 100 1.65

23 T4 T6–S1 

POL, SB

138 2.36

6 (1F) CP 35 0.51

6 (1F) AMP, KA, 

HEM

121 1.85

4 (F) T2 C5–C7, POL 38 0.83

3 (F) T3 T8, SB 77 1.47

3 (F) T4 T12–S1,

 SB, POL

76 1.51

Hutzler 

et al. (1998)

ACE 13

15

II

III–VI

T1–T5

T6–S5

280

336

10 AMP AMP 443

12 POL POL 394

40 All 341

Source: van der Woude, L.H., et al., Med. Eng. Phys., 23, 713, 2001. With permission.

ACE, armcrank ergometry; WCE, wheelchair ergometry; T1 t/m T4, ISMGF functional classifi -

cation; AMP, amputees; CP, cerebral palsy; HEM, hemiplegia; KA, knee artrodesis; 

POL, polio; SB, spina bifi da; F, female.
a Values in dependence of different workloads.
interface to the individual has gradually reached daily practice in rehabilitation 

[10,113,120,159]. Geometry of the interface—e.g., propulsion mechanism, seat 

inclination and height, for-aft position, rim form, size and surface, camber angle—

markedly affects propulsion technique, effi ciency, and thus energy cost and probably 
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mechanical loading [12,75,109,122,136,146,174,197]. First and foremost is the role 

of the propulsion mechanism itself, which will be discussed in the next paragraph. 

Since hand rim propulsion is common in western countries, some of these will be 

discussed below.

Seat or rear wheel axle position and height has been studied by different groups 

and was shown to affect effi ciency as well as different indices of propulsion  technique 

in experimentation or through modeling [173,174]. Especially, the  different segment 

orientation of the arms and trunk will affect the force–length characteristics at 

which the muscles operate. The different study outcomes on seat height are however 

not very well comparable.

Unpublished results in a group of individuals with a SCI (Figure 6.11) show 

a tendency toward an optimum seat height in the range of 110°–130° elbow 

angle (which is defi ned according to a standardized seating posture, hands at 

top-dead-center, shoulders over the wheel axis; full extension = 180°). A simi-

lar study in able-bodied subjects suggests an optimum seat height at 100°–110° 

[75,109,122,146,197]. The for-aft axle position has been evaluated [74,122], and 

may be indeed individually optimized, but is more complex, since in practice it will 

infl uence both task load (rolling resistance) as well as the wheelchair–user interfac-

ing characteristics.

Individual fi ne-tuning of the wheelchair–user interface is all in all an important 

 prerequisite for long-term healthy wheeling in daily life and in sports. Available guide-

lines, based on common practice, are limited and still lacking a suffi cient evidence base.

THEORETICAL SIDESTEP (4): RIM RADIUS, 
GEAR RATIO, AND CAMBER

The use of a different hand rim diameter size—essentially using a different gear 

setting—is often seen in wheelchair racing (often a much smaller rim size) or reha-

bilitation (in unilateral use of two differently sized rims simultaneously on one side); 

obviously rim size is limited by the wheel size. The hand rim radius is in fact a gearing 

level. Smaller hand rims—often seen in racing—will result in a larger force and smaller 

hand velocity at a given traveling speed. It is logical that different task conditions will 

require different hand rim diameters or gearing levels: groups of well-trained sub-

jects may want a gearing, which enables them to compete at high velocities, whereas 
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FIGURE 6.11 Effect of seat height (expressed in degrees elbow angle (full extension = 180°) 

on gross ME (mean ± SD); ME (%) ) in N = 12 subjects with a SCI.
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a steep incline for physically less able subjects will demand a low gear. The relevance 

of different gear ratios in hand rim wheelchairs is stressed by the results of different 

experimental studies [193].

Veeger et al. [177] showed that at equal submaximal power output, a higher mechani-

cal advantage (0.43–0.87) i.e., a higher hand velocity—and simultaneously a lower mean 

resisting force—led to a higher cardiorespiratory response. Simultaneously, the increase 

in linear hand velocity during the push phase led to a decrease in effective force, which 

decreased from 71% to 58%. In addition, the amount of negative work at the beginning 

and end of the push increased with a higher  mechanical advantage. Application of a vari-

able gearing in hand rim wheelchairs is worth considering, but complicated, technically 

speaking. But different rim diameters are more common, especially in track wheelchairs. 

In wheelchair sports athletes tend to individualize their choice of hand rim size, tube 

diameter, and profi le. To study the physiological effects of rim size, Woude et al. [137] 

conducted an experiment with a racing wheelchair and fi ve different rim diameters in 

which track athletes participated at speeds up to 4.2 m s−1. Rim diameter varied from 

0.30 to 0.56 m. Results showed that the largest rim led to the highest physiological strain 

and lowest effi ciency levels. Heart rate showed a mean difference of 20% (10–20 b min−1) 

between the smallest and the largest rim size. Again the linear speed of the hand rim lim-

ited performance: fi ve out of eight athletes were unable to perform at a velocity of 4.2 m s−1 

(power output did not exceed 50 W!). The full advantage of variable gearing, however, 

is met in hand cycles and lever systems. However, the appropriate choice of ratio will be 

power and velocity dependent.

Richter and Axelson studied the possible role of compliance of the hand rim, 

in the reduction of mechanical impact on the hand, and showed positive effects of a 

specifi c compliant hand rim design on impact force [169]. Results suggest the pos-

sible preventive role of such material on wrist and shoulder overuse. Results of van 

der Woude and de Groot [189] evaluating different hand rim profi les and surface 

material did not show signifi cant results on effi ciency or force production, but showed 

subjective preference among the nonwheelchair users for a round foam rubber (7.5 ± 

0.53 cm) coated hand rim.

Camber

The majority of sports wheelchairs are equipped with cambered rear wheels. There 

appears to be a biomechanical rationale for the suggested better performance with 

cambered wheels: with the top of the wheels as near as possible to the trunk the 

rims are in a plane more or less passing through the shoulder joint. This would pre-

vent the upper arms to abduct in the frontal plane, thus reducing static effort of the 

shoulder muscles. The effective force vector can also be directed as closely as pos-

sible to the shoulder joint. Whether these assumptions were valid, was studied by 

Veeger et al. [141] for basketball wheelchair use during propulsion at speeds of 0.56 

to 1.39 m s−1 on a motor-driven treadmill (N = 8 nonwheelchair users). During four 

subsequent exercise tests the camber angle varied randomly from 0° to 3°, 6°, and 9°. 

The  cardiorespiratory parameters indicated no positive or negative effect of camber 

angle in this wheelchair model. Similar fi ndings were seen for the kinematics: no 

change in abduction angle was evident with camber angle. The electromyography sig-

nal even showed an absence of activity of the major shoulder abductor (m.deltoideus 

pars medialis) during the push phase. The authors explained this phenomenon by stat-

ing that the abduction, that occurs during the push phase, is not an active process, but 

a side effect of the action of the major shoulder muscles (mm.pectoralis major and 

the deltoideus pars anterior). Their activity would lead both to antefl exion as well as 
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abduction and endorotation, because of the closed kinetic chain that exists between the 

hand and the shoulder in the push phase. It thus appears that camber does not affect the 

functional load. However, also the positive effect of camber on stability is relevant, as 

well as the fact that the hands are protected when passing along objects.

An estimated 90% of all wheelchairs is hand rim-propelled [191,192]. Although hand 

rim wheelchair propulsion has been described as a physically straining form of ambu-

lation, this propulsion mode has been on the market for over 60 years and will remain 

to do so, despite its disadvantages of a low effi ciency and high mechanical load. The 

hand rim is the propulsion mechanism that evidently interacts the closest with the 

human system as possible: each stroke of the hands propels, brakes, or turns the wheel-

chair with direct visual, proprioceptive, and kinesthetic feedback to the user, directly 

expressing information about position, speed, and spatial orientation of the body. Also, 

the wheelchair is relatively small and maneuverable in small spaces and transportable.

THEORETICAL SIDESTEP (5): HAND RIM WHEELCHAIR 
PROPULSION TECHNIQUE

Propulsion forces

Hand rim wheelchair propulsion comprises a pushing phase and a recovery phase. 

During the pushing phase, the hands make contact with the rims and force is applied 

by the athlete to the rims. Since the hands hold the rims and therefore automatically 

follow the circular movement of those rims, the movement of the hands and arms 

can be characterized as a guided movement. In guided movements the forces that are 

applied by the hands do not directly infl uence the trajectory of the hands. As a conse-

quence, it is possible to apply force that is not tangential to the hand rims. Any force 

that has a tangential force component will contribute to propulsion. The propulsive 

force can, but does not have to be applied tangential to the hand rims.

Experimental results have shown that propulsion forces are indeed not tangentially 

directed (Figure 6.12). Veeger et al. [202] introduced the term fraction effective force 

(FEF) as a measure for the effectiveness of force application. The FEF is defi ned as

 
−= ×1

m tot
FEF * | | 100 (%)F F

 
(6.8)

where

Fm is the tangential force component

|Ftot| is the magnitude of the propulsion force (Figure 6.12)

FEF and ME

In general the FEF was below 80%. Wu et al. [14] reported values of 47%–49% for riding 

at a self-selected pace on level ground and average FEF values of 63%–74% for riding 

on a ramp of 2.9°–7.1°. Boninger et al. [193] found values of 52%–54% for the force ratio 

Fm
2/Ftot

2, which is a slightly different defi nition for the FEF than is used here. Apart from 

an effect of speed or gear ratio on FEF [50,110], FEF seems to be a stable attribute of the 

human system in hand rim propulsion. Effects of learning [47], training [169], or hand 

rim profi le [52] were negligible. A feedback-based learning process to maximize FEF 

was successful on FEF, but had a negative effect on gross ME, indicating a nonnatural 
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FIGURE 6.12 A typical description of characteristics of a hand rim wheelchair push 

(propelling from left to right at speed V): the effective tangential force component (Fm) and 

torque (M), the net torque around elbow and shoulder (*), the three orthogonal constituents 

(Fx, Fy, Fz) of the total force vector (Ftot), the hand torque (Mh), and the typical negative force 

values (dip) at the start and end of the push phase in the description of M over time (t).
adaptation of the human system [52,109]. FEF and force production appear inherently 

associated to the functional anatomy of the human system and the geometry of the task. 

Optimization on the mere mechanics of manual force and force effectiveness (e.g., a max-

imal tangential force component) thus is not necessarily consistent with optimization of 

energy cost and gross ME [142,144,183]. Much work has to be done in that realm, prefer-

ably using modeling techniques [47,50,190].

Timing

As in other cyclic tasks, profi ciency of performance is fi rst and foremost expressed 

in changes in the timing of the motion pattern. A reduction of the cycle frequency 

(and by defi nition an increase in the amount of work per cycle) is typical in the 

initial phase of learning and training hand rim wheelchair propulsion [53]. Although 

different hand trajectories in hand rim propulsion have been described, it remains 

unclear which would be the optimum pattern in terms of mechanical effi ciency [176]. 

Woude et al. [71] and Goosey et al. [6,60,86] have shown that both experienced and 

inexperienced wheelchair users have a preferred push frequency, which shows the low-

est energy cost and highest effi ciency values, compared to lower or higher paced fre-

quencies. It is diffi cult to suggest any clear guidelines for technique from these timing 

data, other than accepting that human system seeks for energetically optimum perfor-

mance forms and conditions in cyclic wheelchair arm work.

Motor learning and training

Rehabilitation in lower-limb-disabled individuals is basically a continuous process of 

training and (motor) learning. Hand rim wheelchair training has been evaluated in very 

few studies [47,172]. Even less is known of motor learning underlying practice and 

training. Little is known of these processes. De Groot et al. [50–54] showed in her 

studies that apart from shifts in energy cost and gross ME as a consequence of motor 
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learning, timing show typical changes toward a lower cycle frequency and thus a longer 

stroke time and recovery cycle. Changes in the force pattern and FEF are not that obvi-

ous. Changes in muscle activation patterns are also much more diffi cult to detect.

6.6 ALTERNATIVE PROPULSION MECHANISMS

Given the very limited work capacity of wheelchair users in general, stresses of hand 

rim mobility results in fatigue and local discomfort of the upper extremity with the 

described risk of repetitive strain injuries. The natural solution could be the provi-

sion of electric wheelchairs, but the already existing health-threatening inactivity 

cycle will not be stopped in this way. For this purpose, alternative wheelchair propul-

sion mechanisms (especially levers and cranks) have been the subject of study since 

the late 1960s [178].

The use of an alternative propulsion mechanism has evidently been studied as 

a solution to the drawbacks of hand rim wheelchair use (Figure 6.13).* A review of 

Woude et al. [19,179] substantiates the benefi ts of other than hand rim-propelled 

wheelchairs in terms of energy cost and physical strain (Table 6.4). However, little to 

nothing is known in literature about the biomechanical and physiological mechanisms 

that may explain the benefi cial performance, especially of hand cycling [178].

Different experiments on lever and crank-propelled wheelchairs have shown 

that these propulsion mechanisms indeed are less straining and more effi cient than 

hand rims in general [123–125]. Lever, and especially, crank-propelled tricycle 

wheelchairs prove their important role in more extreme environmental conditions 

in many nonwestern countries [178]. They allow higher velocities over a longer 

duration at the same or even a lower physical strain due to the following factors: a 

natural grip of the hands to a well-formed handle bar, with the arms moving within 

the visual fi eld, mostly making a fully circular motion, not needing the coupling–

uncoupling actions in hand rim propulsion. In addition, cranks and levers allow the 

use of all fl exor and extensor muscles around the arm–shoulder joints to actively 

contribute to external work over the full motion cycle; the latter in contrast to hand 
(a) (b)

FIGURE 6.13 Two examples of contemporary hand cycles. (a) A tracker or attach-unit hand 

cycle and (b) a fi xed frame race hand cycle.

* www.doubleperformance.nl
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TABLE 6.4
Characteristics of Different Propulsion Mechanisms, Partly Based 
on Experimental Data

Hand Rim Hand Cycle

Basket Racing Fixed Attach-unit Lever Hub

Max ME (%) <10 <8 >13 >13 >13 >12

Strain CVS High High Low Low Low Low?

Strain MSS High High Low Low Low Low?

Risk RSI High High Low? Low? Low? Low?

Top speed (km h−1) 15 30 >30 30 30 30

Mass (kg) <10 <8 10–15 15 10–15 <10

Coupling hand − − ++ ++ ++ +

Force direction − − + + ++ +

Bi-modal − + + + + +

Continuous work 

production

− + + + + +

Outdoor use + ++ +++ +++ ++ +

Maneuverability ++ ± − − − −

Indoor use ++ ± − ± − −

Steering ++ ± ± ± ± −

Brake ± − + + + −

Transportation ++ ++ − + − ±

Maintenance + + ± ± ± +

Source: van der Woude, L.H., et al., Med. Eng. Phys., 23, 713, 2001. With permission.

Note:  CVS, cardiovascular system; MMS, musculoskeletal system; RSI, repetitive strain injury; ME, 

mechanical effi ciency. Lever propulsion is a cyclic arm movement with an almost horizontal push 

(and pull) action in front of the body. The hub crank is a small crank fi xed to the hub of the wheel 

that allows a full 360° circular motion in racing wheelchairs. –: negative; +: positive aspect.
rim propulsion where the discontinuous motion allows active work only during 

30%–40% of the cycle [1,45,48,194].

The use of modern technology and lightweight materials has led to the rein-

troduc-tion of the synchronous hand cycle for outdoor use [2,48,61,96,107,118,179]. 

Disadvantages of the early hand cycles—such as weight, size, and limited maneuver-

ability—have partly been overcome. The contemporary lightweight well-looking tri-

cycles have multiple gears, as well as good braking and steering qualities. Even those 

individuals with high level spinal cord lesions can in- and egress and can couple to the 

pedals with special gloves. Using a synchronous arm mode, both arms move in the 

same angular pattern, thus preventing a confl ict with the simultaneous steering task 

[45,165,179], and a higher effi ciency and power output can be obtained [3,4,39,114,115]. 

The use of tracker or attach-unit system (an add-on front wheel crank unit, which 

is combined with the daily hand rim wheelchair) has made the crank propulsion 
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mechanism more practical in daily life outdoors for both transportation as well as 

recreation, but the hand rim-propelled wheelchair remains crucial indoors.

The current booming development of crank-propelled tricycles in the industri-

alized countries serves not only the young and active wheelchair user, but also the 

less well-trained individual or those with more extensive limitations. In the end, 

the frequent active use of other than hand rim-propelled wheelchairs may help 

prevent some of the secondary complications among the wheelchair user popula-

tion today.

6.6.1 POWER SUPPORT

Recent developments in both measurement technology as well as the electronic 

motors allow the use of wheel-hub-mounted power support motor technology 

(Figure 6.14) in, for instance, hand rim wheelchairs [39,114,115], as well as hand 

cycles. Depending on the individual tuning, and based on the manual force input of 

the wheelchair user into the propulsion mechanism, the motor will or will not sup-

port the user in overcoming an obstacle, a ramp, or rough terrain, albeit ordinary 

daily wheeling. As a consequence, cardiorespiratory strain and most likely mechani-

cal strain will be reduced under these wheeling conditions [27,55,83–85]. Especially 

in those persons who are temporarily injured to the upper extremity or very frail 

subjects, this type of power support will be relevant. For the latter group, the power 

support system may help to extend the use transition to an electrical wheelchair. Less 
FIGURE 6.14 A wheel-hub mounted power support system for a hand rim wheelchair.

� 2008 by Taylor & Francis Group, LLC.



positive aspects of such a system are its additional mass and the limited control and 

delay that may be present in the power support regulation.

6.7  OTHER ASSISTIVE TECHNOLOGY FOR 
AN ACTIVE LIFESTYLE

Within the broader context of an active lifestyle and restoration of mobility in SCI and 

individuals with other lower-limb impairments, biotechnical research over the past 

decades not only evolved in the fi eld of wheeled mobility, but also with respect to 

walking and lower-limb functioning. Body weight-supported treadmill walking [117] 

and the use of gait-assisting robotics have an impact on therapeutic exercise training 

in SCI and stroke rehabilitation. Also, robotics in ADL and upper-extremity support 

[24,104,203] and the upper-extremity neuroprostheses based upon (implemented) elec-

trical stimulation (ES) for those with tetraplegia [11,27,84,85] are examples of specifi c 

assistive technology that supports restoration of function and functionality in among 

others persons with SCI, but seem to warrant a lifelong rehabilitation commitment.

Neuromuscular and functional ES does not limit itself to upper-body  exercise, 

as can be seen from the different applications over the past. ES (treadmill) walk-

ing [82,95,134] and cycling have been in the fi eld for more than four decades and 

have shown its possible clinical benefi ts in scientifi c research to a large extent 

[8,63,70,82,134]. The therapeutic use of stationary recumbent ES bicycles in 

SCI has become a common therapeutic element in various western countries, espe-

cially for those with SCI, and has stimulated the development of technology for ES 
FIGURE 6.15 The hybrid tricycle Berkelbike in use.
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recumbent cycling in real life [82], allowing a more active lifestyle even in high-

lesion SCI. These hybrid devices use simultaneously voluntary upper-body arm 

work and ES leg work in subjects with SCI or stroke. An example is the Berkelbike 

[8,82], shown in Figure 6.15.* These new devices will require an additional ergo-

nomics-oriented research input to reach an optimal long-term functioning of the 

“assistive technology–user combination.”

Eventually, this will determine the quality and usability of assistive technology 

in daily life and directly impact on nonuse. Population surveys among wheelchair 

users, although complex, must provide a better understanding of user demands, func-

tional and technical requirements of assistive technology, and thus functionality and 

durability in the context of its economic value [141].

6.8 ERGONOMIC GUIDELINES

A recent comprehensive analysis of international literature by a distinguished group 

of experts in the Consortium for Spinal Cord Medicine [16] has provided a fi rst set 

of useful ergonomic guidelines for individuals with a SCI who use a hand rim wheel-

chair. A summary of these guidelines is given in Table 6.5. As is recognized by the 

authors, the real scientifi c evidence-base of the formulated guidelines is very limited 

and is in itself a strong stimulus for continued research and (international) collabo-

ration in order to improve our understanding of the issues at hand and to provide 

additional evidence for certain guidelines and new perspectives.

6.9 CONCLUSIONS

Systematic biomechanics and ergonomics research has contributed to the evolution 

of wheeled mobility technology in rehabilitation and daily life, and in wheeled sports 

and subsequent rehabilitation technology. Innovations in assistive technology and 

the understanding of a wheelchair-confi ned lifestyle have led to improved but still 

highly limited evidence-based rehabilitation practice, and beyond that toward an 

increased freedom of mobility and quality of life of wheelchair-confi ned individuals. 

Understanding of the underlying causal and preventive mechanisms of (secondary) 

health issues, the role of an active lifestyle and fi tness training and sports, will serve 

to further evolve rehabilitation guidelines and treatment, and the active daily func-

tioning of individuals using manual wheelchairs. Much work has still to be done to 

further help improve the state of the art of mobility in both sedentary and athletic 

lower-limb-disabled individuals, as is indicated with the presented elements for a 

research agenda on rehabilitation technology and patient-related (experimental and 

prospective) research are suggested.

Apart from optimizing the wheelchair–user interface, one needs to carefully 

consider maximizing overall work capacity of users and further reduction of the 

vehicle mechanical losses to ensure a real optimum level of mobility.

Despite an increasingly strong research effort over the past decades, existing 

guidelines for wheelchair design and fi tting as well as for the prevention of overuse 

problems in hand rim wheelchair use lack a suffi ciently strong evidence-base.

* www.berkelbike.nl
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TABLE 6.5
Summary of Recommendations from the Consortium 
for Spinal Cord Medicine

Summary of Recommendations

Initial Assessment of Acute SCI

1. Educate health care providers and persons with SCI about the risk of upper limb pain and 

injury,the means of prevention, treatment options, and the need to maintain fi tness.

2. Routinely assess the patient’s function, ergonomics, equipment, and level of pain as part of a 

periodic health review. This review should include evaluation of

■ Transfer and wheelchair propulsion techniques.

■ Equipment (wheelchair and transfer device).

■ Current health status.

Ergonomics

3. Minimize the frequency of repetitive upper limb tasks.

4. Minimize the force required to complete upper limb tasks.

5. Minimize extreme or potentially injurious positions at all joints.

■ Avoid extreme positions of the wrist.

■ Avoid positioning the hand above the shoulder.

■  Avoid potentially injurious or extreme positions at the shoulder, including extreme internal 

rotation and abduction.

Equipment Selection, Training, and Environmental Adaptations

6. With high-risk patients, evaluate and discuss the pros and cons of changing to a power wheelchair 

system as a way to prevent repetitive injuries.

7. Provide manual wheelchair users with SCI a high-strength, fully customizable manual wheelchair 

made of the lightest possible material.

8. Adjust the rear axle as far forward as possible without compromising the stability 

of the user.

9.  Position the rear axle so that when the hand is placed at the top dead-center position on the 

pushrim, the angle between the upper arm and forearm is between 100° and 120°.

10. Educate the patient to

■  Use long, smooth strokes that limit high impacts on the pushrim.

■  Allow the hand to drift down naturally, keeping it below the pushrim when not in actual 

contact with that part of the wheelchair.

11.  Promote an appropriate seated posture and stabilization relative to balance and stability needs.

12.  For individuals with upper limb paralysis and/or pain, appropriately position the upper limb in bed 

and in a mobility device. The following principles should be followed:

■ Avoid direct pressure on the shoulder.

■ Provide support to the upper limb at all points.

■  When the individual is supine, position the upper limb in abduction and external rotation on a 

regular basis.

■  Avoid pulling on the arm when positioning individuals.

■  Remember that preventing pain is a primary goal of positioning.

13.  Provide seat elevation or possibly a standing position to individuals with SCI who use power 

wheelchairs and have arm function.
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TABLE 6.5 (continued)
Summary of Recommendations from the Consortium 
for Spinal Cord Medicine

14.  Complete a thorough assessment of the patient’s environment, obtain the appropriate equipment, 

and complete modifi cations to the home, ideally to Americans with Disabilities Act (ADA) 

standards.

15. Instruct individuals with SCI who complete independent transfers to

■ Perform level transfers when possible.

■ Avoid positions of impingement when possible.

■  Avoid placing either hand on a fl at surface when a handgrip is possible during transfers.

■ Vary the technique used and the arm that leads.

16.  Consider the use of a transfer-assist device for all individuals with SCI. Strongly encourage 

individuals with arm pain and/or upper limb weakness to use a transfer-assist device.

Exercise

17.  Incorporate fl exibility exercises into an overall fi tness program suffi cient to maintain normal 

glenohumeral motion and pectoral muscle mobility.

18.  Incorporate resistance training as an integral part of an adult fi tness program. The training should 

be individualized and progressive, should be of suffi cient intensity to enhance strength and 

muscular endurance, and should provide stimulus to exercise all the major muscle groups to 

pain-free fatigue.

Management of Acute and Subacute Upper Limb Injuries and Pain

19.  In general, manage musculoskeletal upper limb injuries in the SCI population in a similar fashion 

as in the unimpaired population.

20.  Plan and provide intervention for acute pain as early as possible in order to prevent the 

development of chronic pain.

21.  Consider a medical and rehabilitative approach to initial treatment in most instances of 

nontraumatic upper limb injury among individuals with SCI.

22.  Because relative rest of an injured or postsurgical upper limb in SCI is diffi cult to achieve, 

strongly consider the following measures:

■  Use of resting night splints in carpal tunnel syndrome.

■ Home modifi cations or additional assistance.

■  Admission to a medical facility if pain cannot be relieved or if complete rest is indicated.

23.  Place special emphasis on maintaining optimal range of motion during rehabilitation from upper 

limb injury.

24. Consider alternative techniques for activities when upper limb pain or injury is present.

25. Emphasize that the patient’s return to normal activity after an injury or surgery must occur 

gradually.

26.  Closely monitor the results of treatment, and if the pain is not relieved, continued workups and 

treatment are appropriate.

27.  Consider surgery if the patient has chronic neuromusculoskeletal pain and has failed to regain 

functional capacity with medical and rehabilitative treatment and if the likelihood of a 

successful surgical and functional outcome outweighs the likelihood of an unsuccessful 

procedure.

(continued)
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TABLE 6.5 (continued)
Summary of Recommendations from the Consortium 
for Spinal Cord Medicine

28. Operate on upper limb fractures if indicated and when medically feasible.

29. Be aware of and plan for the recovery time needed after surgical procedures.

30.  Assess the patient’s use of complementary and alternative medicine techniques and beware of 

possible negative interactions.

Treatment of Chronic Musculoskeletal Pain to Maintain Function

31.  Because chronic pain related to musculoskeletal disorders is a complex, multidimensional clinical 

problem, consider the use of an interdisciplinary approach to assessment and treatment planning. 

Begin treatment with a careful assessment of the following:

■ Etiology

■ Pain intensity

■ Functional capacities

■  Psychosocial distress associated with the condition

32.  Treat chronic pain and associated symptomatology in an interdisciplinary fashion and incorporate 

multiple modalities based on the constellation of symptoms revealed by the comprehensive 

assessment.

33. Monitor outcomes regularly to maximize the likelihood of providing effective treatment.

34.  Encourage manual wheelchair users with chronic upper limb pain to seriously consider use of a 

power wheelchair.

35.  Monitor psychosocial adjustment to secondary upper limb injuries and provide treatment if 

necessary.

Source: Boninger, M.L., et al. Clinical Practice Guidelines: Spinal Cord Medicine: Paralyzed Veterans 
of America, 2005, pp. 1–36. With permission.
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7.1 INTRODUCTION

A routine day in the life of most people involves spending a signifi cant amount of 

time seated, whether it is in a classroom or at work, in a vehicle, or at home. The 

seat we use is often chosen by chance or availability (classroom, work). In other 

instances, a seat is chosen based on one’s own personal preference (home). The pro-

cess of picking the appropriate seat might seem trivial to most people, but when 

considering that one spends a signifi cant part of the day seated, much thought should 
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be given to the seat of choice in order to reduce the chances of medical complications 

associated with prolonged sitting. Several studies have shown that prolonged sitting 

can increase the risk of developing lower back pain, shoulder pain, and neck pain. 

These musculoskeletal disorders are frequent causes of sick leave that lead to the loss 

of millions of work days every year (Kvarnstrom, 1983; Johanning, 2000; Morken 

et al., 2003; Cagnie et al., 2007; Krismer et al., 2007).

Ariëns et al. (2001) reported that sitting at work for more than 95% of the work-

ing hours is a risk factor for developing neck pain. A study performed with European 

truck drivers found that 81% of the participants reported a musculoskeletal problem 

in at least one area of the body during the year prior to the study. Lower back pain 

had the highest incidence at 60%, followed by shoulder pain (39%), knee pain (36%), 

and neck pain (34%) (Robb and Mansfi eld, 2007). An increase in car driving time 

also leads to an increase in the number of absent days from work due to lower back 

pain (Porter and Gyi, 2002). Even among teenagers, prolonged periods of sitting are 

associated with a higher incidence of neck and shoulder pain (Auvinen et al., 2007).

Moreover, sedentary activities, such as watching television and reading, were associ-

ated with neck pain in girls, while working or playing on a computer were associated 

with neck pain in boys.

While most able-bodied individuals can experience some type of posture-related 

pain at any time during their life due to prolonged sitting, postural disorders are not 

the only medical complication associated with prolonged sitting. A different disor-

der arises when the seated individual has reduced mobility and sensation, such as a 

person with a spinal cord injury (SCI) who is wheelchair dependent. While an able-

bodied individual subconsciously moves periodically in his/her chair to relieve the 

discomfort of sitting, the same may not be possible for a person with SCI.

Approximately 75% of a person’s body weight is supported by the buttocks and 

the ischial tuberosities when sitting upright. In this position, the soft tissue (skin, fat, 

fascia, muscle) between the seat surface and the ischial tuberosities is compressed, 

thereby reducing blood fl ow and generating mechanical stresses and strains in the 

tissue, especially in the muscles around the bony prominences. If this condition is 

maintained for an extended period of time, a pressure ulcer begins to develop in 

the affected tissue, in particular the muscle. The time required for an ulcer to begin 

developing can vary for each individual depending on the muscle mass and overall 

health of the person; however, a seat that distributes pressure around the buttocks 

poorly will lead to a reduction in the time required for an ulcer to begin forming.

7.1.1 INCIDENCE OF PRESSURE ULCERS

A pressure ulcer is defi ned by the National Pressure Ulcer Advisory Panel (NPUAP) 

in the United States, as a “localized injury to the skin and/or underlying tissue usu-

ally over a bony prominence, as a result of pressure in combination with shear and/or 

friction” (Black et al., 2007). Although the general layperson is usually unaware of 

the prevalence of pressure ulcers, ulcers are one of the main complications associated 

with immobilization and loss of sensation. Populations at risk of developing pressure 

ulcers include the elderly, residents of long-term care facilities and nursing homes, 

patients in acute and critical care units, patients who must undergo lengthy surgeries, 
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as well as individuals who have suffered neurological insults such as SCI or stroke 

(Labbe et al., 1987; Conine et al., 1989; Woolsey and McGarry, 1991;  Salzberg et al., 

1996; Zanca et al., 2003; Edlich et al., 2004). A review of all  published Medline 

articles during 1990–2000 conducted by the NPUAP indicated that clinical incidence 

rate of pressure ulcers is 7%–38% in acute care settings; 8%–40% in critical care set-

tings; 4%–21% in the operating room; 7%–23% in long-term care; and 16%–17% in 

homecare settings (Panel, 2001). Variation in the incidence rates was reported to be 

due to variations in the defi nitions of an ulcer, formulas used to calculate incidence 

rates, mixed populations and sources of data, as well as random variation among the 

different studies.

Ulcers can develop within a few hours of immobilization. Aronovitch (2007) 

reported that among patients who developed a pressure ulcer intraoperatively, the 

median time of the surgery was 4.48 h. The estimated annual cost of treating hospi-

tal-acquired pressure ulcers alone in North America is in the range of $2.2 to $3.6 

billion (Zanca et al., 2003) and $2.6 to $4.0 billion in the United Kingdom (Bennett 

et al., 2004). Although the risk and incidence of pressure ulcers increase with age, 

pressure ulcers can also develop in immobilized infants and children, where the 

incidence rates in pediatric intensive care units have been reported to be as high as 

27% (Curley et al., 2003).

Individuals with SCI are especially at risk of developing ulcers due to their 

impaired sensation and atrophied muscles (Guthrie and Goulian, 1973; Thiyagarajan 

and Silver, 1984). More than 80% of individuals with SCI develop pressure ulcers 

(Salzberg et al., 1996), with incidence rates varying depending on the level and com-

pleteness of injury. Richardson and Meyer (1981) reported a 60% incidence rate in 

individuals with complete quadriplegia, 42% in incomplete quadriplegia, 52% in 

complete paraplegia, and 29% in incomplete paraplegia. Similarly, Young and Burns 

(1981) reported a 40%–45% incidence of pressure ulcers per year in all grades of 

sensory and motor quadriplegia. In a 3 year study focusing on veterans with SCI, 

Garber and Rintala (2003) showed that 39% of the participants were diagnosed with 

at least one pressure ulcer at any given time of the study and each experienced an 

average of four ulcers. Pressure ulcers on the pelvic area accounted for 67% of all 

ulcers and 76% of those required hospitalization. Originally, pressure ulcers were 

referred to as “bedsores” or “decubitus ulcers” due to the high incidence of this type 

of lesions in individuals confi ned to a bed; however, ulcers also develop in wheel-

chair users. The most susceptible location for pressure ulcers in wheelchair users is 

the tissue over the ischial tuberosities where muscle–bone interface forces are great-

est (Ferguson-Pell, 1980; Drummond et al., 1982; Breuls et al., 2003b). Ischial ulcers 

represent 24% of the total incidence of pressure ulcers (Liu et al., 1999).

Severe ulcers require an average hospital stay of 2 months and cost $15,800–

$72,680 to heal (Rischbieth et al., 1998). Given that 320,000 North Americans are 

currently living with SCI, the annual costs of treating pelvic ulcers in 39% of this 

population alone are $1.0–$4.6 billion. In addition to the fi nancial consequences, 

pressure ulcers lead to further debilitation in individuals whose physical abilities are 

already compromised, further reduction in general independence and productivity, 

and lowering of self-esteem and self-worth (Krouskop et al., 1983). This results in a 

considerable decrease in the individual’s overall quality of life.
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The gravest risk associated with a developed pressure ulcer is the  possibility of 

death from complications associated with an open infected wound, such as  bacteremia 

(Galpin et al., 1976; Bryan et al., 1983; Wall et al., 2003). Higher mortality rates 

have been observed in individuals with pressure ulcers compared to age-matched 

subjects without ulcers, in particular among the elderly (Brandeis et al., 1990). 

In the United States between 1990 and 2001, pressure ulcers were reported as a cause 

of death for 114,380 persons (Redelings et al., 2005). A widely known case of death 

due to complications associated with a pressure ulcer was the tragic loss of the actor 

Christopher Reeve, who in 2004 died of cardiac complications caused by an infected 

pressure ulcer.

7.2 ETIOLOGY OF PRESSURE ULCERS

Pressure ulcers are a medical complication associated with immobilization, affecting 

bedridden individuals and wheelchair users. Pressure ulcers develop when soft tissue 

is compressed between a bony prominence and a surface for an extended period of 

time (Guthrie and Goulian, 1973; Fennegan, 1983; Swarts et al., 1988; Woolsey and 

McGarry, 1991; Salcido et al., 1995). The regions of the body commonly affected by 

pressure ulcers include the sacrum, ischium, heels, elbows, scapulae, trochanters, and 

the occiput (Figure 7.1). The main factors behind the formation of a pressure ulcer are 

the high mechanical stress and shear forces generated during the compression of the 

soft tissue. The prolonged exposure of the tissue to these excessive forces can directly 
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FIGURE 7.1 Regions at risk of developing pressure ulcers.
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FIGURE 7.2 Pressure ulcer formation process.
lead to irreparable cell damage due to tissue deformation (Daniel et al., 1981; Bouten 

et al., 2003; Breuls et al., 2003b; Linder-Ganz and Gefen, 2004; Linder-Ganz et al., 

2006, 2007; Stekelenburg et al., 2006b, 2007). In addition, extended loading of the tis-

sue renders the tissue ischemic, limiting or eliminating the fl ow of oxygen and nutrients 

into the affected tissue and the removal of metabolic waste away from it. In the process 

of pressure ulcer development, ischemia is a major cause of injury to the tissue (Kosiak 

et al., 1958; Kosiak, 1959, 1961). Subsequent reperfusion of ischemic and already 

injured tissue can further increase the damage to the tissue (Grace, 1994; Gute et al., 

1998; Peirce et al., 2000; Tsuji et al., 2005), initiating a negative cycle of  metabolic 

changes in the tissue that lead to the formation of a pressure ulcer (Figure 7.2).

7.2.1 EFFECTS OF ISCHEMIA AND REPERFUSION

Pressure in excess of that for capillary perfusion causes capillary occlusion, and 

 interrupts the supply of oxygen and nutrients to the tissue and the removal of  carbon 

dioxide and metabolic waste (Lyder, 2003). The lack of oxygen forces the cells to 

switch to anaerobic respiration, which in turn alters the concentration of energy 

metabolites important for cell function and homeostasis. The rate of adenosine 

triphosphate (ATP) production decreases and the levels of creatine phosphate (PCr) 

and glycogen decrease as they are used to produce new ATP. The levels of lactic 

acid and inorganic phosphate (Pi) increase, causing a decrease in pH, which in turn 

leads to clumping of nuclear chromatin and DNA inactivation (Grace, 1994; Tupling 

et al., 2001b). The duration of cell survival under anaerobic conditions depends on 

the type of the cell: skeletal muscles being highly sensitive to the lack of oxygen. 

Levels of ATP in the intracellular muscle space are reduced by 26% and 96% 30 min 

and 4 h after ischemia, while lactic acid is increased by 35% and 1000%, respec-

tively (Tupling et al., 2001a,b; Kabaroudis et al., 2003). Levels of PCr and glyco-

gen are reduced by 99.4% and 88% and Pi is increased by 400% 4 h after ischemia 

(Tupling et al., 2001a,b). Depletion of ATP also disrupts the Na+K+-ATPase pump, 
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which maintains the balance of osmotic pressure between the intra- and extracellular 

 environments. Upon failure of the pump, K+ diffuses out of the cell while Na+ accu-

mulates inside accompanied by an accumulation of water, leading to cell swelling 

and eventual bursting of the membrane.

Under ischemic conditions, substrates for producing oxygen free radicals are 

formed. The enzyme xanthine dehydrogenase (XDH), which is found in the sarco-

lemma and mitochondria of aerobic muscle fi bers and in the capillary endothelial 

cells of skeletal muscle, is converted to xanthine oxidase (XO). Moreover, ATP is bro-

ken down into hypoxanthine and xanthine, releasing iron in the process (Gute et al., 

1998). As the duration of ischemia increases, the concentrations of XO, hypoxanthine, 

and xanthine increase.

Paradoxically, reperfusion of tissue following prolonged periods of ischemia can 

result in further injury even though restoration of blood fl ow is essential to main-

tain the living conditions of the cells (Grace, 1994). In the presence of oxygen, XO 

reacts with hypoxanthine to produce superoxide (O2

−  
 ), and with xanthine to produce 

hydrogen peroxide (H2O2). Hydrogen peroxide in turn reacts with iron and produces 

hydroxyl radical (OH). Therefore, the sudden increase in available oxygen triggers 

a large production of H2O2 and free radicals that have three main harmful effects: 

(1) peroxidation of cell membranes; (2) oxidative modifi cations of proteins; and 

(3) lesions in DNA. These changes further damage the cell, leading it to necrosis 

(Labbe et al., 1987; Grace, 1994; Gute et al., 1998; Appell et al., 1999; Kabaroudis et 

al., 2003). Reperfusion also brings to the affected tissue large amounts of neutrophils 

whose increased infi ltration has been associated with increased amounts of damage 

to the tissue (Grace, 1994; Gute et al., 1998). Leukocyte accumulation leads to an 

increase in tissue edema. Moreover, some leukocytes are believed to aggregate in 

the capillaries, occluding them, and partly contributing to the “no-refl ow” effect, 

where tissue oxygenation is not restored even when there is normal blood fl ow in the 

arteries. This cascade of morphological, biochemical, and functional changes in the 

cell leads to its death (Finestone et al., 1991; Gilsdorf et al., 1991; Sagach et al., 1992; 

Grace, 1994; Tupling et al., 2001a,b).

7.2.2 EFFECTS OF EXCESSIVE MECHANICAL COMPRESSION

Excessive deformation of tissue, caused by the mechanical forces generated during 

loading, is recognized not only as the cause of ischemia in the tissue that leads to 

pressure ulcer formation, but also as a direct cause of tissue injury. These mechani-

cal forces are (1) normal stress, (2) shear stress, and (3) friction. Normal stress is 

the distribution of force applied to a determined area of the tissue in a direction 

 perpendicular to the support surface, as a result of the loading of the tissue. This type 

of stress is commonly referred to as “pressure,” and causes the compression of the 

tissue between a bony prominence and the support surface. A study of the effects of 

pressure and its role in the etiology of pressure ulcers conducted by Kosiak identifi ed 

an inverse relationship between the magnitude of pressure applied to the tissue, and 

the duration of the application (Kosiak, 1959). Higher levels of pressure applied for 

shorter periods of time were found to be as damaging to the tissue as lower levels of 

pressure applied for prolonged periods (Kosiak, 1959). Although traditionally high 

pressure levels were only considered the main cause for ischemia, which was in 

turn considered as the main cause for pressure ulcer formation, recent studies have 
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shown that high pressure levels are capable of directly injuring the tissue. At the cel-

lular level, in vitro studies have shown that the compression of single cells as well 

as that of engineered tissue causes deformation in the cell’s membrane, which can 

be irreversible and lead to cell death (Bouten et al., 2001; Peeters et al., 2003; Breuls 

et al., 2003a). Animal experiments have also indicated that the combined effects of 

compressive loading and ischemia cause greater tissue injury than ischemia alone 

(Stekelenburg et al., 2007). Normal stress is the main cause for the formation of deep 

tissue injury (DTI) (see Section 7.4).

Shear stresses are forces distributed parallel to the support surface. In the  etiology 

of pressure ulcers, they are usually accompanied by friction, which is the force that 

opposes the movement between two surfaces. These types of forces are generated by 

the degree of inclination of the upper body in an individual lying in bed or sitting in 

a wheelchair, or by the manner in which a person is repositioned. When inclined, the 

body tends to slide downward due to gravity, generating friction between the skin and 

the bed, which opposes the direction of movement. This generates shear stresses in the  

tissue, with the deep tissue pulling downward as the superfi cial tissue pulls upward. 

Similar forces are generated when a person is repositioned without being completely 

lifted. A study conducted by Goldstein and Sanders (1998) showed that shear forces 

injure superfi cial tissue layers, and the onset of injury becomes more rapid as the shear 

forces increase. Repeated exposure to friction causes tearing of the skin, and is consid-

ered a factor in the etiology of superfi cial pressure ulcers (Dinsdale, 1973; Dinsdale, 

1974). Tissue could also be subjected to torsional stress, however, this specifi c type of 

stress is not  considered a cause for tissue injury in the pressure ulcer formation process.

7.2.3 OTHER FACTORS

Several other factors have been associated with the formation of pressure ulcers, such 

as incontinence, poor nutritional status, cardiovascular diseases, atrophied muscles, 

and the presence of scar tissue from previous pressure ulcers. Although these factors 

on their own do not generate a pressure ulcer, a person affl icted by any of them is at 

a higher risk of developing a pressure ulcer.

Incontinence typically arises as a complication from a SCI or as a result of aging. 

When present, incontinence increases the amount of moisture in the skin. Prolonged 

exposure to moisture can lead to maceration and breakdown of the skin. Several stud-

ies have associated the presence of incontinence with a higher risk of pressure ulcer 

development (Brandeis et al., 1994; Schnelle et al., 1997; Benoit and Watts, 2007). 

Besides providing excessive moisture, incontinence can also lead to skin breakdown 

because of its contents. Urine contains several metabolic waste products, in particu-

lar urea, which can lead to skin irritation due to its acidic nature. In addition, once an 

ulcer has developed, incontinence increases the risk of infection of the wound.

A poor nutritional status can affect a person’s health in many forms, in addition 

to the risk of development of pressure ulcers. Individuals with nutritional defi cits are 

more likely to develop a pressure ulcer and have lower healing rates once an ulcer 

has developed (Thomas, 1997; Mathus-Vliegen, 2004). In particular, lower levels of 

serum albumin have been associated with higher risks of developing pressure ulcers 

(Gengenbacher et al., 2002; Reed et al., 2003).

One effect of immobilization, especially after a SCI is the lack of muscle tone 

and atrophy of the muscles below the lesion level. Loss of muscle mass in the gluteal 
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region leads to higher interface pressure levels around the ischial tuberosities, the 

location most at risk of developing pressure ulcers in wheelchair users.

People who have had a pressure ulcer are also at higher risk of developing a recur-

ring ulcer, primarily due to scar formation and compromised tissue integrity after 

the ulcer has healed (Woolsey and McGarry, 1991). Deep scars act as promoters for 

pressure ulcer development because of their mismatched mechanical properties with 

the surrounding muscle; this subjects the surrounding tissue to heightened interfacial 

stresses, increasing the likelihood of ischemia and excessive mechanical deformation.

7.3 CLASSIFICATION OF PRESSURE ULCERS

Traditionally, pressure ulcer development had been considered to initiate at the level 

of the skin and progress to encompass the underlying fat, muscle, and bone tissue. 

Based on the progression of the lesion, pressure ulcers are classifi ed according to a 

scale set forth by the NPUAP (Black et al., 2007). This scale was originally defi ned 

in 1989 and has been updated over the years as knowledge related to pressure ulcers 

advanced. These are the four stages in the scale (Figure 7.3):

Stage I: Redness or discoloration of intact skin compared to surrounding areas, 

usually over bony prominences. Changes in skin temperature and consistency may 

also be present.

Stage II: Shallow wound that may appear as an open blister or abrasion.  Damage to 

the tissue is limited to the dermis and/or epidermis.

Stage III: Full thickness tissue loss appearing as a deep crater wound. Damage to the 

tissue involves the skin and subcutaneous fat, but not the muscle or bone.

Stage IV: Full thickness tissue loss appearing as a deep crater wound.  Extensive 

damage to the skin and all underlying tissues, including the fat, muscle, and bone 

may be present.
Stage I

Stage III

Stage II

Stage IV

Skin

Fat

Muscle

Bone

FIGURE 7.3 Classifi cation of pressure ulcers.
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FIGURE 7.4 Progression of DTI from unaffected tissue (1) to stage IV ulcer (6).
Candidate factors for ulcers originating at the level of the skin are friction between 

skin and an external surface, tissue hygiene, moisture, increased  temperature, circu-

latory integrity, and nutrition (Salcido et al., 1995).

The development of pressure ulcers can also initiate at deep bone–muscle 

 interfaces, and progress toward the skin destroying the surrounding tissue (Daniel 

et al., 1981) (Figure 7.4). This type of ulcer would fi rst appear as a bruise or pur-

ple lesion on the skin that would quickly deteriorate into a stage III or IV ulcer. 

 Pressure ulcers with this etiology had not been formally considered as a type of 

pressure ulcer. It was not until 2001 when the NPUAP defi ned this type of pressure 

ulcer DTI, and created a task force to review the literature regarding this type of 

pressure ulcer etiology. Recently, the NPUAP has updated its pressure ulcer staging 

system to include DTI:
Deep tissue injury:  Injury to the deep layers of tissue due to pressure and/or 

shear forces under intact skin. Indications of deep damage may appear as a purple 

 discoloration of the skin, resembling a bruise. Tissue may also exhibit a different 

 consistency compared to adjacent areas.

The leading factor for the formation of DTI is the entrapment and compression of 

tissue between a bony prominence and an external hard surface for extended periods 

of time (Guthrie and Goulian, 1973; Fennegan, 1983; Swarts et al., 1988; Woolsey 

and McGarry, 1991; Salcido et al., 1995).
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Deep tissue injury is more perilous than surface ulcers as it is diffi cult to detect 

and can cause severe damage in bone, ligament, muscle, and fat prior to exhibiting 

obvious skin signs.

7.4 DETECTION OF DEEP PRESSURE ULCERS

7.4.1 VISUAL INSPECTION OF THE SKIN

Pressure ulcer detection relies almost exclusively on the judgment of the nursing 

staff and attending physicians for individuals being cared for at a clinical institu-

tion. The most commonly used technique for detection of a pressure ulcer is frequent 

inspections of the skin to assess the presence of visible redness or ulcerations. The 

assessment is typically based on the visual appearance of the skin; however, it is 

recommended that the visual inspection be accompanied by palpation. Palpation is of 

particular importance in individuals with darkly pigmented skin, in whom the early 

changes in skin discoloration and nonblanchable erythema associated with the onset 

of a superfi cial pressure ulcer are harder to detect visually (Lyder, 1996; Lyder et al., 

1998, 1999; Rosen et al., 2006; Black et al., 2007). A universal system for classifying 

detected pressure ulcers quantitatively does not exist. However, the most frequently 

used technique is composed of the four-stage scale set forth by the NPUAP in the 

United States. A similar four-grade scale developed by the European Pressure Ulcer 

Advisory Panel (EPUAP) is utilized in Europe (Black et al., 2007).

There are three main limitations associated with skin inspections and the NPUAP 

scale for pressure ulcer detection and classifi cation: (1) The results are highly subjec-

tive and examiner dependent (Bergstrom, 1992; Garber et al., 1996). (2) Although 

the scale now recognizes the etiology of DTI as a type of pressure ulcer, by the time 

these deep ulcers exhibit skin signs, large volumes of bone, muscle, and fat would 

have already been destroyed. (3) Visual inspections are time-consuming and labor-

intensive. In addition, measurement of the depth of ulcers for proper assessment of 

their stage, and description of wound characteristics such as amount of fl uid dis-

charge are not commonly performed (Lyder, 2003). These limitations can increase 

the chance of misclassifi cation and inappropriate treatment of ulcers if no other 

system is utilized.

7.4.2 RISK ASSESSMENT SCALES

In addition to frequent skin inspections, a widely used tool that helps not only in the 

detection of pressure ulcers but also in their prevention, is the use of risk  assessment 

scales such as the Braden, Norton, and Waterlow scales. These scales try to classify 

individuals based on their risk of developing a pressure ulcer. Based on the assessed 

risk, resources can be better allocated to attend more carefully and frequently to those 

individuals at higher risk; this is of particular importance in centers with limited staff 

and resources dedicated to pressure ulcer detection and prevention. Of these three 

scales, the Braden scale offers the best validity and reliability and has been used in 

a larger number of studies compared to the Norton and Waterlow scales (Pancorbo-

Hidalgo et al., 2006). The Braden scale evaluates a person’s risk of  developing 

a pressure ulcer using six different subscales. These subscales are (1) sensory 
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perception, (2) activity level, (3) mobility, (4) nutrition status, (5) skin’s  exposure to 

moisture, and (6) skin’s exposure to shear and friction forces. For subscales 1–5 a 

score ranging from 1 to 4 is given, and for the sixth subscale the score ranges from 

1 to 3. Once a score has been given in each subscale, the scores are summed to give a 

fi nal score that ranges from 6 to 23, with lower scores being associated with a higher 

risk of developing a pressure ulcer (Braden and Maklebust, 2005). Despite the fact 

that the score given to the individual in each subscale is still based on the judgment 

of the caregiver, the use of this scale has improved the prediction of those at risk of 

developing pressure ulcers (Pancorbo-Hidalgo et al., 2006). The frequency of each 

assessment varies depending on the individual’s overall health and skin condition, 

as well as the institution’s settings; however, it is recommended that it be performed 

on admission, at least every 48 h for patients in acute care units; on admission and 

then every 48 h during the fi rst week, weekly for the fi rst month, and then monthly or 

quarterly for patients in long-term care; and on admission and  during every visit for 

patients in home care (Braden and Maklebust, 2005).

7.4.3 SUPERFICIAL PRESSURE MEASUREMENTS

Prolonged exposure to high loads has been considered the main cause behind the 

formation of pressure ulcers for a long time. Although there is debate regarding 

the main source of tissue injury in pressure ulcer formation (excessive mechanical 

deformation or ischemia), it is agreed that high pressure is the main cause for both 

processes. For this reason, superfi cial pressure measurements, which are measure-

ments made at the surface–skin interface, have been a valuable tool in the study of 

pressure ulcers. By measuring superfi cial pressures, it is possible to predict which 

regions of the body are most at risk for developing a pressure ulcer. In 1961, Lindan 

performed a study that provided pressure measurements of a healthy adult male lying 

supine, prone, on his side, and seated (Lindan, 1961). Pressure measurements were 

made by having the person lie down or sit on a “bed” of inverted nails. Each nail 

was attached to a spring with a specifi c stiffness, so as the man’s weight pressed 

down on the nails’ heads, pressure was calculated by measuring the compression of 

the springs. In this manner, whole body pressure maps were obtained. Later studies 

utilized air-fi lled bladders connected to a pressure transducer to obtain superfi cial 

pressure measurements with the objective of comparing the effectiveness of differ-

ent support surfaces and different sitting postures based on the reduction of pressure 

each surface and posture provide (Palmieri et al., 1980; Berjian et al., 1983; Rosenthal 

et al., 1996). As technological advances in electronic sensors took place, resistive 

and capacitive pressure sensors became common, making pressure-sensing sys-

tems more easily available. Commercially available pressure-sensing pads include 

XSENSOR (Calgary, AB, Canada, www.xsensor.com), TEKSCAN (Boston, 

MA, www.tekscan.com), FSA (the Netherlands, www.vistamedical.nl), and Novel 

(Munich, Germany, www.novel.de). Clinically, in addition to comparing support 

surfaces, the use of superfi cial pressure measurements has two more applications 

vital in the detection and prevention of pressure ulcers: (1) It allows the prescrip-

tion of the best pressure relieving cushion or mattress and/or the best repositioning 

regime for each individual; (2) It provides an assessment of the risk of developing a 

pressure ulcer for each person, allowing physicians and nursing staff to focus their 
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 attention on the individuals most at risk of developing a pressure ulcer. Although very 

helpful, superfi cial pressure measurements have some limitations: (1) Superfi cial pres-

sure measurements are dependent on the placement of the sensor, therefore, variation 

in the measurements will arise if the positioning of the person over the sensors is 

not exactly the same each time. (2) The use of different clothes and different support 

surfaces will generate pressure variations between sessions, especially if the resolu-

tion of the sensors is high. (3) Subject body shape and mass variability can make it 

diffi cult to generalize results and obtain statistically valid measurements between 

subjects, this can even become an issue within subjects if the body characteristics of 

the person change between measurements. (4) Numerical models studying the propa-

gation of mechanical forces from the surface–skin interface to deeper layers of tissue, 

indicate that the superfi cial pressure measurements may not accurately predict the 

stresses and strains experienced by the deeper layers of tissue (Oomens et al., 2003; 

Linder-Ganz and Gefen, 2004). This could lead to an improper assessment of people 

at risk of developing a pressure ulcer based on superfi cial measurements.

7.4.4 OBJECTIVE METHODS OF PRESSURE ULCER DETECTION

While frequent skin inspections and the use of risk assessment scales are the norm 

for pressure ulcer detection, over the years, a series of techniques have been proposed 

to indicate the viability and status of soft tissues subjected to periods of loading, and 

have assisted in the early detection of pressure ulcers. Laser Doppler fl owmetry has 

been utilized in several studies to measure changes in skin blood perfusion under 

loading conditions and its relationship to pressure ulcer formation (Ek et al., 1987; 

Frantz and Xakellis, 1989; Schubert and Fagrell, 1991; Schubert and Heraud, 1994; 

Colin and Saumet, 1996; Sachse et al., 1998); however, results have been mixed 

and with great degree of variability. Measurements of transcutaneous gas tensions 

(TcPO2 and TcPCO2) (Newson and Rolfe, 1982; Bader, 1990a,b; Colin and Saumet, 

1996; Colin et al., 1996; Knight et al., 2001) have provided solid practical educa-

tion for both patients and care givers (Bogie et al., 1992, 1995; Coggrave and Rose, 

2003); however, use of transcutaneous gas tensions has yielded no clear relation-

ship between gas levels of compromised tissue and the onset of progressive tissue 

breakdown that will ultimately result in a pressure ulcer (Bogie and Bader, 2005). 

Sweat analyses have also been proposed as indicators of increased risk of develop-

ing pressure ulcers (Ferguson-Pell and Hagisawa, 1988; Polliack et al., 1993, 1997; 

Taylor et al., 1994; Knight et al., 2001). When pressure is applied over a region of 

the body, sweat secretion in that region is reduced and the concentration of metabo-

lites like lactate and urea is increased. After the removal of pressure, these levels 

return to normal. Although these results indicate that sweat analyses could present 

a viable technique for predicting the formation of pressure ulcers, to date they have 

not received widespread use. During the last decade, magnetic resonance imaging 

(MRI) has been utilized to assess the damage in deep tissue generated by the external 

loading of the muscles. MRI provides excellent soft tissue contrast as well as high 

spatial and temporal resolution of deep tissue (Hencey et al., 1996; Bosboom et al., 

2001, 2003; Stekelenburg et al., 2006a,b; Solis et al., 2007; Stekelenburg et al., 2007). 

It allows for the assessment and quantifi cation of changes in different muscle prop-

erties as a result of extended compression of the muscle (Linder-Ganz et al., 2007; 
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Stekelenburg et al., 2007). While the results indicate that MRI is capable of detecting 

early morphological and physiological changes that result from extended loading of 

the muscles, its current moderate availability and high cost have limited its use to 

experimental testing only.

Given the startling prevalence of pressure ulcers and the great diffi culty and 

expense associated with their treatment, early detection methods of deep tissue dam-

age and objective predictors of individuals at risk are notably lacking. In particular, 

quantitative methods for the early detection and assessment of DTI prior to their 

development into open wounds are needed.

7.5 TREATMENT OF PRESSURE ULCERS

Treating pressure ulcers is diffi cult, often requiring prolonged hospitalization (Grip 

and Merbitz, 1986). Once a pressure ulcer is detected, it is assessed by document-

ing its location, size, depth, and amount of exudates, and classifi ed according to the 

NPUAP staging scale or an equivalent tool (Baranoski, 2006; Thomas, 2006). Once 

the assessment is complete, the fi rst step for treating a pressure ulcer is the removal 

of the mechanical forces, namely pressure, shear, and friction, which contributed to 

its development. Complete relief of pressure from the affected tissue is necessary to 

allow proper healing of the ulcer and stop its progression. Although necessary, the 

removal of pressure can be an extremely taxing procedure on the affected individual, 

since the person is unable to lie down on the affected area. This can become even more 

diffi cult when ulcers are present in more than one part of the body. For individuals in 

wheelchairs in particular, whose mobility is already limited, this can compromise their 

ability to use the wheelchair as they risk applying pressure to the affected region.

The next step in the treatment process varies depending on the severity of the 

ulcer. After the removal of pressure, ulcers that do not require debridement can be 

managed by the application of a variety of local wound dressings. Maintaining an 

appropriate level of moisture in the wound has been associated with improved heal-

ing; toward this end, different types of moist dressings can be used. Moist wound 

healing dressings can be classifi ed into (1) dressings that absorb exudate, such as 

alginates, hydrofi bers, and foams; (2) dressings that maintain moisture, such as 

hydrocolloids and transparent fi lms; and (3) dressings that donate moisture, such 

as hydrogels (Ovington, 2007). Dressings that provide an antimicrobial effect in 

addition to moisture control, such as silver containing dressings are also available 

(Ovington, 2007). While there are hundreds of different available dressings, there 

is no single treatment or dressing that can be universally applied to guarantee heal-

ing (Whitney et al., 2001), because the best dressing for each case is dictated by the 

wound conditions.

If the pressure ulcer already shows signs of necrosis, debridement of the necrotic 

tissue is recommended to allow proper healing. The debridement of the ulcer can be 

performed in several ways, such as (Baranoski, 2006) the following:

 Surgical debridement: This type of debridement consists of cutting away unvi-

able tissue to clean the wound. Depending on the severity of the ulcer, this can be 

performed at the bedside if only small amounts of tissue are involved, or in a surgical 

suite which is usually required in the case of stage IV pressure ulcers.
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 Mechanical debridement: Examples of this type of debridement include the use 

of wet-to-dry gauze dressings, whirlpool treatments, or wound irrigation treatments 

(pulsed lavage) to remove necrotic tissue by force. Of the three, pulsed lavage is the 

most commonly used method, consisting in the use of a handheld device (syringe) to 

apply saline solutions at safe pressure levels.

 Autolytical debridement: While autolytical debridement takes longer than sur-

gical debridement methods, it is relatively painless and easy to apply. The principle 

behind this method is to use the enzymes naturally present in the body to soften and 

breakdown the eschar and degrade the necrotic tissue. These enzymes are selective to 

necrotic tissue and spare viable tissue. To promote such autolysis, moisture-retaining 

dressings such as semiocclusive and occlusive (transparent fi lms, hydrocolloids, and 

hydrogels) dressings are used, as they provide an enclosed space over the wound in 

which a proper moisture environment facilitates cell movement. This method how-

ever, is not appropriate for infected wounds.

 Enzymatical debridement: This method utilizes proteolytical enzymes and is 

best suited for situations when surgical debridement is not possible. Even though 

this debridement process is slow, it can be utilized on infected wounds. Care must 

be taken because certain wound cleaners can deactivate the enzymes. While several 

enzymatical agents are commercially available, they require a prescription and are 

expensive, which limits their use.

 Biological debridement: Maggot larvae are placed in the wound, where they 

break the necrotic tissue and ingest microorganisms. They help remove bacteria 

from the wound and promote healing.

 Ultrasound-assisted debridement: Necrotic tissue is removed by applying 

 ultrasonic energy through a saline fl uid pressure wave.

After debridement is performed, the appropriate dressing is applied and 

 periodical assessments of the wound are made to track its progression. The Pressure 

Sore Status Tool (PSST) and Pressure Ulcer Scale for Healing (PUSH) are the two 

most widely used instruments to assess and track the healing of a pressure ulcer. 

These tools provide a numeric indicator of different characteristics of the pressure 

ulcer, such as wound size and depth, tissue appearance and coloration, and amount 

of exudate present (Baranoski, 2006; Thomas, 2006).

Severe ulcers, in which bone, muscle, and skin become necrotic, are often dealt 

with surgically. Necrotic tissue is excised and a musculocutaneous fl ap is sometimes 

used to fi ll the void created by the excision (Lyder, 2003). The fl aps provide wound 

closure and in some cases supply a sensory patch in an otherwise insensate region that 

is susceptible to sustained external pressures incurred while seated in a wheelchair. 

These surgical procedures are technically demanding, and complications involving 

irregularities in blood supply to the muscle or skin and potential damage to nerves 

providing sensory input to the fl ap are relatively high. High recurrence of ulcers 

following musculocutaneous fl ap surgeries has also been reported (Lyder, 2003).

Even though debridement and dressings are utilized to treat and heal a  localized 

pressure ulcer, care is taken to ensure the overall health of the patient. Given that 

a pressure ulcer is a potential entry point for bacteria into the body, the risk of 
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 infection is always latent. Infection of the wound can hinder the healing of skin 

grafts and muscle fl aps (Thomas, 2006). More dangerously, an infected wound 

can lead to bacteremia, which can be lethal, especially in individuals with already 

compromised health (Galpin et al., 1976; Bryan et al., 1983; Wall et al., 2003). 

 Culture swabs are often obtained from the wound site to quantify the colonization of 

bacteria and determine its type. To prevent the spread of infection, prophylactic anti-

biotic treatment is administered as necessary, in particular when there are signs of 

systemic infection.

An alternative technique to facilitate wound closure, recommended in 

 particular for stage III and IV ulcers with high amounts of exudate, is the use of 

vacuum-assisted closure (VAC) (Kaufman and Pahl, 2003; Smith, 2004). This 

technique consists of applying topical negative pressure to the wound surface to 

promote healing. To apply this technique, a porous foam dressing is placed directly 

over the wound surface and an adhesive dressing is placed over the foam, creat-

ing a contained environment. Negative pressure is achieved by inserting a tube 

attached to a vacuum pump into the foam dressing. The negative pressure cleans 

the wound, removing excessive exudate; it also promotes vasodilation, increasing 

blood fl ow and promoting granulation. Negative pressure also reduces bacterial 

colonization in the wound (Argenta and Morykwas, 1997; Morykwas et al., 1997). 

The use of VAC in the treatment of pressure ulcers induces faster healing rates 

and better wound closure when compared to hydrocolloid or alginate dressings 

(Smith, 2004).

Although not widely utilized in the treatment of pressure ulcers, the use of 

electrical stimulation has shown improved healing in chronic wounds and pressure 

ulcers (Griffi n et al., 1991; Gardner et al., 1999; Reger et al., 1999; Bogie et al., 2000; 

Houghton et al., 2003; Allen and Houghton, 2004). There is no consensus about 

the exact mechanism by which electrical stimulation improves healing. Suggested 

mechanisms include a reduction in bacterial growth due to electrical stimulation 

(Rowley et al., 1974); facilitation of white cell movement into the wound (Petrofsky 

et al., 2005); promotion of angiogenesis (Zhao et al., 2004); and an increase in blood 

fl ow in the wound area (Petrofsky et al., 2005). The electrical stimulation modalities 

typically utilized to treat wounds are low-intensity direct current (LIDC), high-

voltage pulsed current (HVPC), alternate current (AC), and microamperage electri-

cal stimulation (MES).

A fi nal step in the treatment of pressure ulcers is the monitoring and maintenance 

of a proper nutritional status of the person. In particular, higher intakes of vitamin C, 

zinc, and protein have been associated with improved healing (Breslow et al., 1993; 

Desneves et al., 2005; Lee et al., 2006). Vitamin C helps in the formation of con-

nective tissue and scar formation. Zinc is a component of several enzymes and is 

required for several metabolic processes. Proteins (amino acids, peptides, polypep-

tides) are required for the formation of the wound healing matrix, as well as helping 

to stabilize the intracellular oncotic pressure (Zagoren, 2001).

Even after a pressure ulcer has fully healed, the possibility of recurring pressure 

ulcers is extremely high, in particular in wheelchair users, in whom Niazi et al. (1997) 

reported a pressure ulcer recurrence rate of 91%. This exemplifi es the need to focus 

on preventing the initial onset of pressure ulcer formation in those persons at risk.
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7.6 PREVENTION OF PRESSURE ULCERS

7.6.1 REPOSITIONING

Given that excessive pressure, shear forces, and friction applied to the tissue around 

bony prominences are the main cause for pressure ulcer development, prevention 

methods are aimed at eliminating or reducing these forces. The gold standard for 

pressure ulcer prevention is the frequent repositioning of the individual to allow peri-

odical relief of pressure in areas at risk (i.e., sacrum, ischial tuberosities, trochant-

ers). At locales where individuals at risk of developing pressure ulcers are under the 

care of health professionals, for example at hospitals and nursing homes, the staff 

of the institution plays a vital role in preventing the formation of pressure ulcers. 

Patients or residents in these institutions who are unable to leave their bed or move 

independently rely entirely on the institution staff to be repositioned. While there is 

no conclusive evidence of an ideal repositioning frequency (Thomas, 2001, 2006; 

Defl oor et al., 2005; Vanderwee et al., 2007), traditionally the recommended repo-

sitioning time is every 2 h (Baranoski, 2006). This time, however, can vary for each 

individual, with some people requiring more frequent repositioning (Thomas, 2001, 

2006; Baranoski, 2006). In practice, each institution establishes its own pressure 

ulcer prevention program (Catania et al., 2007; de Laat et al., 2007), with reposi-

tioning frequency being determined by the patient’s condition, staff’s availability, 

and costs associated with the repositioning (Xakellis et al., 2001; Baranoski, 2006; 

Thomas, 2006). During repositioning, utmost care is taken to avoid dragging the 

person against the support surface, thus reducing friction at the skin and shear at 

the bone–muscle interfaces. For inpatient populations, frequent skin inspections and 

pressure ulcer risk assessments are also performed by the staff in conjunction with 

the repositioning program to further reduce the incidence of pressure ulcers. For 

people confi ned to bed but living at home, the repositioning and inspections are 

dependent on the individuals themselves, a relative or a private caregiver.

Repositioning is not only required for individuals in bed, but also for wheel-

chair users, in particular for individuals with SCI. Frequent postural adjustments to 

relieve internal pressure when seated, emulating the constant subconscious adjust-

ments performed by able-bodied individuals in reaction to discomfort, are a critical 

factor in the prevention of pressure ulcers. To this end, wheelchair users are encour-

aged to adjust their posture regularly. People with paraplegia are trained to perform 

wheelchair push-ups and those with quadriplegia are trained to perform side leans 

and front-to-back rocking to relieve ischial tuberosity pressure (Merbitz et al., 1985; 

Grip and Merbitz, 1986; White et al., 1989). However, for wheelchair users effective 

prevention through a regime of regular pressure relief is largely dependent on (1) 

individual compliance, (2) the ease with which the exercises can be performed, and 

(3) the effectiveness of these adjustments in producing adequate relief of internal 

pressure at the bone–muscle interface.

7.6.2 SPECIALIZED CUSHIONS AND MATTRESSES

A common and widely used method to aid in the prevention of pressure ulcers is the 

use of specialized wheelchair cushions, bed mattresses, and overlays to reduce the 
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pressure at the interface between the skin and the chair/bed (Garber, 1979, 1985a,b; 

Marshall and Overstall, 1983; Ferguson-Pell et al., 1986). Although the use of these 

special surfaces does not eliminate the need for periodical repositioning, by reducing 

the interface pressures these devices may allow a person to remain in the same position 

for a longer period of time without compromising the integrity of the tissue. This is of 

 particular importance for wheelchair users, who perform most of their daily activities 

sitting in the wheelchair, as well as for institutions where the staff available to aid in the 

repositioning is limited, and the time between repositions is longer than that usually 

recommended. Based on their operating mode, support surfaces can be divided into 

nonpowered and powered systems. Nonpowered systems provide a static  redistribution 

of pressure while powered systems provide a dynamic redistribution of pressure.

7.6.2.1 Nonpowered Pressure Redistribution Surfaces

These surfaces do not require any source of power to function. They are designed 

to maximize the surface area in contact with the skin, thus reducing the pressure 

at the skin–surface interface. Also, their compliant surface allows regions of high 

pressure under bony prominences to sink into the surface, thus diffusing the pressure 

to surrounding areas (Woolsey and McGarry, 1991). Nonpowered support surfaces 

can be made of different components including, viscoelastic foams, elastic foams, 

closed cell foams, open cell foams, and elastomers. They can also be composed of 

cells or bladders fi lled with water, air, gel, and viscous fl uids. The support surface 

can be made of any single type of component (Figure 7.5d) or a combination of dif-

ferent components (Figure 7.5c). Specialized wheelchair cushions are currently the 

only devices available for providing pressure relief while sitting, and are routinely 

prescribed by physical and occupational therapists.

Air-fi lled cushions are composed of multiple cells that are infl ated to a desired 

air pressure (Figure 7.5a). The amount of pressure reduction provided by air-fi lled 

cushions can be affected by variables such as the size, shape, material, air capacity, 

and air pressure of the infl ated cushion. In particular, the infl ating pressure of the 

cushion has been studied and associated with the cushion’s performance. Varying the 

infl ating pressure can change the amount of pressure relief provided by the cushion. 

Pitfalls of this type of cushion include diffi culties to adjust the infl ating air pressure 

by the user and/or caregiver (Hamanami et al., 2004). In addition, if not enough air 

pressure is utilized to infl ate the cushion, the user can “bottom out” in the cushion, 

eliminating any pressure relief.

Viscoelastic foam mattresses (Figure 7.5e) are made of heat-sensitive foam that 

allows them to mold to the contour of the body, providing a reduction in the interface 

pressures and a reduction of friction and shear forces (Beldon, 2002). In a study 

performed with patients in an acute care setting, the reported benefi ts of using this 

type of mattress were a reduction in the ward’s pressure ulcer incidence from a range 

of 3.5% to 4% to less than 1%; however, no direct comparison was made against 

other pressure relieving systems (Beldon, 2002). Different studies have compared 

the use of standard hospital mattresses and cushions against mattresses and cushions 

made from viscoelastic foam in the same population. The results indicate that the 

use of the specialized support surfaces offers better pressure reduction (Hampton 

and Collins, 2005), and signifi cantly reduces the incidence of blanchable erythema 
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FIGURE 7.5 Different types of specialized support surfaces: (a) air-fi lled cushion, 

(b) alternating air pressure mattress, (c) gel/foam cushion, (d) foam cushion, and (e) viscoelas-

tic foam mattress.
compared to standard devices; however, in the cases where blanchable erythema 

developed, the progression of the lesion seemed to be unaffected by the type of sup-

port surface utilized (Russell et al., 2003). When comfort was assessed, patients who 

utilized this type of mattresses found them more comfortable than their standard 

mattresses (Russell et al., 2003; Hampton and Collins, 2005), or other systems such 

as the  alternating pressure air mattresses (Beldon, 2002; Russell et al., 2003).

7.6.2.2 Powered Pressure Redistribution Surfaces

This type of support surface requires an external source of power to function, 

whether in the form of batteries or an AC plug. They are capable of providing a 

dynamic redistribution of pressure, wherein air or water is actively pumped so that 

the pressure within the supporting surface is continuously changing.

Alternating pressure air systems include cushions, mattresses (Figure 7.5b), 

and overlays. This type of system is made of air-fi lled cells through which air is 

pumped to maintain an alternating interface pressure (Gray, 1999). Some systems are 

equipped with a liquid crystal display through which adjustments to the alternating 

cycle can be made. In addition, they can also be equipped with audio alarms in case 

of  electrical or pressure failure (Gray, 1999). Other alternating pressure air  systems 

use variable density foam within the air cells; this makes the fl ow of air through 

the cells more subtle, and reduces the unpleasant sensations that some  alternating 

 pressure air systems can generate (Gray, 1999).
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Some drawbacks of alternating air pressure mattresses include (1) generating a 

sensation of “seasickness” in some people; (2) they are noisy, which makes sleep-

ing more diffi cult; and (3) they can be easily damaged (Beldon, 2002). Because the 

operation of powered wheelchair pressure reduction devices is dependent on com-

pressors and power supplies, these systems can limit the person’s mobility and in 

turn, the users’ level of activity (Conine et al., 1989). Reclining and “tilt-in-space” 

wheelchairs are also available for periodical relief of pressure (Burns and Betz, 

1999; Cooper et al., 2000). These types of wheelchairs are designed for individuals 

who do not have enough upper body strength to perform the recommended periodi-

cal wheelchair push-ups and side leans for pressure relief (Burns and Betz, 1999). 

The wheelchairs are equipped with a motor that tilts the backrest to different angles. 

The change in inclination shifts the weight bearing of the body from the ischial 

tuberosities to the sacrum and the back, thus redistributing the pressure with each 

setting (Burns and Betz, 1999). Drawbacks of this type of chair include the risk of 

generating shear forces (Cooper et al., 2000), malpositioning for some individuals 

(Burns and Betz, 1999; Cooper et al., 2000), high cost, and larger size than regu-

lar wheelchairs, which limits the accessibility and transportation of the wheelchair 

(Burns and Betz, 1999).

7.6.3 ALTERNATIVE PRESSURE RELIEVE SYSTEMS

Given the importance of preventing the onset of pressure ulcers, continuous investi-

gations into the improvement of standard prevention techniques are conducted, and 

focus on the development of new support surfaces as well as optimizing existing 

procedures for pressure ulcer prevention. An alternative prevention technique that 

has been studied irregularly for the past 15 years is the use of electrical stimula-

tion. While the results of treating developed ulcers with electrical stimulation have 

been positive, its effectiveness in preventing the development of new ulcers remains 

unclear. Levine et al. (1989, 1990a,b) fi rst proposed the use of electrical stimulation 

for preventing the formation of pressure ulcers in people with SCI. Their studies 

indicated that electrical stimulation generates changes in muscle shape (Levine et al., 

1990a), redistribution of pressure at the seating interface (Levine et al., 1989), and 

increases in blood fl ow (Levine et al., 1990b). Studies by Bogie et al. (2000), and 

Rischbieth et al. (1998) indicated that frequent use of electrical stimulation increases 

muscle mass, which could allow wheelchair users to remain seated for longer peri-

ods of time. Increases in transcutaneous oxygen levels have also been reported in 

a long-term study with a single subject (Bogie et al., 2006). While these studies 

have focused on the application of electrical stimulation through the use of surface 

electrodes, placed directly over the skin of the target muscle, electrical stimulation 

through implanted electrodes has shown similar results (Bogie and Triolo, 2003; Liu 

et al., 2006a,b). These studies indicated that the benefi ts obtained through the daily 

use of an electrical stimulation system (increased blood fl ow and larger muscle mass) 

could lead to the prevention of pressure ulcers.

A recent study by Solis et al. (2007) directly investigated the effects of applying 

intermittent electrical stimulation during periods of increased pressure on the extent 

of DTI. Their results demonstrated that the volume of DTI is signifi cantly reduced 

when the muscles are intermittently stimulated during the loading period compared 
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to cases when the muscles were loaded but not stimulated. Intermittent electrical 

stimulation evoked periodical readjustments of posture that redistributed pressure 

and increased tissue oxygenation levels, mimicking the effects of voluntary reposi-

tioning in able-bodied individuals. Although these results indicate that intermittent 

electrical stimulation could become a valuable technique for the prevention of pres-

sure ulcers, its testing to date has been limited to animal experimentation and a small 

number of human volunteers.

7.7 CONCLUSION

Pressure ulcers are a major medical complication associated with prolonged 

 immobilization, affecting individuals who are confi ned to a bed or dependent on a 

wheelchair. Once a pressure ulcer develops, its treatment is expensive and can last 

from several weeks to several months, and requiring surgical interventions in severe 

cases. Developed ulcers not only greatly affect the quality of life of people affected 

by them but also can put their overall health at risk, as ulcers tend to develop in 

 individuals who already have a compromised health condition. One of the major 

diffi culties when dealing with pressure ulcers is the inability of current detection 

techniques to identify DTI promptly. The recent offi cial recognition of DTI as a type 

of pressure ulcer provides caregivers with a standardized defi nition for this type of 

ulcer, which should be considered during the assessments and detection programs 

at each institution. However, the fact remains that DTI can injure large amounts of 

tissue before manifesting itself on the skin. It is necessary that more research be dedi-

cated to fi nd new cost-effective methods to detect DTI in its early stages of develop-

ment, as well as methods to more objectively assess developed ulcers, and predict a 

person’s risk of developing an ulcer.

Of equal importance is the need for more effective methods to prevent the forma-

tion of pressure ulcers. Every person at risk of developing a pressure ulcer should be 

provided with an appropriate pressure redistribution support surface in conjunction 

with a repositioning program. Many types of support surfaces are currently available 

and each has its advantages and disadvantages. Nonetheless, an appropriate cushion 

can be selected for each individual. Undoubtedly, without the use of these specialized 

surfaces, the incidence rates of pressure ulcers would be signifi cantly higher, espe-

cially in institutions where nursing staff is limited, and among wheelchair users.

Better pressure ulcer prevention methods are still needed. Development of new 

pressure redistribution surfaces that can provide maximal pressure relief around 

high-risk regions is needed. Emphasis should also be placed on reducing the cost of 

these surfaces and improving their ease of use to encourage a wider spread of their 

use. New technologies, such as electrical stimulation systems, which could be utilized 

alone or in conjunction with existing support surfaces, warrant further research.
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8.1 INTRODUCTION

In industrialized countries, coronary artery disease (CAD) accounts for more deaths, 

disability, and economic loss than any other disease entity.1 In the United States 
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alone, CAD is responsible for more than 20% of all deaths2 and accounts for over 

$350 billion in direct and indirect costs (e.g., wage replacement and lost productiv-

ity).2,3 While CAD remains the leading cause of morbidity and disability, the death 

rate from myocardial infarction (MI) has declined signifi cantly in the past 30 years. 

Whether the increased numbers of survivors return to gainful employment has an 

enormous social and economic implication for both the individual and society. The 

return to gainful employment is a major goal for many patients and aiding these 

patients in returning to work is an often-considered important outcome measure of 

the cost-effectiveness of cardiac rehabilitation programs.

The decision to return to work after a cardiac event is complex, with demo-

graphic, socioeconomic, physical, emotional, and medical factors contributing to 

the decision. This chapter will review the issue of return to work in patients recov-

ering from a cardiac event such as a MI, or coronary artery bypass graft surgery 

(CABGS). We will examine the typical progression of the patient from the acute 

event, through rehabilitation, and will examine the various factors that play a 

crucial role in determining return to work success in patients who have had a 

cardiac event.

8.2 RISK STRATIFICATION

Following an acute coronary event, risk stratifi cation focuses on assigning the patient 

into one of three categories: high risk, intermediate risk, and low risk. These strata 

provide guidelines for both the patient’s medical management as well as their voca-

tional rehabilitation. The key elements in risk assessment/stratifi cation include (a) 

left ventricular dysfunction; (b) functional capacity; (c) the hemodynamic responses 

to exercise; (d) signs or symptoms of angina; (e) the existence of complex arrhyth-

mias; and (f) depression.4

8.2.1 LEFT VENTRICULAR DYSFUNCTION

Ejection fraction (EF) is a key measure of ventricular function. It represents the 

 fraction of blood pumped out by the ventricle with each heartbeat. The term EF 

applies to both the right and left ventricles; however, without a qualifi er, the term 

refers specifi cally to the left ventricle. By defi nition, the volume of blood within a 

ventricle immediately before a contraction is known as the end-diastolic volume. 

Similarly, the volume of blood remaining in a ventricle at the end of a contraction 

is the end-systolic volume. The difference between end-diastolic volume and end-

systolic volume (the stroke volume) represents the volume of blood ejected per beat. 

EF is defi ned as stroke volume divided by end-diastolic volume and is commonly 

measured by echocardiography, where the volumes of the heart’s chambers are 

measured during the cardiac cycle. Other methods of measuring EF include cardiac 

magnetic resonance imaging (MRI), fast scan cardiac-computed axial tomography 

(CT) imaging, gated single photon emission-computed tomography (SPECT) imag-

ing technique using gamma rays, and the multiple-gated acquisition (MUGA) scan, 

which involves the injection of a radioisotope into the blood while detecting its fl ow 

through the left ventricle. Historically, the gold standard for the measurement of EF 

is accomplished using ventriculography.
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Healthy individuals typically have an EF greater than 55%.5 If a young 

healthy person (70 kg) has a resting stroke volume of approximately 70 mL and 

the left ventricular end-diastolic volume is 110 mL, the EF would approximate 

64% (70/110 mL). Damage to the myocardium, such as that sustained during a 

MI, or as a result of cardiomyopathy, impairs the heart’s ability to eject blood and 

therefore reduces the EF. A signifi cant reduction in the EF (e.g., <30%) will mani-

fest itself clinically as heart failure and will limit a patient’s functional ability.5 

The EF is one of the most important predictors of prognosis, as those with sig-

nifi cantly reduced EF typically have a poorer medical prognosis and are unlikely 

to return to work.

8.2.2 FUNCTIONAL CAPACITY

Functional capacity, exercise capacity, and exercise tolerance are generally con-

sidered to be synonymous and imply that a maximal effort exercise test has been 

performed. Functional capacity refers to the ability of an individual to perform 

aerobic work and is typically defi ned by maximal oxygen uptake (VO2max). Maxi-

mal oxygen uptake is a product of maximal cardiac output and the maximal arte-

riovenous oxygen content difference. Maximal oxygen uptake is determined from 

a graded exercise test with open-circuit spirometry. In this procedure, pulmonary 

ventilation and expired fractions of oxygen (O2) and carbon dioxide (CO2) are 

measured as a patient completes a graded exercise test involving incremental work 

to fatigue, or signs/symptoms of exertional intolerance.6 When direct measure-

ment of VO2max is not feasible or desirable, a variety of submaximal and maximal 

exercise tests can be used to estimate VO2max. These tests estimate VO2max from 

the linear correlation that exists for VO2, heart rate, and work rate. A distinction 

should be made between estimated and measured functional capacity (VO2max). 

This issue becomes important in patients with CAD; slower VO2 on-kinetics can 

create a large discrepancy between estimated and measured VO2max in which the 

predicted values dramatically overestimate the patient’s actual VO2max, especially 

when aggressive exercise testing protocols are used.7 In addition, when functional 

capacity is estimated from work rate achieved rather than directly measured, VO2 

is frequently expressed in metabolic equivalents (METs), where 1 MET repre-

sents the resting energy expenditure (approximately 3.5 mL . kg−1 . min−1). In these 

instances, a patient’s functional capacity is commonly expressed as a multiple of 

this resting metabolic rate (METs).

Depending on the severity of the cardiac event, the patient’s VO2max may 

range between 10 and 20 mL . kg−1 . min−1 vs. the 30–40 mL . kg−1 . min−1 seen in 

healthy, middle-aged individuals.8 The reduced VO2max in the CAD patient is pri-

marily attributed to a decrease in maximal cardiac output, secondary to reduced 

stroke volume, rather than impairment in the peripheral O2 extraction.9 As the 

arteriovenous oxygen content difference does not appear to be affected by CAD, 

VO2max is considered a good indication of cardiac pump function.6 With cardio-

pulmonary exercise testing, it is possible to objectively evaluate and classify the 

degree of heart failure based on VO2 at the anaerobic (ventilatory) threshold and 

at VO2max. Weber and Janicki10 demonstrated that VO2max correlates with cardiac 

reserve (Table 8.1).
� 2008 by Taylor & Francis Group, LLC.



TABLE 8.1
Weber’s Classifi cation of Functional Impairment

VO2max

Anaerobic 
Threshold (VO2max)

Class Severity (mL . kg−1 . min−1) (mL . kg−1 . min−1)

A Mild to none >20 >14

B Mild to moderate 16–20 11–14

C Moderate to severe 10–16 8–11

D Severe 6–10 5–8

E Very severe <6 <4

Source: Weber, K.T. and Janicki, J.S. Am J Cardiol, 55, 22A, 1985.
8.2.3 HEMODYNAMIC RESPONSES TO EXERCISE

During incremental aerobic exercise, heart rate increases linearly with metabolic 

demand. The normal heart rate response to progressive exercise corresponding to 

10 ± 2 beats/MET for inactive individuals.6 The inability to increase heart rate appro-

priately during exercise is referred to as chronotropic incompetence and is signifi ed 

by a peak exercise heart rate that is 2 standard deviations (>20 beats . min−1) below 

the age-predicted maximal heart rate for individuals who are limited by volitional 

fatigue and not taking beta-blockers.6 Chronotropic incompetence is associated with 

presence of CAD and poorer prognosis.11,12 Further, a delayed decrease in the heart 

rate during the fi rst minute of exercise recovery is also a powerful predictor of over-

all mortality.13

The normal blood pressure response to dynamic exercise consists of a progres-

sive increase in systolic blood pressure, no change or slight decrease in diastolic 

blood pressure, and a widening of the pulse pressure. Exercise-induced decreases in 

systolic blood pressure may occur in patients with CAD. This exertional hypotension 

has been correlated with ischemia, left ventricular dysfunction, and increased risk 

of subsequent cardiac events.14,15 The normal postexercise response is a progressive 

decline in systolic blood pressure, and the diastolic blood pressure may also drop 

during the postexercise period. The product of heart rate and systolic blood pressure 

(i.e., the rate pressure product) is another important hemodynamic indicator and is 

commonly used as an indirect index of myocardial oxygen demand and may be 

useful for interpreting mechanisms of angina.16,17

8.2.4 ANGINA

Coronary atherosclerosis involves a localized accumulation of fi brous tissue within 

the coronary artery, progressively narrowing the vessel lumen. Ischemia occurs 

when clinically signifi cant lesions (i.e., >70% of the vessel’s cross-sectional area) 

result in blood fl ow inadequate to meet myocardial oxygen demand, causing signifi -

cant ST-segment depression (≥−2 mm) on the electrocardiogram, angina pectoris, or 

both. Patients with CAD are typically evaluated for evidence of myocardial isch-

emia before (i.e., from the patient history), during, and after a graded exercise test. 
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 Especially important are symptoms that may represent classic angina pectoris, such 

as substernal pressure radiating across the chest and/or down the left arm, back, jaw, 

or stomach, or lower neck pain or discomfort. In one study, post-MI patients who 

had an ST-segment depression of ≥−2 mm during an incremental exercise test, had 

a return to work rate 50% lower than for those with less severe ischemic electrocar-

diographic (ECG) changes.18

For a given patient, stable angina predictably occurs with progressive exercise 

at approximately the same myocardial oxygen demand which can be estimated 

from the rate pressure product. In contrast, unstable angina may be character-

ized by an abrupt increase in the frequency of angina, angina at rest, or both. 

This acceleration of symptoms may herald an impending cardiovascular event and 

serves as a contraindication to return to work. Accordingly, such patients gener-

ally require immediate medical attention. Patients with stable angina pectoris (for 

whom revascularization is not appropriate) and/or those with an anginal threshold 

that occurs at a functional capacity greater than 5 METs are candidates for return 

to work.19

8.2.5 COMPLEX ARRHYTHMIAS

Major mechanisms of arrhythmias include increased sympathetic drive and changes 

in extracellular and intracellular electrolytes, pH, and oxygen tension contribute to 

disturbances in myocardial and conducting tissue automaticity and reentry. Ven-

tricular arrhythmias such as paired or multiform premature ventricular contractions 

(PVC) salvos, and ventricular tachycardia, are associated with signifi cant CAD and/

or a poor prognosis if they occur in conjunction with signs and/or symptoms of myo-

cardial ischemia such as angina.20,21

8.2.6 DEPRESSION

Depression is common among patients recovering from a MI. Approximately one 

in six post-MI patients experiences major depression and at least twice as many 

have signifi cant symptoms of depression soon after their cardiac event.22 Poste-

vent depression is an independent risk factor for increased mortality. Depression 

is also associated with poor compliance with risk-reducing recommendations, 

with abnormalities in autonomic tone (that may make patients more susceptible to 

ventricular arrhythmias), and with increased platelet activation.22 Depression is also 

a well-documented predictor of absenteeism, disability, and poor health-related 

quality of life.23,24

In summary, risk stratifi cation is important to distinguish patients who have a 

poor prognosis from those who have excellent functional capacity. These risk strata 

also help identify the opposite ends of the spectrum with regard to return to work 

ability. Some patients may be identifi ed as being likely to return to work without 

limitations; others could return to work with limitations, while a third group should 

not or will not be able to return to work because of their medical condition. Table 8.2 

illustrates the risk stratifi cation criteria from the American Association of Cardiovas-

cular and Pulmonary Rehabilitation, which integrates the various physiological and 

psychological factors used in risk assessment.
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TABLE 8.2
American Association of Cardiovascular and Pulmonary Rehabilitation 
(AACVPR) Risk Stratifi cation Criteria for Cardiac Patients

Low Risk Moderate Risk High Risk

• No signifi cant left ventricular 

dysfunction (EF of >50%)

• Moderately impaired 

left ventricular 

function (EF = 

40%–49%)

• Decreased left ventricular 

function (EF of <40%)

• Asymptomatic including absence 

of angina with exertion or recovery. 

Functional capacity of >7 METsa

• Signs/symptoms 

including angina at 

moderate levels of 

exercise (5–6.9 METs) 

or in recovery.

• Signs/symptoms including angina 

pectoris at low levels of exercise 

(<5.0 METs) or in recovery. 

Functional capacity of <5.0 METsa

• No resting or exercise-induced 

complex arrhythmias

• Survivor of cardiac arrest or sudden 

death complex ventricular 

arrhythmias at rest or with exercise

• Uncomplicated Ml; CABGS; 

angioplasty, atherectomy, or stent:

Absence of CHF, or signs/

symptoms of postevent ischemia

• MI or cardiac surgery complicated 

by cardiogenic shock, CHF, and/or 

signs/symptoms of postevent/ 

procedure ischemia

• Normal hemodynamics with 

exercise or recovery

• Abnormal hemodynamics with 

exercise (especially fl at or decreasing 

SBP or chronotropic incompetence 

with increasing workload)

• Absence of clinical depression • Clinically signifi cant depression

• Low-risk classifi cation is assumed 

when each of the descriptors in the 

category is present

• Moderate risk is 

assumed for patients 

who do not meet the 

classifi cation of either 

high or low risk.

• High-risk classifi cation is assumed 

with the presence of any one of the 

descriptors included in this category.

Source: AACVPR. Guidelines for Cardiac Rehabilitation and Secondary Prevention Programs. 

3rd edn. Champaign, IL: Human Kinetics, 1999.

MI, myocardial infarction; CABGS, coronary artery bypass surgery; CHF, chronic heart failure; SBP, 

 systolic blood pressure.
a METs, metabolic equivalent (1 MET = 3.5 mL . kg−1 .  min−1).
8.3 EVALUATION OF THE CARDIAC PATIENT

8.3.1 GRADED EXERCISE TESTING

While angiography and echocardiography are standard techniques used to deter-

mine the severity of CAD, the symptom-limited graded exercise test remains the 

primary tool used to evaluate the patient’s functional capacity, anginal threshold, as 

well as the hemodynamic and ECG responses to exercise.25 The World Health Orga-

nization has indicated that the primary purpose of exercise testing is to  determine 

individual responses to incremental exertion and from this, estimate probable 
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performance during activities of daily living and occupational  situations.26 The 

graded exercise test has the advantage of reproducibility and quantifi cation of a 

patient’s physiologic responses to known external workloads, which can help assess 

the patient’s return to work potential. Graded exercise testing also has diagnostic 

and prognostic value in determining objective evidence of myocardial ischemia 

and provoking life-threatening ventricular arrhythmias. For example, the occur-

rence of a complex ventricular arrhythmia and of ST-segment displacement during 

a graded exercise test is predictive of a similar change during activities of daily 

living of similar intensities.27

The measured functional capacity determined from the graded exercise test can 

be compared to the estimated aerobic requirements of the patient’s job to assess 

expected relevant energy demands. The inability to perform 5 METs of exercise 

without developing ST-segment changes on the electrocardiogram or arrhythmias 

has been used as a criterion by the social security administration for disability evalu-

ation.28 Such patients would be classifi ed as being in a high-risk category.4

The value of the symptom-limited graded exercise test in evaluating and coun-

seling patient’s for return to work is well established.29 In a randomized control trial, 

Dennis et al.30 reported that the completion of a graded exercise test followed by phy-

sician counseling resulted in a signifi cantly earlier return to work for both manual 

and nonmanual workers. In their study,30 the effi cacy of a graded exercise test in 

facilitating an early return to work was evaluated approximately 3 weeks after an 

uncomplicated MI. Patients were previously employed and younger than 60 years. 

Screening yielded 201 subjects (mean age, 50 years); of these, 99 and 102 subjects 

were randomized to the intervention or usual-care groups, respectively. Patients in 

the intervention group, who did not exhibit marked ischemic ST-segment depres-

sion (>−2 mm) during the graded exercise test (n = 91), were advised to return to 

work approximately 35–42 days following their MI. Patients in the usual-care group 

returned to work when they believed it was appropriate. On average, patients in the 

intervention group went back to work 3 weeks earlier than those who received usual 

care (51 vs. 75 days) without reported adverse events. These fi ndings suggest that 

a negative graded exercise test can facilitate an earlier and safe return to work for 

CAD patients.

Most graded exercise tests are performed on a cycle ergometer or a treadmill. 

Cycle ergometer protocols have the advantage of yielding better quality ECGs and 

blood pressure measurements and may be preferred for subjects with poor gait, 

who are obese, or with orthopedic limitations.6 Cycle ergometer testing soon after 

CABGS has been shown to assist in determining a patient’s return to work status. 

Patients who attained a peak power output of ≤60 W on a graded exercise test had a 

return to work rate less than 50% of those who achieved a power output of ≥120 W.31 

In another study, post-MI patients with a functional capacity of <100 W on a cycle 

ergometer graded exercise test were less likely to return to work.32

The VO2max measured during cycle ergometry has been shown to be 10%–20% 

below the peak value demonstrated on a treadmill.33–35 This disparity could unduly 

infl uence the return to work decision by implying a low functional capacity. To 

rectify the discrepancy in VO2max between the two most commonly used testing 

modalities (cycle ergometers and treadmills), Foster et al.36 developed the  following 
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formula:  treadmill METs = 0.98 (cycle ergometer METs) + 1.85. Multiplication of 

the value obtained from this equation by 3.5 produces a treadmill VO2 score (in 

mL . kg−1. min−1).

Treadmill protocols involve progressive increases in speed and/or grade. The 

selection of an appropriate protocol for assessing functional capacity is of critical 

importance, especially when functional capacity is to be estimated from exercise 

time or peak work rate. Test protocols with large stage-to-stage increments in energy 

requirements generally have a weaker relationship between measured VO2 and work 

rate.6 The Balke protocol, which involves modest increases in treadmill elevation at 

a constant speed, is recommended for this reason.6 It is important to note that proto-

cols that involve large increments in work with each stage (e.g., Bruce protocol) are 

more likely to unmask ischemic ECG changes (e.g., ST-segment depression),37 but 

are less accurate in estimating a patient’s functional capacity.38

A patient’s functional capacity can also be accurately determined with the use 

of “ramp-type” protocols, where small increments in work rate occur at intervals 

of ≤60 s. Regardless of the protocol or modality, the graded exercise test should be 

tailored to yield a maximum duration of 8–12 min.39 Even with exercise test protocols 

using modest increases in workload, results may still indicate a nonlinear relation-

ship between VO2 and work rate when the test duration is <6 min. Conversely, when 

the exercise duration is >12 min, subjects may terminate exercise because of specifi c 

muscle fatigue or orthopedic factors rather than cardiopulmonary end points. In 

instances where there is an expectation of >12 min of exercise, a test protocol using 

a more aggressive approach to increasing workload, (e.g., Bruce protocol) should 

be considered. The timing of the graded exercise test can also affect outcomes. 

If a patient completes a graded exercise test shortly after hospital discharge (e.g., 

3 weeks), their functional capacity (i.e., VO2max) may be spuriously low because of 

deconditioning, fatigue, or fear of exertion.40,41 Finally, grasping the handrail sup-

port should not be permitted during a treadmill graded exercise test as this may 

create a discrepancy between estimated (i.e., from treadmill speed and grade) and 

actual VO2.
6

8.3.2 ARM ERGOMETRY

While most graded exercise tests are completed on a treadmill or cycle ergometer, 

there are instances where arm ergometry may be preferred. An example of these 

situations exists when vocational activities predominantly involve dynamic upper 

extremity effort. Arm ergometer testing is associated with a VO2max that approxi-

mates 70%–80% of that observed in the same patient during leg work.42,43 Similarly, 

arm exercise produces lower maximal values for heart rate and pulmonary ventila-

tion. These differences relate to the relatively small muscle mass associated with 

arm exercise. Further, for a given absolute energy expenditure (VO2), the cardio-

respiratory and hemodynamic responses associated with arm ergometry exercise are 

elevated (vs. leg exercise).44 These elevated responses may be attributed to a num-

ber of factors including reduced mechanical effi ciency, the involvement of smaller 

muscle mass, the static effort required with arm work, increased sympathetic tone, 

concomitant isometric contraction, and vasoconstriction in the nonexercising leg 

muscles.45
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8.3.3 WORK SIMULATION

For many CAD patients, the graded exercise test may be the only test needed to 

provide realistic advice on return to work potential. However, for patients with bor-

derline functional capacity (e.g., <5 METs) in relationship to the anticipated job 

demands, those with concomitant left ventricular dysfunction, or those concerned 

about resuming a physically demanding job, additional work simulation testing may 

be required.

Although upper extremity static or combined static–dynamic efforts have, in the 

past, been contraindicated for CAD patients, it appears that such exercise may be less 

hazardous than previously assumed.46–48 This may especially be the case in patients 

with a functional capacity of more than 7 METs and good left ventricular func-

tion.46 Static and combined static–dynamic exercise, generally fail to elicit angina, 

ischemic ST-segment depression, or signifi cant ventricular arrhythmias among car-

diac patients.47,49,50 The magnitude of the blood pressure response during static and 

combined static–dynamic exercise depends on the total muscle mass involved,51 the 

duration of the muscle contraction, and the tension exerted (relative to the maxi-

mal voluntary contraction).52 Increased subendocardial perfusion, secondary to an 

elevated diastolic blood pressure, may also contribute to the lower incidence of isch-

emic responses during static or combined static–dynamic effort. The myocardial 

oxygen demand (e.g., rate pressure product) may be lower than that observed during 

maximal dynamic exercise, primarily because of a lower peak heart rate response.47 

Furthermore, the myocardial oxygen supply–demand relationship appears to be 

favorably altered by superimposing static on dynamic effort such that the rate pres-

sure product at the ischemic threshold is increased.50 Although left ventricular func-

tion deteriorates during progressively increasing workloads (i.e., exercise intensity) 

in patients with myocardial ischemia, mild ischemia may be tolerated during steady-

state exercise without a deterioration of left ventricular function.49 These reported 

fi ndings are changing the attitude toward the use of static and combined static–

dynamic exercise for CAD patients for both exercise testing and exercise training.

While specialized work simulators (e.g., Baltimore Therapeutic Work Simula-

tor) are available, simple inexpensive tests can be established with ease to evaluate 

the physiological responses to static and combined static/dynamic exercise.29 For 

example, weight carrying or lifting test protocols can be easily modifi ed to meet 

specifi c workplace demands.53 In particular, the American College of Sports Medi-

cine6 has detailed an interval weight carrying protocol that incorporates work and 

rest intervals of 1–3 min. During the work intervals, patients walk at a moderate 

speed (e.g., 2 miles · h−1) while carrying weights in one or both hands. With each 

stage increment, the patient carries an additional 10 lb (to a maximum load of 50 lb). 

The metabolic load associated with this protocol ranges from 2.4 to 5 METs. To 

evaluate the hemodynamic responses to intermittent static effort that employs a light 

to moderate dynamic load, patients can be asked to repeatedly lift weighted objects 

(e.g., boxes) from the fl oor to a higher surface level typically encountered in an indi-

vidual’s workplace environment. Using an interval protocol that includes 6 min work 

intervals with a 1–3 min rest interval between stages, a self-paced lifting rate with 

incremental loads ranging from 30 to a maximum of 50 lb (at a rate of 8 lifts . min−1) 

would yield a metabolic load of the predicted MET level ranging from 3.8 to 4.2.6 
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To make such testing more “real world,” additional stresses may be added to the 

situation. This can be accomplished by fl uctuating the work rate of the test, having 

the patient perform the tasks while wearing work-specifi c apparel, or completing the 

test at the work site (with ambulatory monitoring). It is also important that during 

the actual work simulations that the ECG, heart rate, and blood pressure responses 

be monitored.

8.3.4 FUNCTIONAL CAPACITY

As previously stated, one of the outcomes of a graded exercise test is an indica-

tion of the patient’s functional capacity, which is a key indicator for a safe return 

to work transition. Patients with CAD should work below the metabolic load that 

evokes signs or symptoms of exertional intolerance, such as ischemic ST-segment 

depression, angina pectoris, or serious arrhythmias. For most CAD patients, occupa-

tional demands are considered appropriate if the 8 h energy expenditure requirement 

averages 30%–40% of the patient’s VO2max (or heart rate reserve)54,55, and the peak 

job demands (e.g., 5–45 min) are within guidelines prescribed for a home exercise 

program (e.g., 80% peak METs or lower).6 If a return to work is deemed unfeasible 

due to low functional capacity, patients should be encouraged to enter a formalized 

cardiac rehabilitation exercise training program. After the completion of this pro-

gram, the patient should undergo a follow-up graded exercise test to reevaluate their 

functional capacity.

A patient’s functional capacity determined from the graded exercise test can be 

compared to the estimated aerobic requirements of a particular job or task to assess 

expected relevant energy demands.56 With automation, the metabolic requirement 

of many occupational activities has decreased.56 The demonstration that the energy 

requirements for most occupational activities are low (<5 METs)29,56 and are rarely 

sustained for more than 2–3 min57 has facilitated the safe and successful return to 

work of CAD patients classifi ed as low or intermediate risk. Further, it is estimated 

that only 5% of patients now perform “heavy” occupational work.58

There are however several limitations to the use of energy expenditure as a guide 

to return to work for CAD patients.26 One limitation lies in the fact that these energy 

expenditure tables represent averaged values.56 Depending on the pace of the activ-

ity, previous job training, and work effi ciency, the energy expenditure for a given 

task may vary considerably from person to person. Energy expenditure values also 

represent the caloric cost during “steady-state” work; most occupational activities 

are intermittent with rest or relative rest characterizing 30%–45% of work shift.59,60 

Thus, a patient’s capacity for certain activities may easily be underestimated. A 

patient with a functional capacity of 5 METs might be discouraged from return-

ing to an occupation that has an energy requirement of 5 METs, because it may be 

presumed that the task represents maximal effort; however, if the activity is per-

formed intermittently, with multiple rest intervals, the task could be accomplished at 

an energy expenditure level well below what is estimated for the task. Finally, factors 

such as psychological stress, climate, and the activation of muscles not used during 

the graded exercise test may alter the linear relationship between myocardial and 

VO2 demands, creating disproportionate cardiac demands at relatively low levels of 

energy expenditure. For example, an elevated rate pressure product associated with 
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combined static–dynamic movements such as weight carrying and repeated weight 

lifting may be camoufl aged by the relatively low metabolic requirements associated 

with these activities.

8.4 CARDIAC REHABILITATION

The American Heart Association considers cardiac rehabilitation to be standard 

care in the follow-up treatment of patients with CAD.61 The American Heart 

 Association identifi es exercise training and activity prescription, lifestyle modifi ca-

tion, and psychosocial/vocational evaluation and counseling as essential rehabilitation 

program components. Moreover, the American Heart Association has indicated that 

participation in a comprehensive cardiac rehabilitation program yielded decreased 

rehospitalization rates and need for cardiac-related medications. Participation in a 

comprehensive cardiac rehabilitation program also facilitates the transition from 

patient to worker through the assessment of functional capacity, while improving 

cardiovascular and muscular fi tness, and lifestyle modifi cation.

8.4.1 EXERCISE TRAINING

Following an acute cardiac event, most patients are encouraged to enter a formalized 

cardiac rehabilitation exercise program. A cardiac rehabilitation program typically 

involves supervised training three to fi ve times per week and lasts between 8 and 12 

weeks. A major objective of the cardiac rehabilitation exercise training program is 

to improve functional capacity and help patients return to work. Traditional cardiac 

rehabilitation exercise programs are aerobically based and involve a brief warm-

up followed by 30–40 min of aerobic activity and 5–10 min of cool down activity. 

The warm-up involves some fl exibility exercises and low intensity aerobic activ-

ity. For the aerobic component, most programs assign an exercise intensity ranging 

between 40% and 80% of the patient’s peak functional capacity (e.g., 40%–80% of 

VO2max or heart rate reserve), depending on the individual patient’s clinical situation. 

The aerobic activity typically involves continuous activities such as walking, jog-

ging, or stationary cycling. If the program includes resistance training, it is normally 

initiated after 6 weeks of aerobic training and is usually completed after the aerobic 

conditioning component of the training session.62

The successful completion of a cardiac rehabilitation exercise training program 

has been shown to improve functional capacity (VO2max) in the range of 11%–56% 

(mean 20%).8,63 A substantial portion of this improved functional capacity is attribut-

able to peripheral adaptations within the trained muscles.8,64,65 Of course, the mag-

nitude of the improvement depends on several factors, including the patient’s initial 

fi tness, clinical status, left ventricular function, total volume of exercise accomplished 

or calories expended, and exercise adherence.8 From a return to work perspective, a 

decreased rate pressure product response to submaximal exercise intensity, associ-

ated with the completion of such a training program may signify a reduction in myo-

cardial oxygen consumption for a given level of physical work. The improvement in 

VO2max and decreased heart rate and blood pressure responses to submaximal exer-

cise are especially benefi cial for patients with low to marginal functional capacity 

and those with exercise-induced myocardial ischemia.
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Although cardiac rehabilitation exercise programs have been shown to bring about 

dramatic improvements in functional capacity 40,66 and psychological well-being,67,68 

their success in terms of enhancing the potential for return to work for CAD patients 

remains controversial.69 Several nonrandomized-controlled studies have reported 

higher return to work rates following cardiac rehabilitation exercise training.70,71 For 

example, Hedback et al.72 completed a longitudinal study of cardiac rehabilitation 

where employment status was evaluated at 5 and 10 years postevent. Patients who 

received comprehensive cardiac rehabilitation had a signifi cantly higher employment 

rate at both 5 (51.8% vs. 27.4%, respectively) and 10 years (58.6% vs. 22%, respec-

tively) after the completion of cardiac rehabilitation compared with those receiving 

standard care. Others have also documented improved return to work rates as a direct 

result of cardiac rehabilitation. Simchen et al.73 reported a 2.8-fold increase in return 

to work rates and a lower drop out rate in post-CABGS patients who participated 

in cardiac rehabilitation compared with those who did not. In a 5 year follow-up of 

228 patients recovering from CABGS, Engblom et al.74 reported increased return to 

work rates following participating in a cardiac rehabilitation program. Higher rates 

of return to work have also been reported in several European randomized-controlled 

trials.75,76 However, those fi ndings contrast several randomized control trials that 

reported no difference in return to work rates following formalized cardiac rehabili-

tation.40,77–80 Mital et al.81 suggested that the return to work potential is not acceler-

ated by improved aerobic capacity, and that return to work rates have not increased 

in the past 30 years in patients who have undergone cardiac rehabilitation exercise 

training. The authors81 suggest that treadmill exercise performance is inadequate as 

a measure of readiness for return to industrial-type employment. This conclusion 

is consistent with the fi ndings of others.82 In their study, Wiklund et al.82 reported 

that conventional aerobic training enabled 83% of workers previously engaged in 

relatively lighter sedentary work to resume employment. However, only 67% of those 

engaged in physically demanding occupations returned to work. These fi ndings and 

those of others,81 suggest that if one of the primary goals of a cardiac rehabilitation 

program is to return the CAD patient to work, then the formalized exercise program 

should be tailored to the actual occupation-related tasks with the incorporation of 

specifi ed occupation-related elements.

8.4.2 RESISTANCE TRAINING

To enhance the return to work potential of CAD patients whose occupation involves 

upper extremity effort, resistance training should be included in the cardiac reha-

bilitation conditioning program. In designing a resistance-training program in prep-

aration for returning to work, the program should be individualized according to 

the occupational demands, as peripheral adaptations are specifi c to the muscles and 

action used during training.83 Accordingly, a theme of training for occupational spec-

ifi city should be adopted in order to maximize a successful transition. Guidelines 

for resistance training for CAD patients have been published by the American Heart 

Association.62 The major program modifi cations for CAD patients (vs. healthy adults) 

are reductions in exercise intensity, a slower progression of the training volume vari-

ables, and increased patient monitoring and supervision.84 Determining the initial 
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load for resistance training may be facilitated with the determination of the patient’s 

one-repetition maximum for a given movement. For CAD populations, the one-

repetition maximum refers to the maximum weight the patient can lift comfortably 

once only, through a complete range of motion and in good form. For CAD patients, 

the American Heart Association recommends a training intensity of 40%–60% of 

one-repetition maximum with one set (12–15 repetitions) and 8–10 exercises for both 

upper and lower extremities 2–3 days per week.62 Patients engaging in resistance 

training should have blood pressure monitored during the actual lifting and lowering 

of the weight (in the nonexercising limb), as postlifting measures may not be valid 

due to the large decrease in pressure that occurs immediately after the fi nal lift.85

The evidence regarding the effi cacy of resistance training in cardiac rehabilita-

tion suggests that, after completion of the program, patients demonstrate signifi cant 

improvements in measures of weight carrying tolerance time and increases in skel-

etal muscle strength.86–90 Further, resistance training has been shown to signifi cantly 

lower peak exercise heart rate and rate pressure product, and improve functional 

capacity.91 Moreover, angina, ventricular arrhythmias, and ischemic ST-segment 

depression occur less frequently during resistance training than during aerobic exer-

cise testing to fatigue.92–94 Resistance training may also help the patient gain a bet-

ter appreciation of their ability to perform physical work within reasonable levels 

of safety. Enhanced self-effi cacy, in turn, may lead to a greater willingness on the 

patient’s part to return to work and remain employed for a longer-term following 

their cardiac event.

In an effort to improve return to work rates in CAD patients, Mital et al.81 devel-

oped a job-simulated program and compared that intervention with a traditional 

 cardiac rehabilitation training program. The study population consisted of 30 subjects 

who completed a conventional cardiac rehabilitation program and 17 who completed 

an occupation-simulated cardiac rehabilitation program. Patients were stratifi ed 

according to gender and the nature of their occupation at the time of their event. The 

overall stratifi cation of the sample allowed the authors to study the effect that an occu-

pation-simulated cardiac rehabilitation training program had on both men and women 

performing two very different categories of work (medium to very heavy occupational 

tasks vs. sedentary light tasks). The training activities included fl exibility exercises, 

dexterity exercises, and strength-oriented upper- and whole-body exercises. The upper- 

and whole-body exercises involved industrial tasks encompassing lifting, lowering, 

carrying, pushing, pulling, holding, and stair climbing. The results showed that 100% 

of patients in the occupation-simulated program returned to work compared with 60% 

of the conventional cardiac rehabilitation program patients. The second component of 

the study explored return to work outcomes of the occupation-simulated group and 

identifi ed key factors that infl uenced return to work.95 The researchers reported that 

of the 17 participants who returned to work, 80% were “mostly to very satisfi ed” with 

their occupations and 76% believed that their supervisor was willing to listen to their 

work-related concerns. Among those who did not return to work, most were unaware 

of alternative occupations with their employers in the case that they were unable to 

return to their previous position. The investigators suggested that the skills of a voca-

tional rehabilitation specialist may be signifi cant in facilitating the return to work 

potential for employees requiring occupational-site accommodation.95
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8.4.3 VOCATIONAL COUNSELING

Patients who fail to return to work within 6 months following an MI or CABGS are 

unlikely to do so beyond this time point.96 Shrey and Mital’s95 fi nding that the longer 

the convalescence, the less likely the patient will resume employment, lends support 

for the need to recognize workers at risk for not returning to work as early as possible. 

Facilitating an earlier return to work, particularly among low-risk patients, could 

result in a signifi cant savings in disability compensation. Further, some patients clas-

sifi ed as high-risk on the basis of impaired left ventricular function demonstrate a 

relatively well-preserved physical work capacity and, thus, are capable of gainful 

employment.97 However, those who have strenuous occupations may require occu-

pation modifi cations or reassignment. The goals of vocational rehabilitation there-

fore are to evaluate whether returning to work is safe and realistic and to expedite 

the resumption of gainful employment. Early discussion of work-related issues with 

patients, preferably prior to hospital discharge, may help establish reasonable return 

to work expectations. Discussion with the patient may include an occupation analysis 

to ascertain workplace demands, individualize rehabilitation to address to workplace 

demands and concerns, establishment of tentative time lines for work evaluation and 

resumption, and identifying occupation-related needs or contacts.98

A systematic vocational assessment in rehabilitation may provide important infor-

mation to the decision-making process for the physician and the patient’s employer. 

Indeed, many patients fail to return to work because they lack the medical assurance 

that they can resume vocational activities safely. Early intervention by health care 

professionals may help anticipate, identify, and modify barriers to returning to work 

and alleviate, at least in part, the anxiety often found in such patients.99 As Prior and 

Cupper100 suggested, “early intervention may help to prevent patients from assuming 

inappropriate disability perspectives and behaviors that can become diffi cult to change 

once adopted” (p. 44). This feedback and the interaction between the patient, their 

health care providers, employer, and disability case manager, provides the greatest 

probability and builds confi dence in the decision to return to work.

8.4.4 DETERMINANTS OF WORK RESUMPTION

Over the last 30 years, research has dispelled the myth that cardiac patients are 

unemployable. Rates of returning to work are reported to vary between 47% and 

93%, depending upon the CAD population study, interventions, follow-up, and end-

point (i.e., outcome) criteria.101–106,130 The optimal time to return to work varies with 

type of cardiac event or interventional procedure, associated complications, and 

prognosis, but most uncomplicated patients can return to work within 8 weeks fol-

lowing their cardiac event. Importantly, the time for returning to work and resum-

ing full activities following a cardiac event has progressively decreased since the 

1970s.4,30 Froelicher et al.101 reported that 21% of post-MI patients return to work by 

week 3, 62% returned to work between weeks 4 and 12, and only 6% did not return 

to work following their cardiac event.

Whether a patient returns to work following a cardiac event is a complex ques-

tion which has been studied extensively.30,72,104,106–110 A number of factors have been 

shown to predict return to work. Smith and O’Rourke104 studied 151 post-MI patients 
� 2008 by Taylor & Francis Group, LLC.



and found that education level, employment related to physical activity, severity 

of the MI, and perception of health status were the only signifi cant predictors of 

returning to work. Further analysis indicated that >70% of those who returned to 

work completed high school and maintained occupations that did not require heavy 

physical activity. Interviews of post-CABGS patients suggest that the reasons for 

not resuming work are rarely based solely on cardiac fi ndings. Only 30%–40% of 

the post-CABGS patients studied indicated that their cardiac-related problems kept 

them from resuming work.111 Indeed, it has been estimated that demographic and 

socioeconomic factors account for almost half of the variance in return to work rates, 

while physical and emotional functioning account for 29%, and medical-related fac-

tors predict 20% of the variance in returning to work.112

8.4.4.1 Demographic Factors

Older patients, particularly those over 60 years, are less likely to return to work.96,113 

In a 2-year follow-up study with 100 post-MI patients who participated in a cardiac 

rehabilitation program, the best biological predictor of returning to work was age.113 

Boudrez et al.114 investigated return to work rates in 295 patients (under age of 60 

years) following their initial MI. Of those who worked before their MI, 85% returned 

to work. The key return to work determinants in that study were age, perceived 

importance of occupation, support from friends, and participation in a  comprehensive 

cardiac rehabilitation program.

Gender differences also exist in the return to work rate following a cardiac event. 

Women are generally older than men at the time of their fi rst cardiac event, are 

diagnosed with more severe CAD, and have a longer convalescence period. All three 

factors negatively contribute to their time until returning to work.96,98 Mital et al.115 

suggest that women experience more depressive symptoms following an acute MI 

and that this likely contributes to the lower return to work rate. The authors sug-

gested that women, particularly married women, may be discouraged from returning 

to work and that women may have a different attachment to their occupation com-

pared to men.96 It is important to note however, that women also experience a lower 

referral rate and poorer adherence to cardiac rehabilitation programs.116 This latter 

issue is an active area of investigation.

A higher level of education favors success in returning to work. Of patients 

returning to work following CABGS, three times as many had completed high school 

compared to postoperatively retired patients.117 Occupation also plays an important 

role in determining success in returning to work. There is a higher rate of returning to 

work for nonmanual labor occupations, many of whom have graduate or postgraduate 

training.98,102,118 This may refl ect the fact that many nonmanual labor occupations are 

motivated by intrinsic and extrinsic factors. In most instances, a major factor deter-

mining returning to work is directly related to education level, as 65% of patients not 

working postcardiac event and treatment maintained manual labor occupations.119

8.4.4.2 Socioeconomic Factors

Societal factors are major determinants in the return to work decision. For example, 

employer attitudes about adjusting work loads and employer return to work policies 
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may impact on the return to work rates following a cardiac event. The availability of 

disability benefi ts may also signifi cantly act as a deterrent in returning to work.120 In 

situations where a patient is able to maintain their lifestyle from retirement funds or 

disability payments, the desire to return to work may be marginalized. In addition, 

labor market factors, such as the level of unemployment and related employment 

opportunities, also infl uence return to work rates.105 Concern for the patient’s well-

being or lack of encouragement by their family may infl uence the decision to return 

to work.121 The optimal situation is for the family to have appropriate information, 

lend support, and participate in both the patient’s rehabilitation and the decision-

making process for returning to work.122

8.4.4.3 Physical Functioning

Functional classifi cation based on physical functioning affects return to work 

rates. In one study that followed CABGS patients 1-year postsurgery, Petrie et al.123 

reported that a major determinant of returning to work was the patient’s functional 

class at 6 months following surgery. Functional classifi cations, such as the com-

monly employed New York Heart Association124 (NYHA) (Table 8.3), are often used 

to characterize patients with cardiac disease. For example, patients determined to be 

NYHA functional class I (Table 8.3) are considered to be low risk and have a favor-

able prognosis for returning to work.19 This classifi cation of patients are  typically 
TABLE 8.3
NYHA Functional Classifi cations

NYHA 
Classifi cation Description METs19

Work 
Classifi cation28

I Cardiac patients with no limitations of physical 

activity. They can perform ordinary physical 

activity without undue fatigue or symptoms

>5 Medium to heavy

II Cardiac patients with slight to moderate 

limitations of physical activity. They may 

experience fatigue or symptoms (e.g., dyspnea, 

angina) during ordinary physical activity.

3–4 Light to medium

III Cardiac patients with moderate to great 

limitations of physical activity. They may 

experience fatigue or symptoms (e.g., 

dyspnea, angina) during lighter than 

ordinary physical activity.

2–3 Sedentary to light

IV Cardiac patients unable to carry out any physical 

activity. They experience symptoms (e.g., 

dyspnea, angina) at rest and cannot perform any 

physical activity without discomfort.

≤2 Sedentary

Source:  Criteria Committee of the New York Heart Association. Diseases of the Heart and Blood 
Vessels: Nomenclature and Criteria for Diagnosis. 6th ed. Boston, MA Little Brown and Co., 

1953, pp. 112–113.
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capable of performing ordinary physical activities without undue fatigue or car-

diac symptoms, and normally have a functional capacity of 5 METs or greater.4 

These individuals typically have no limitations with regard to occupational activities 

or occupational conditions (e.g., driving, shift work, temperature, humidity, etc.). 

According to Hellerstein,19 functional capacity corresponds to the classifi cation of 

medium work,28 which permits occasional lifting of 25–50 lb and frequent lifting 

and carrying of objects weighing up to 25 lb.28 Patients in NYHA functional class 

II (who fatigue or experience cardiac symptoms such as angina or dyspnea during 

ordinary  activity) typically have a functional capacity of 3–4 METs and are capable 

of returning to light work with some modest activity limitations. This may include 

restricting lifting to 20 lb at a time with frequent lifting/carrying of objects up to 

10 lb or less. Hellerstein19 suggests that patients in NYHA functional class I or II are 

physically capable of returning to full time employment (e.g., 8 h . day−1). Patients in 

NYHA functional class III (those who experience fatigue or cardiac symptoms with 

lighter than ordinary activity) have a markedly greater reduction in occupational 

limitation. For these individuals, a low aerobic capacity (2–3 METs) may restrict 

their return to work potential to more sedentary-type occupational tasks with a max-

imum lift/carry weight of 10 lb that is limited to several times/hour.19 These patients 

may also fi nd it best to restrict their work to part-time. Finally, CAD patients who 

are NYHA functional class IV (those who exhibit symptoms of angina or dyspnea at 

rest) are unlikely to return to work unless their medical status can be improved.

8.4.4.4 Emotional Functioning

From a vocational perspective, self-effi cacy refers to the patient’s perception of the 

ability to return to work successfully.125 Most cardiac rehabilitation patients with a 

positive outlook manage to return to their previous occupations within 10 weeks.126 

The patient’s expectations of future vocational status have also been shown to be 

an important predictor for returning to work.123 Patients who anticipated few future 

work problems have been shown to have a higher return to work rate compared to 

those who have negative expectations.98,127,128 Petrie et al.123 studied the relationship 

between the post-MI patients’ perception of their illness, and their subsequent time 

to returning to work. Those who perceived their illness as transient and less serious 

returned to work earlier and were generally able to resume work within 6 weeks.

The patient’s desire to work following a cardiac event is an important psycho-

logical predictor.129 Patients who are working productively at the time of their car-

diac event are more likely to return to work sooner and remain at work longer.98 

A study by Boll et al.130 reported that the preoperatively expressed desire to return 

to work following their CABGS procedure, in addition to an optimistic attitude with 

concrete plans for the future, positively correlated with returning to work. If a per-

son feels like a signifi cant contributor to the success of a business or profession, 

then that person is motivated by their occupation, and thus the fears and anxieties 

about returning to work may be attenuated.131,132 In a study examining return to work 

for low back pain patients, high physical and psychological occupational demands 

and low supervisory support were each associated with a 20% lower return to work 

rate.133 In contrast, high occupational control, particularly regarding work and rest 

periods, was associated with a 30% higher return to work rate.133
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Sykes et al.106 suggested that the preillness occupational environment is another 

important determinant in returning to work for the CAD patient. The fi ndings of 

Sykes et al.106 showed improved quality of life at 1 year following discharge for 

MI patients who had returned to work compared with those who had not. These 

authors cautioned however, that returning to work may not be the unequivocally 

positive outcome that it is generally accepted to be. Patients in their study were 

more likely to return to work if they had greater independence in making deci-

sions concerning how they carry out their occupational responsibilities, were less 

depressed, and had more social interaction opportunity at work. Thus, preevent job 

satisfaction, and relationships with employers and coworkers infl uence the return to 

work decision.131

Stress has been described as an excessive environmental demand combined 

with inadequate coping resources that yields the presence of emotional distress or 

characteristic patterns of maladaptive behaviors, or both.134 Many patients cite stres-

sors as important contributors to their cardiac disease.102 Theorell et al.135 reviewed 

several studies that showed an association between stressful environments and the 

risk of MI. The investigations included 127 men who returned to work following an 

MI and reported an increased death rate in those who returned to high stress jobs. 

It has been suggested that high stress can precipitate a hypercoagulable state that 

favors focal thrombosis and, as a consequence, the development and progression 

of CAD.136,137 Elevated work stress has also been correlated with a lower return to 

work rate postcardiac event.105

While individuals who return to work early following a cardiac event are more 

likely to attribute their MI to occupational stressors, Abbot and Berry138 note that 

these same patients are more likely to fi nd their work challenging and interesting 

despite the heavy workload. Rost and Smith139 studied the relationship between early 

return to work following an initial MI and the patient’s subsequent emotional well-

being and reported that 63% of the patients who had been employed at the time of 

their initial event returned to work by 4 months and remained employed 12 months 

later. Those patients who returned to work displayed signifi cantly lower levels of 

emotional distress than patients who did not return to work, and this was independent 

of multiple indicators of initial physical and psychological adjustment. These fi nd-

ings suggest that the trajectory of emotional adaptation following an acute cardiac 

event differs for individuals who do vs. those who do not return to work (Table 8.4).

8.4.4.5 Medical Factors

Numerous medical factors are predictive of returning to work. While most CABGS 

patients can return to their premorbid functional capacity (VO2max), the results of 

surgery, with respect to return to work, have been disappointing. In a study of 1252 

patients, 20% did not return to work post revascularization and long-term mainte-

nance of work was more closely related to demographics and job characteristics than 

with the type of revascularization and severity of illness.102,140

The severity and type of MI are important predictors of returning to work.141 

Patients who have clinically evident severe pump failure or left ventricular dysfunc-

tion, with or without angina pectoris, have a poorer prognosis and are less likely to 

return to work.141 The number of previous cardiac events also infl uences subsequent 
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TABLE 8.4
Factors that Positively Infl uence the Decision 
to Return to Work

Demographic factors
Younger than 60 years of age

Male gender

Socioeconomic factors
Postgraduate education

“White collar” work

Working prior to the event

Needs the income

Physical–emotional factors
Functional capacity greater than 7 METs

Perceives illness as less serious/transient

High self effi cacy for work

High job satisfaction

Manageable work stress

Supportive family

Medical factors
Low-risk patient

First cardiac event

Good left ventricular function

No comorbid conditions

Low NYHA classifi cation
work status.98,102,118 Patients who fail to return to work are more likely to have had 

an MI or CABGS before the current event and less relief of angina postoperatively 

than those who resume occupational activities.118 Thus, while surgical and medical 

interventions are effective in relieving symptoms of angina pectoris and increas-

ing exercise tolerance, the effi cacy of these interventions alone in returning cardiac 

patients to their premorbid position in society has been less than optimal.142

8.5 CONCLUSIONS

The decision to return to work following a cardiac event is complex and should 

involve the patient, their family, physician, and employer. Risk assessment will help 

distinguish patients who have a poor prognosis for returning to work from those who 

are physically capable of returning to full or part-time employment. For patients 

returning to more physically demanding occupations, additional procedures such as 

exercise testing, evaluation of the occupational energy requirements, and simulated 

work testing may aid in formulating a return to work prescription. This work pre-

scription should be integrated into a comprehensive cardiac rehabilitation program. 

Given that the energy requirements for most occupational activities are considered 

to be relatively low,29 and that functional capacity is not likely the limiting factor for 
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most patient’s ability to return to work, a modifi ed approach to exercise rehabilitation 

that includes simulated occupational tasks may be warranted. Finally, the vocational 

counseling component of cardiac rehabilitation needs to address the psychosocial 

factors that appear to play a prominent role in determining whether a CAD patient 

will indeed return to work.
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9.1 EXTENT OF THE PROBLEM

In terms of the estimated magnitude of the musculoskeletal disorders (MSDs), the 

1988 National Health Interview Survey found a prevalence of almost 15% for the 

U.S. population (Lawrence et al., 1998), which stayed relatively constant at 13.9% for 

the 1995 survey (Praemer et al., 1999). However, the Social Security Supplemental 

Security Income survey of 1998 did indicate a noticeable increase in prevalence with 

age, 16.9% for those 50–59 years of age and 23.9% for those 60–65 years of age. 

In terms of upper limb MSDs, the 1988 National Health Interview Survey found a 

prevalence of 9.4% in the hand or wrist, with 1.5% being specifi cally carpal tunnel 

syndrome and 0.4% being tendinitis (Tanaka et al., 1995). Interestingly when based 

on reported symptoms, the prevalence for carpal tunnel syndrome can be as high 

as 14.4%, but when referred for a clinical diagnosis the prevalence drops to 2.7% 

(Atroshi et al., 1999). A historical trend in MSDs is provided by the Occupational 

Safety and Health Administration in the Form 300 data. The number of cases labeled 

“disorders associated with repeated trauma” was relatively steady from 1976 to 1982 

at around 22,000, then increased sharply to 332,100 by 1994, at which point there 

was a gradual reduction to 246,700 by 1999. This recent decline was speculated to 

have occurred as a result of a better recognition of such MSDs and the implementa-

tion of industrial health and safety programs (Conway and Svenson, 1998).

9.2  COMMON MUSCULOSKELETAL DISORDERS
AND THEIR ETIOLOGY

There are a large variety of MSDs that have some commonality both in the physi-

ological or anatomical characteristics and in the general location of the problem 

(see Figure 9.1). For introducing and describing common MSDs it is best to catego-

rize them by the anatomical characteristics, while later, in providing more detailed 

scientifi c evidence for risk factors, it is best to categorize them by joints. It would not 

be unusual for a complaining worker or the medically untrained ergonomist lump 

medically different disorders into one collective “shoulder” disorder, since, probably, 

neither can identify the disorder more specifi cally. From the anatomical viewpoint, 

MSDs can be classifi ed into six basic types: tendon, muscle, nerve, vascular, bursa, 

and bone/cartilage.

9.2.1 TENDON DISORDERS

The tendon is the part of the muscle and the surrounding fascia transmitting force 

from the muscle that attaches to the bone and produces joint motion. In places where 

there is a great deal of movement (e.g., fi ngers, wrist, shoulder) the tendon may pass 

through a sheath that protects and lubricates the tendon to reduce friction. When this 

sheath and the tendon within become infl amed, it is termed tenosynovitis. When a ten-

don without the sheath becomes infl amed, it is termed tendinitis. This infl ammation 

can progress to the point of having microtrauma or even visible fraying of the tendon 

fi bers. Sometimes, the disorders are further identifi ed by the sublevel where found 

on the tendon. Enthesopathy or insertional tendinitis occurs at the tendon–bone inter-

face with relatively little infl ammation. A common one is enthesopathy of the  extensor 
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FIGURE 9.1 Examples of MSDs which may be work related. (Reproduced from Kuorinka, I. 

and Forcier, L., Work Related Musculoskeletal Disorders (WMSDs): A Reference Book for 
 Prevention, Taylor & Francis, London, 1995. With permission.)
carpi radialis brevis from the lateral epicondyle, resulting from forceful, twisting 

motions, which then is referred to as lateral epicondylitis, or more commonly as 

tennis elbow. Peritendinitis refers to the infl ammation of the tendon proper, where 

there is no tendon sheath, while the infl ammation of the muscle–tendon interface 

is termed myotendinitis. Although, technically they are all different disorders, they 

are often found together and exhibit similar symptoms of localized pain and tender-

ness and are typically collectively referred to as tendinitis. Two common examples 

of  tendinitis are bicipital tendinitis, or infl ammation of the long head of the biceps 
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 tendon as it passes over the head of the humerus through the bicipital groove caused 

by hyperabducting the elbow or forceful contractions of the biceps, and rotator cuff 

tendinitis, infl ammation of tendons of various muscles around the shoulder (supraspi-

natus, infraspinatus, teres minor) caused from abducted arms or arms raised above 

the shoulders.

Acute cases of tenosynovitis may develop localized swelling, a narrowing or 

stenosing of the sheath, and even the formation of a nodule on the tendon, caus-

ing the tendon to become temporarily entrapped or triggered as it attempts to slide 

through the sheath. If this occurs in the index fi nger, typically used in repeatedly 

and forcefully activating a power tool, it is colloquially termed trigger fi nger. Many 

times, upon attempting to straighten the fi nger and stretching the tendon, the tendon 

will crackle or crepitate leading to the more complete term of stenosing tenosyno-

vitis crepitans. Other examples of tenosynovitis in the hand include DeQuervain’s 

disease with infl ammation of the tendons of the abductor pollicis longus and exten-

sor pollicis brevis of the thumb. Repetitive forceful motions of the thumb in a variety 

of tasks, even games, lead to such problems and also to names popularized in the 

media referring back to those tasks, e.g., Atari or Nintendo thumb (Reinstein, 1983). 

Dupuytren’s contracture is formation of nodules in the palmar fascia, an extension of 

the tendon of the palmaris longus muscle, leading to triggering of the ring and little 

fi ngers. Tenosynovitis of the fl exor tendons (carpi, digitorum profundus, and super-

fi cialias) within the wrist from repeated forceful wrist motion may lead to carpal 

tunnel syndrome. Similarly repeated opening of scissors or other tools may lead to 

tenosynovitis in the extensor tendons in the fi ngers. A by-product of tenosynovitis is 

the excess release of synovial fl uid which may collect and form fl uid-fi lled gangli-

onic cysts that appear as nodules under the skin on the surface of the hand.

The mechanism of injury for tendon disorders depends on a variety of factors, 

some of which have been studied in animals. Exercise with controlled conditions 

can have positive long-term effects by increasing tendon cross-sectional area and 

strength. Remodeling of the tendon can occur with the laying down of additional 

fi brocartilaginous tissue (Woo et al., 1980). However, when the exercise becomes 

excessive (high rates of loading in rabbits), there are degenerative changes in the 

tendon with increased number of capillaries, infl ammatory cells, edema, microtears, 

and separation of fi bers consistent with pathology of tendinosis in humans. Elevated 

temperatures and hypoxia in the core of the tendon may play a role in these degenera-

tive changes (Backman et al., 1990). When a tendon experiences compressive loading 

in addition to tension, e.g., curving around a bone or ligament as in the Armstrong 

and Chaffi n (1978) tendon-pulley model, the tendon becomes transformed from lin-

ear bands of collagen fascicles into irregular patterned fi brocartilage with changes in 

the proteoglycans (Malaviya et al., 2000). Coincidentally, tendon strength, at least in 

rats, decreases with age (Simonsen et al., 1995).

9.2.2 MUSCLE DISORDERS

Muscle disorders start as simple muscle soreness or pain, termed myalgia, in 

 workers, both old and especially new, performing unaccustomed strenuous or repeti-

tive work. The affected area will be sore and tender to touch because of microstrain 
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and  infl ammation of the tissue, termed myositis. If the work is soon stopped (e.g., 

a one-time job or a weekend activity), relief will occur in several days. If the work is 

continued in a gradual manner (i.e., a break-in period), generally, a conditioning pro-

cess occurs, the muscle heals, becomes accustomed to task, and becomes more resis-

tant to injury. However, if the work is continued in an excessive manner (i.e., few rest 

periods, frequent overtime), the muscle strain and myalgia become chronic and the 

disorder becomes myofascial pain syndrome. The muscle may spasm, dysfunction, 

and temporary disability may result. In chronic stages, the disorder is  characterized 

by chronically painful spastic muscles, tingling sensations, nervousness and sleep-

lessness and is termed fi bromyalgia or fi brositis. It is aggravated by both repeated 

activities and also, paradoxically, by rest; it may be worse upon rising in the  morning. 

Another characteristic of fi bromyalgia is the presence of trigger points, small areas 

of spastic muscle that is tender to touch surrounded by unaffected muscle. Pressure 

on these trigger points will often result in pain shooting up or down the extremity. 

Details on trigger points and treatments of these disorders can be found in Travell 

and Simons (1983).

One specifi c and rather common myofascial syndrome is the tension-neck syn-

drome, characterized by pain and tenderness in the shoulder and neck region for 

clerical workers and small-parts assemblers, who typically are slightly hunched for-

ward for better visibility and have contracted the upper back (trapezius) and neck 

muscles (Kuorinka and Forcier, 1995). More active and excessive muscle contrac-

tion may lead to writer’s cramp or focal dystonia. It was fi rst noticed in Victorian 

 England in scriveners who were responsible for copying contracts by hand using 

quills gripped fi rmly. The resulting spasms were fi rst described in detail by Wilks 

(1878) and later by others (Sheehy and Marsden, 1982) resulting from the repetitive 

forceful contractions of the hand with complications induced by cocontractions of 

the forearm fl exors and extensors. The problem is that individuals tend to overgrip 

tools or other objects by as much as a factor of 5. The problem is further exacerbated 

by carpal tunnel syndrome or other neurological disorders, which reduce sensory 

feedback and increase overgripping to a factor of 10 (Lowe and Freivalds, 1999).

The mechanism of injury for muscle disorders is quite different from tendon 

disorders. Typically, muscle injury occurs as the result of excessive external forces on 

the passive structures, mainly connective tissue, rather than from overuse.  Excessive 

muscle use will result in muscle fatigue limiting contractile capability before cellular 

damage can occur. This fatigue is due to intramuscular pressure exceeding capillary 

pressure (about 30 mmHg), causing ischemia and hypoxia to the active muscle fi bers 

(Sjøgaard and Søgaard, 1998), which then may contribute to alterations in the intra-

cellular pH, lactic acid, calcium and potassium concentrations and may upset overall 

homeostasis (Sjøgaard and Jensen, 1997). Eccentric contractions, in which external 

loads cause the sarcomeres to length during active cross-bridging, are also likely to 

cause structural damage, infl ammation, hemorrhaging, and loss of  force-generating 

capacity (McCully and Faulkner, 1985). Based on an  exponential relationship that 

exists between stress and the number of cycles, with greater stress requiring fewer 

cycles, there should be a theoretical stress limit, below which injury could be avoided 

 (Warren et al., 1993). However, no such value has been derived for human muscle. There 

are also indications that passive stretch (Noonan et al., 1994) and vibration (Necking 
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et al., 1966) contribute to muscle injury. As for tendons, there are age-related changes 

in skeletal muscle, with a gradual decrease in strength starting at age 40 years and 

increasing more dramatically after age 65 years (Faulkner et al., 1990).

9.2.3 NERVE DISORDERS

Nerve entrapment occurs between two different tissues, muscles, bones, ligaments, 

or other structures, and may be due to a variety of diseases, such as hyperthyroidism 

or arthritis, vascular disorders or edema, in addition to chronic work-related trauma. 

During entrapment, pressure on the nerve will impair blood fl ow and oxygenation of 

the Schwann cells and the myelin sheath with consequent affects on axonal transport 

system and production of action potentials. If the pressure is high enough,  mechanical 

blocking of the depolarization process will occur (Lundborg, 1988). A complicating 

 factor is that entrapment at one location of the nerve (which may be up to 1 m in length) 

increases the susceptibility to further injury at points either distal or proximal to the 

fi rst location, due to impairment of the axonal fl ows of ions. This multiple entrapment, 

known as the double crush syndrome, makes it even more important that ergonomists 

consider the whole extremity when analyzing a job and diagnosing potential problems.

The most common nerve entrapment of the upper limbs is carpal tunnel syn-

drome. The carpal tunnel is formed by eight carpal bones on the dorsal side and the 

transverse carpal ligament (fl exor retinaculum, which serves to prevent bowstring-

ing) on the palmar side of the wrist (see Figure 9.2). Through this tunnel, in a tight fi t, 

pass various blood vessels, fl exor tendons, and the median nerve, which innervates 

the index and middle fi ngers and parts of the thumb and ring fi nger. Any additional 

increase in the contents of the tunnel will increase the pressure on the median nerve 

with consequent disruption of nerve conduction. This may occur in pregnant females 

when additional water retention results in swelling of the contents of carpal tunnel 

(Punnett et al., 1985) or in clerical, assembly, garment, and food processing work-

ers from forceful repetitive wrist fl exions/extensions or ulnar/radial deviations. The 

resulting friction of the tendons when sliding through their sheaths wrapped around 

the carpal tunnel bones or ligaments in the Armstrong and Chaffi n (1978) tendon-

pulley model (presented in Section 14.3.1) is compensated by additional secretions 

of synovial fl uid. This causes swelling, increases resting carpal canal pressures by 

up to a factor of 3 (Okutsu et al., 1989), and compresses the median nerve resulting 

in shooting pains, especially at night, tingling and numbness, and loss of fi ne motor 

control to the above-mentioned fi ngers.

Two other nerves, ulnar and radial, pass through the wrist area, although, not 

through the carpal tunnel. The ulnar nerve enters the hand at Guyon’s canal on the 

medial (little fi nger) side, innervating the little fi nger and part of the ring fi nger. 

Sometimes the ulnar nerve is entrapped leading to the Guyon canal syndrome with 

tingling and numbness of the associated fi ngers. The ulnar nerve may also be trapped 

further back in either the ulnar groove or the cubital tunnel formed by the two heads 

of the fl exor carpi ulnaris near the elbow in the cubital tunnel syndrome as a result of 

direct pressure on the area from resting the elbows on sharp table edges or twisting 

motions at the elbow. Symptoms include pain and soreness at the medial elbow and 

tingling and numbness in the associated fi ngers. An acute blow to the ulnar nerve at 

the ulnar groove results in the “funny bone” sensation.
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FIGURE 9.2 Carpal tunnel and thoracic outlet syndromes. (Reproduced from Kuorinka, I. 

and Forcier, L., Work Related Musculoskeletal Disorders (WMSDs): A Reference Book for 
Prevention, Taylor & Francis, London, 1995. With permission.)
The radial nerve also passes into the forearm just below the lateral epicondyle 

near the head of the radius. Compression of the nerve due to a contracted muscle 

or bones will result in localized pain and tenderness and tingling and numbness in 

the thumb, termed the radial tunnel syndrome. A similar effect will result from an 

entrapment of a deep branch of the radial nerve (interosseous) within the supinator 

muscles of the forearm in the Arcade of Frohse in the posterior interosseous syn-

drome. This condition will also show a weakness in extensor muscles for the wrist 

and little fi nger.

The median nerve can similarly be trapped both at the elbow, in the pronator 

teres syndrome, and in the forearm, in the anterior interosseous syndrome. In the fi rst 

case, the median nerve is trapped beneath the two heads of the pronator teres muscle, 

due to infl ammation and swelling of muscle from constant pronation as in the classic 

“clothes wringing” motion. Symptoms include spasm and tightness of the pronator 

teres muscle resulting in pain on the palm side of forearm and symptoms distally that 

are similar to those of carpal tunnel syndrome and may result in misdiagnosis. The 

only difference is that the palmar cutaneous branch of median nerve branches off 

before the carpal tunnel. Therefore it will produce impaired sensations in the palm in 
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the pronator teres syndrome but not the carpal tunnel syndrome (Parker and Imbus, 

1992). In the second case, the anterior interosseus branch of the median nerve can 

be compressed by the deep anterior forearm muscles from overuse. Since the nerve 

innervates muscles in midforearm and the fl exor pollicis longus, symptoms include 

pain in the front of the forearm and diffi culty producing an O-shaped pattern in a 

thumb-index fi ngertip pinch (Parker and Imbus, 1992).

Further back on the upper limb, the thoracic outlet syndrome is entrapment of 

the brachial plexus (and also the subclavian artery and vein) in one or more different 

sites: the scalenus muscles in the neck, between the clavicle and fi rst rib and between 

the chest wall and the pectoralis minor muscle. Symptoms include numbness or tin-

gling and pain in the arm and hand, especially on the ulnar side. Even the spinal 

nerve roots that form the brachial plexus (cervical vertebrae C5, C6, C7, and C8) 

may be compressed between the intervertebral openings in cervical radiculopathy. 

These openings may narrow due to degenerative disc disease or arthritis, which may 

be further exacerbated by repetitive neck motions. Symptoms include tingling and 

numbness and pain radiating to various locales determined by the innervation of the 

appropriate nerve root.

In a different type of nerve disorder, digital neuritis, direct pressure while grasp-

ing tools (e.g., scissors) or other items with sharp edges may result in infl ammation 

and swelling of the underlying nerve and eventual numbness in the associated digit. 

Again the aggravating task or item may lead to descriptive colloquial names such 

as bowler’s thumb (Howell and Leach, 1970; Dunham et al., 1972) or cherry pitter’s 

thumb (Viegas and Torres, 1989).

Extraneural compression pressures as low as 30  mmHg decrease intraneural 

fl ow and impair axonal transport within peripheral neurons. After several hours of 

compression, infl ammation leads to fi brin deposits, proliferation of fi broblasts, which 

after several days leads growth of fi brous tissues. After 1 week,  demyelination and 

axonal degeneration are observed, with the degree of injury correlated with the exter-

nal pressure (Dyck et al., 1990). Chronic nerve compression in rats shows a similar 

etiologic pattern ending in nerve fi ber degeneration (Sommer et al., 1993; Mosconi 

and Kruger, 1996). Vibration exposure shows similar edema formation, demyelina-

tion, and ultimately nerve degeneration both experimentally induced in rats (Chang 

et al., 1994) as well as from occupational exposure in humans (Strömberg et al., 

1997). Although experimental studies on spinal nerve root  compression are much less 

common than for peripheral nerves, the injury  mechanisms appear to be similar. 

Direct acute mechanical compression leads to  intraneural edema and subsequent 

fi brosis (Rydevik et al., 1976). Chronic nerve compression may be less severe with 

changes evolving gradually allowing for adaptation of the axons and vasculature. On 

the other hand, the compression leads to an increase in  neurotransmitters that stimu-

late pain transmission (Cornefjord et al., 1997).

9.2.4 VASCULAR DISORDERS

In vascular disorders, one or more of three different factors, vibration, cold tempera-

tures, and direct pressure, cause ischemia of the blood supply to nerves and muscle 

resulting in hypoxia to the tissue with tingling, numbness and loss of fi ne control. 

In the hand–arm vibration syndrome (HAVS) vibration (e.g., from power tools)  activates 
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the smooth muscle surrounding arterioles causing a clamping action and loss of 

blood fl ow (ischemia) to the hand, resulting in a blanching or the colloquial white 

fi nger syndrome. This will also result in numbness and an inability to perform

precision work. Cold temperatures have a very similar ischemic effect on the arterioles 

through a local vasoconstrictor refl ex. However, some individuals, especially women 

in northern climates, have an especially pronounced response leading to painful 

sensations, termed Raynaud’s syndrome. The prevalence for HAVS increases 

 markedly when there is a combination of vibration from power tool usage in cold 

environments, e.g., railroad work (Yu et al., 1986), stone cutting (Taylor et al., 1984), 

mining  (Hedlund, 1989), and forestry work (Olsen and Nielsen, 1988). Vibration also 

happens to be a major factor in carpal tunnel syndrome.

Direct pressure on the circulatory vessels can also cause ischemia and loss of 

fi ne motor control, effects similar to vibration or cold. This can occur in the thoracic 

outlet syndrome, where the subclavian vessels are in close proximity to the brachial 

plexus and are similarly entrapped within the shoulder area, or in the hypothenar 

hammer syndrome, where the ulnar artery is compressed against the hypothenar 

eminence (muscle below the little and ring fi ngers) during hand hammering.

9.2.5 BURSA DISORDERS

Bursitis is infl ammation of bursae, closed sacs fi lled with synovial fl uid. Bursae are 

usually located in areas with potential for friction and help facilitate the motion of 

tendons and muscles over bone protuberances, especially around joints. Bursitis may 

be caused by friction, trauma, infl ammatory diseases such as rheumatoid arthritis, 

and by bacteria. In the upper limbs, it is found at the elbow (olecranon bursa) and 

the shoulder (subacromial bursitis), the latter developing as part of the degeneration 

of the rotator cuff tendons. The most common occupationally induced bursitis, how-

ever, is in the knee (prepatellar bursitis) found in carpet layers due to the kneeling 

posture and use of the knee kicker (Thun et al., 1987).

9.2.6 BONE AND CARTILAGE DISORDERS

Arthritis can be of two forms: rheumatoid arthritis, which is a generalized infl am-

matory process associated with diseases such as gout, and osteorthritis, which is a 

degenerative process of joint cartilage. Despite an increase in cartilage water content 

and increased synthesis of proteoglycans, the cartilage decreases in thickness, with 

increased trauma to subchondral bone resulting in sclerosis. How the process begins 

is quite unclear. Many cases are idiopathic, having no clear predisposing factors, 

while other cases may occur as a result of specifi c trauma or injury to the joint. There 

is some evidence that repetitive work such as lifting may contributed to osteoarthritis 

severity in the shoulder joint (Stenlund et al., 1992).

9.3 UPPER EXTREMITY MODELS

Considering that the human hand alone has some 27 bones, 20 major joints, 33 major 

muscles, and 8 tendon pulley sheaths per digit, modeling the upper extremity com-

pletely can be quite diffi cult. Only simple basic models will be presented here, to 
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serve as a starting point for understanding the complexities of the system and the 

 potential sources for development of MSDs.

9.3.1 STATIC TENDON-PULLEY MODELS

Landsmeer (1960, 1962) developed three biomechanical models for fi nger fl exor ten-

don displacements, in which the tendon–joint displacement relationships are deter-

mined by the spatial relationships between the tendons and joints. In Model I (see 

Figure 9.3a), he assumed that the tendon is held securely against the curved articular 

surface of the proximal bone of the joint, and the proximal articular surface can be 

described as a trochlea. Such a model is particularly useful in describing extensor 

muscles. The tendon displacement relationship is described by

 
   x R= θ

 
(9.1)

where

x is the tendon displacement

R is the distance from the joint center to the tendon

θ is the joint rotation angle

However, if the tendon is not held securely, it may be displaced from the joint when 

the joint is fl exed and will settle in a position along the bisection of the joint angle 

(see Figure 9.3). Model II is useful for describing tendon displacement in intrinsic 

muscles as

 
( )2 sin /2x R= θ

 
(9.2)

Landsmeer’s (1960) Model III depicts a tendon running through a tendon sheath held 

securely against the bone, which allows the tendon to curve smoothly around the 

joint (see Figure 9.3c). The tendon displacement is described by
r

(a)

θ

rθ

1/2x r

(b)

θ

(c)

θ

h
y

d

FIGURE 9.3 Landsmeer’s tendon models: (a) Model I, (b) Model II, and (c) Model III. 

(Adapted from Landsmeer, J.M.F., Ann. Rheumat. Dis., 21, 164, 1962.)
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( )2 ½  / tan½x y d y⎡ ⎤= + θ − θ⎣ ⎦  

(9.3)

where

y is the tendon length to joint axis measured along long axis of bone

d is the distance of tendon to the long axis of bone

For small angles of fl exion (θ < 20°), tan θ is almost equal to θ, and Equation 9.3 

simplifi es to

 
x dθ=

 
(9.4)

Armstrong and Chaffi n (1979) proposed a static model for the wrist based on 

Landsmeer’s (1962) tendon Model I and LeVeau’s (1977) pulley-friction concepts 

(see Figure 9.4). Armstrong and Chaffi n (1978) found that, when the wrist is fl exed, 

the fl exor tendons are supported by fl exor retinaculum on the volar side of the carpal 

tunnel. When the wrist is extended, the fl exor tendons are supported by the carpal 

bones. Thus, deviation of the wrist from neutral position causes the tendons to be 

displaced against and past the adjacent walls of the carpal tunnel. They assumed 

that a tendon sliding over a curved surface is analogous to a belt incurring friction 

forces while wrapped around a pulley. The radial reaction force on the ligament or 

the carpal bones, FR, can be characterized as follows:

 
( )R T

e2 sin /2F F μΘ= θ
 

(9.5)
FL

FR

FT

FS

FN
r

φ

FT́

FIGURE 9.4 Armstrong tendon-pulley model for the wrist. (Reproduced from Chaffi n, 

D.B., Andersson, G.B.J., and Martin, B.J., Occupational Biomechanics, 4th edn., John Wiley 

& Sons, New York, 2006. With permission.) 
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where

FR is the radial reaction force

FT is the tendon force or belt tension

μ is the coeffi cient of friction between tendon and supporting tissues

θ is the wrist deviation angle (in radians)

The resulting normal forces on the tendon exerted by the pulley surface can be 

expressed per unit arc length as

 

( )T

N

2 e sin 2
 

F
F

R

μΘ θ/
=

θ  

(9.6)

where

FN is the normal forces exerted on tendon

R is the radius of curvature around supporting tissues

For small coeffi cient of frictions, comparable to what is found in joints (μ < 0.04) and 

for small angles of θ, Equation 9.6 reduces to the simple expression:

 
=

N T
/F F R

 
(9.7)

Thus FN is a function of only the tendon force and the radius of curvature. As the 

tendon force increases or the radius of curvature decreases (e.g., small wrists), 

the normal supporting force exerted on tendon increases. FR, on the other hand, is 

independent of radius of curvature but is dependent on the wrist deviation angle.

This tendon-pulley model provides a relatively simple mechanism for calcu-

lating the normal supporting force exerted on tendons that are a major factor in 

work related musculoskeletal disorders (WRMSDs). However, this model does not 

include the dynamic components of wrist movements such as angular velocity and 

acceleration, which might be risk factors in WRMSDs.

9.3.2 DYNAMIC TENDON-PULLEY MODELS

Schoenmarklin and Marras’s (1990) dynamic biomechanical model extended Arm-

strong and Chaffi n’s (1979) static model to include dynamic component of angular 

acceleration (see Figure 9.5). The dynamic model is two-dimensional in that only 

the forces in fl exion and extension plane are analyzed. This model investigates the 

effects of maximum angular acceleration on the resultant reaction force that the wrist 

ligaments and carpal bones exert on tendons and their sheaths.

Key forces and movements in the model include the reaction force at the center 

of the wrist (Wx and Wy), the couple or moment (Mw) required to fl ex and extend the 

wrist, and the inertial force (M × An and M × At) and inertial moment (I × Θ
..

)  acting 

around the hand’s center of mass. For equilibrium, the magnitude of moment around 

the wrist in the free body diagram must equal the magnitude of moment acting around 

the hand’s center of mass in the moment acceleration diagram:
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Wy

Wx

R

Flexor tendons Mw

D

M × Ac M × At

l × Θ

CM

θ

CM

FIGURE 9.5 Dynamic tendon-pulley model for the wrist. (Adapted from Schoenmarklin, 

R.W. and Marras, W.P., Proceedings of the Human Factors Society 34th Annual Meeting, 

Santa Monica, CA: Human Factors  Society, 1990, pp. 805–809.)
 

..

T t n
( )F R M A M A D I× = × + × × + × Θ

 
(9.8)

where

M is the mass

At is the tangential acceleration

Ac is the centripetal acceleration

FT is the tendon force

I is the moment of inertia of the hand in fl exion and extension

Θ
. .

 is the angular acceleration

Thus, the hand is assumed to accelerate from a stationary posture, so, the angular 

velocity is theoretically zero, resulted in zero centripetal force (Ac = V 2/R = 0). Then,

 

..

t t
( )F R M A D I× = × × + × Θ

 
(9.9)

 

.. ..

t
( )F R M D D I× = × × Θ × + × Θ

 
(9.10)

 

..
2

t

( )M D I
F

R

× + × Θ=
 

(9.11)

 

( )
..

2

R
2 sin

2

M D I
F

R

⎛ ⎞× + × Θ θ⎛ ⎞⎜ ⎟= × × ⎜ ⎟⎜ ⎟ ⎝ ⎠⎜ ⎟⎝ ⎠  

(9.12)
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where

R is the radius of curvature of the tendon

D is the distance between the center of mass of hand and wrist

M is the weight of hand

θ is the wrist deviation angle

The above equations indicate that the resultant reaction force, FR, is a function 

of angular acceleration, radius of curvature, and wrist deviation. Thus, exertion of 

wrist and hand with greater angular acceleration and deviated wrist angle would 

result in greater total resultant reaction forces on the tendons and supporting tis-

sues than exertions with small angular acceleration and neutral wrist position. 

According to Armstrong and Chaffi n (1979), increases in resultant reaction force 

would increase the supporting force that the carpal bones and ligaments exert on 

the fl exor tendons, therefore increasing the chance of infl ammation and risk of 

carpel tunnel syndrome (CTS). Therefore, these results might provide theoretical 

support to why angular acceleration variable can be considered a risk factor of 

WRMSDs.

The advantage of Schoenmarklin and Marras (1990) model is that it does include 

the dynamic variable of angular acceleration into assessment of resultant reaction 

force on the tendons. But the model is two-dimensional, and it does not consider the 

coactivation of antagonistic muscles in wrist joint motions. This points to the need 

for further model developments to account for additional physiological factors.

9.4 ERGONOMIC INTERVENTIONS IN HAND TOOLS

Since tools, as we know them, were developed as extension of the upper extremi-

ties to reinforce the strength and the effectiveness of these limbs, this section will 

focus primarily on ergonomic interventions in hand tools. Approximately 6% of all 

compensable work injuries and 10% of all industrial injuries in the United States 

are caused by the use of hand tools (Mital and Sanghavi, 1986; Aghazadeh and 

Mital, 1987). This means over 73,000 injuries involving at least 1 work day lost 

amounting to over $10 billion annually in costs (Bureau of Labor Statistics, 1995). 

The most injured body parts by both nonpowered and powered hand tools were the 

upper extremities (59.3% and 51.0%, respectively) followed by back, trunk, and lower 

extremities. Fingers accounted for 56% of upper extremity injuries or about 30% of 

all body parts (Aghazadeh and Mital, 1987).

9.4.1 GENERAL TOOL PRINCIPLES

 1. An effi cient tool has to fulfi ll some basic requirements (Drillis, 1963): It 

must perform effectively the function for which it is intended. Thus an axe 

should convert a maximum amount of its kinetic energy into useful chop-

ping work, separate cleanly wood fi bers and be easily withdrawn.

 2. It must be properly proportioned to the body dimensions of the operator to 

maximize effi ciency of human involvement.

 3. It must be designed to the strength and work capacity of the operator. Thus 

allowances have to be made for the gender, training, and physical fi tness of 

the operator.
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 4. It should not cause undue fatigue, i.e., it should not demand unusual postures 

or practices that will require more energy expenditure than necessary.

 5. It must provide sensory feedback in the form pressure, some shock, texture, 

temperature, etc. to the user.

 6. The capital and maintenance cost should be reasonable.

9.4.2 ANATOMY AND TYPES OF GRIP

The human hand is a complex structure of bones, arteries, nerves, ligaments, and 

tendons. The fi ngers are controlled by the extensor carpi and fl exor carpi muscles in 

the forearm. The muscles are connected to the fi ngers by tendons which pass through 

a channel in the wrist, formed by the bones of the back of the hand on one side and the 

transverse carpal ligament on the other. Through this channel, called the carpal tunnel, 

pass also various arteries and nerves. The bones of the wrist connect to two long bones 

in the forearm, the ulna, and the radius. The radius connects to the thumb side of the 

wrist and ulna connects to the little fi nger side of the wrist. The orientation of the wrist 

joint allows movement in only two planes, each at 90° to the other. The fi rst gives rise 

to palmar fl exion and dorsifl exion. The second movement plane gives ulnar and radial 

deviation. The ulna and radius of the forearm connect to the humerus of the upper arm. 

The biceps brachii, brachialis, and brachoradialis control elbow fl exion and to some 

degree supination (outward rotation) of the wrist. The triceps acts as an elbow extensor.

Probably the most unique feature of the above upper extremity is the manual, 

dexterity produced by the hand. Napier (1956) defi ned the prehensile movements 

of the human hand in terms of a power grip and a precision grip. In a power grip 

the tool, whose axis is more or less perpendicular to the forearm, is held in a clamp 

formed by the partly fl exed fi ngers and the palm, with opposing pressure being 

applied by the thumb (see Figure 9.6). There are three subcategories of the power 
Power grip

Hook grip Lateral pinch External precision

Two-point pinch Internal precision

FIGURE 9.6 Types of grip. (Reproduced from Freivalds, A., Occupational Ergonomic 
Handbook, W. Karwowski and W. S. Marras (ed.), New York: CRC Press, 1999, pp. 461–478. 

With permission.)
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grip, d ifferentiated by the line of action of force: (1) force parallel to the forearm, as 

in sawing; (2) force at an angle to forearm, as in hammering; and (3) torque about the 

forearm, as when using a screwdriver. As the name implies, the power grip is used 

for power or for holding heavy objects (Bendz, 1974).

In a precision grip, the tool is pinched between the fl exor aspects of the fi ngers and 

the opposing thumb. The relative position of the thumb and fi ngers determines how 

much force is to be applied and provides sensory surface for receiving feedback nec-

essary to give the precision needed. There are two types of precision grip (see Figure 

9.6): (1) internal, in which the shaft of the tool (e.g., knife) passes under the thumb and 

is thus internal to the hand; and (2) external, in which the shaft (e.g., pencil) passes 

over the thumb and is thus external to the hand. The precision grip is used for control. 

There is also the hook grip, which is used to support weight by the fi ngers only, as 

in holding a box, a lateral pinch, as in holding a key, a pulp or tip pinches, depend-

ing if the pulpy part or nails of the fi ngers touch. A fi ner gradation of grips is also 

 possible, as presented by Kroemer (1986). Note that all of these pinches have a signifi -

cantly decreased strength capability as compared to the power grip (see Table 9.1) and, 

therefore, large forces should never be applied using pinch grips.

One theory of gripping forces has been described by Pheasant and O’Neill (1975). 

The hand gripping a cylindrical handle forms a closed system of forces in which por-

tions of the digits and palm are used, in opposition to each other, to exert compressive 

forces on the handle (Figure 9.7). The strength of the grip (G) may be defi ned as the 

sum of all components of forces exerted normal to the surface of the handle:

 
G g= Σ

 
(9.13)

When exerting a turning action on the handle, the maximum torque, at the moment 

of hand slippage, is given by

 T SD=  
(9.14)

where

T is the torque

S is the total frictional or shear force

D is the handle diameter
TABLE 9.1
Relative Forces for Different Types of Grips

Grip Male (N) Female (N) % of Power Grip

Power grip 400 228 100

Tip pinch 65 45 18

Pulp pinch 61 43 17

Lateral pinch 109 76 30

Source: Adapted from An, K.N., Askew, L.J., and Chao, E.Y. Biome-

chanics and functional assessment of upper extremities, in 

W. Karwowski (ed.) Trends in Ergonomics/Human Factors III, 
Amsterdam: Elsevier, pp. 573–580, 1986.
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FIGURE 9.7 The mechanics of gripping. (Reproduced from Freivalds, A., Int. Rev. Ergon. 
1, 43, 1987. With permission.)
and S can be defi ned by

 
S Gμ=

 
(9.15)

where μ is the coeffi cient of friction.

Thus torque is directly dependent upon handle diameter and indirectly upon 

diameter squared, since the gripping force also depends on the circumference of the 

handle gripped. This was confi rmed experimentally by Pheasant and O’Neill (1975). 

For thrusting motions in the direction of the long axis of the handle, the diameter is 

not involved and determination of maximum force is more complicated. For handles 

larger than the grip span diameter, the gripped area no longer increases in propor-

tion of the diameter. An analysis of such conditions was performed by Replogle 

(1983) who concluded that for handles up to twice the grip span diameter the relative 

ungripped area of the handle increases, reducing the effective gripped area. Torque 

is then dependent on handle diameter as follows:

 

2

2

3 (4 )

( 2)

d d
T

d

−=
+  

(9.16)

where d is the ratio of handle diameter to grip span diameter. For larger handle 

diameters the expression for torque becomes much more complicated (Replogle, 

1983).

The individual fi ngers do not contribute equally to force production in a power 

grip. The middle fi nger is the strongest at 28.7% of the grip force, followed by the 

index, ring, and little fi ngers, with percentage contributions of 26.5%, 24.6%, and 

20.2%, respectively (Kong and Freivalds, 2003). Similar values have been found 

by An et al. (1978), Amis (1987), Ejeskar and Örtengren (1981), Chen (1991), and 

Radhakrishnan and Nagaravindra (1993).

These different fi nger force contributions may be explained by the  mechanical 

characteristics of bone and muscle. From the bone point of view, the middle fi nger is 
� 2008 by Taylor & Francis Group, LLC.



at the center of the hand and longer than the others and, thus, may have the mechanical 

advantage over the other fi ngers. The index and the ring fi ngers are located about the 

same distance from the center of the hand and, consequently, exert a similar amount 

of force. The little fi nger is the farthest from the center of the hand, and, therefore, 

may have a mechanical disadvantage over the other fi ngers when gripping.

From the muscle point of view, each fi nger has different muscle characteristics 

such as mass, volume, and length of muscle fi bers. Brand et al. (1981) reported that 

the mass or volume of muscle is proportional to the total work capacity and showed 

that the fl exor digitorum superfi cialis (FDS) of the middle fi nger has the largest mass 

fraction of total weight, followed by the fl exor digitorum profundus (FDP) of the 

middle fi nger. The FDS of the little fi nger has the lowest mass fraction. Ketchum et 

al. (1978) also reported that the FDS of the middle fi nger was strongest and the com-

bined force of both the superfi cialis and the profundus tendons was also the strongest 

in the middle fi nger, followed by the index, ring, and little fi nger.

Phalange force distributions are also nonuniform. The force imposed by the distal 

phalange (35.9%) was signifi cantly higher than that imposed by the middle (32.4%) 

and the proximal (31.7%) phalanges in the gripping task (Kong and Freivalds, 2003). 

These fi ndings are confi rmed by An et al. (1978), Amis (1987), Chao et al. (1989), 

and Lee and Rim (1990). Note that these results only apply to a gripping task. For 

a pulling task utilizing a power grip, a greater amount of the force is applied by the 

proximal (37.6%) and middle (33.6%) phalanges and lesser amount by the distal pha-

lange (28.8%) (Kong and Freivalds, 2003). Note also that female power grip force is 

roughly 70% of male power grip force (see Figure 9.3).

9.4.3 BIOMECHANICS OF PRECISION GRIP AND FRICTION

Precision or pinch grip can be modeled as follows (see Figure 9.8). The application 

force (FA) is transmitted to the workpiece (in addition to the tool weight) through the 
TB

FA
FR

FP

F2F1
FP

W

FIGURE 9.8 Forces of a precision grip. (Reproduced from Lowe, B.D. and Freivalds, A., 

Ergonomics, 42, 550, 1999. With permission.)
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axis of the tool. In static equilibrium, a reactive force (FR) is directionally opposite 

and equal in magnitude to the application force plus the weight of the tool (W):

 R A
F F W= +

 
(9.17)

When FA is applied, the tendency for the reactive force, FR, to push the tool 

upward through the grasp, is resisted by the frictional forces (Ff1 and Ff2) between the 

fi ngertip surfaces and tool grip surface material. The sum of these frictional forces 

must be greater than the force applied with the tool (FA) to resist the slip. In this 

paradigm, the frictional forces at each digit (Ff) are a result of the pinch forces nor-

mal to the tool surface (FP) multiplied by the static coeffi cient of friction (μ) between 

the digital pulpar skin and the tool grip surface material. Further, the forces applied 

by the thumb and index fi nger (FP1 and FP2) are equal in magnitude and opposite in 

direction (due to net zero horizontal translation of the tool) so that the total frictional 

force downward is equal to 2μFP:

 f1 f2 R
F F F W+ ≥ −

 
(9.18)

 P R
2 F F Wμ ≥ −

 
(9.19)

Provided that the tool does not slip within the grip, 2Fp(task) must be greater than the 

minimum pinch force required to prevent slip, 2Fp(slip). At the instant of slip, 2Fp(slip) 

is directionally opposite and equal in magnitude to (FR − W), so the coeffi cient of 

friction can be defi ned by

 P(slip) R
2  F F Wμ = −

 
(9.20)

 

R

P(slip)
2

F W

F

−
μ =

 

(9.21)

Conversely, if μ is known, calculation of the minimum required pinch force (pinch 

force at slip) as a function of reactive force FR is

 

R

p(slip)
2

F W
F

−
=

μ
 

(9.22)

The pinch force safety margin (SM) is defi ned as the excessive pinch force (sum 

of thumb and index fi nger force) exceeding the minimum pinch force resisting slip 

(2Fp(slip)):

 p(task) p(slip)
SM 2 2F F= −

 
(9.23)

 

R

p(task)
SM 2

F W
F

−
= −

μ
 

(9.24)
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The SM can be an unreliable measure of excess grip force because it relies on the skin 

coeffi cient of friction, which can be diffi cult to measure and generally is  estimated. 

One can also defi ne a force ratio as the ratio of grip to application forces. The force 

ratio is not dependent on unreliable estimates of frictional coeffi cients, but, since it 

is a unitless ratio, it cannot provide any information on the absolute magnitude of 

excess grip force (Lowe and Freivalds, 1999).

The coeffi cient of friction between the digital pulpar skin and the grip sur-

face has been measured by determining peak shear force as a function of normal 

(pinch) force (Buchholz et al., 1988). The subjects pinched, between alcohol-

cleansed (to remove oils) thumb and index fi ngertips, an instrumented “tool.” 

Based on visual feedback of force displayed on an oscilloscope, the subjects 

attempted to maintain a constant normal (pinch) force while slowly pulling 

upward on the clamped tool, which also measured axial force. As the upward 

pull force increased, the fi ngertip shear forces were estimated from axial forces 

on the tool. Eventually the fi ngertips slipped, with the ratio of the maximum axial 

force immediately preceding the slip to the sum of the two normal forces yield-

ing the coeffi cient of friction. The coeffi cients ranged approximately from 0.25 to 

0.55 for different materials, with large inter- and intrasubject variabilities. Cloth 

and suede material exhibited higher values as compared to aluminum. Also, the 

coeffi cient of friction was inversely related to the pinch force applied by the dig-

its, decreasing approximately 0.1 per each 30 N of pinch force. The calculation 

of the coeffi cient of friction is further complicated by the diffi culties subjects 

had in maintaining a constant pinch force and avoiding the refl exive pinch force 

increase or a slip refl ex, which occurs approximately 75 ms after the onset of 

slip between the fi ngertips and the object (Cole and Abbs, 1987; Johansson and 

Westling, 1987).

Later research found very similar results but with signifi cantly lower values 

of friction for older adults (Cole, 1991; Lowe and Freivalds, 1999). This could be 

attributed to the reduced eccrine sweat gland output (Cole, 1991), but with regular 

cleansing of the fi ngertip surfaces, this should not be a major factor. An alternative 

explanation may be related to skin deformation characteristics and changes in the 

viscoelasticity of the pulpar skin that may occur with age. Young skin viscoelas-

tic properties deviate considerably from Amonton’s laws (Comaish and Bottoms, 

1971), aging would only exacerbate that. The deviations Amonton’s laws were 

demonstrated quite dramatically by Bobjer et al. (1993) in measuring coeffi cients 

of friction for textured and nontextured surfaces contaminated with oil and lard. 

In many conditions, they found coeffi cients of friction well above the theoretical 

limit of 1.0.

The results also presented trade-off problems for designers of hand tools. 

Smooth, nontextured handles produced highest coeffi cients of friction for clean hands 

(μ = 1.4), but lowest coeffi cients of friction (μ = 0.2) when the hands were contami-

nated, as one would reasonably expect. By adding texture, the friction was increased 

for contaminated conditions, perhaps, by channeling them away. However, with 

normal (cleansed with alcohol) hands, any texture decreased the coeffi cient of friction, 

perhaps because of the decreased area of contact with the skin. Perhaps the optimum 

situation with acceptable coeffi cients of friction for all conditions  (approximately 
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uniform at μ = 0.75) were achieved with a coarse texture of alternating 2 mm ridges 

and 2 mm grooves (Bobjer et al., 1993).

9.4.4 GRIP FORCE COORDINATION

Coordination was defi ned by Athènes and Wing (1989) as “the way in which  different 

motor acts are coupled with regard to their temporal and spatial characteristics to 

allow for a more effi cient motor performance.” Neurophysiological studies of grip 

force coordination in simple lift and hold maneuvers have revealed that individuals 

apply a higher grip force than demanded by mechanical conditions (mainly  friction) 

of the external object (Johansson and Westling, 1984; Westling and Johansson, 

1984). The higher grip force represents a SM (Johansson, 1991), or buffer, against 

 unanticipated perturbing forces or slip of the tools from the grip. The minimum ratio 

of grip force to the load force (external force demand) is governed by mechanical 

conditions of the hand–object interface and the force which is transmitted through 

the grasped object to its external environment. The actual ratio of these forces is 

scaled above this minimum slip force to achieve an adequate margin of safety. The 

scaling of the ratio of these forces determines the effi ciency of an individual’s grip 

force coordination and represents a clear trade-off between maintaining a margin of 

safety and minimizing excess grip force on the object.

Under conditions in which there is impairment of the sensory nerves, such 

as  anesthesia of the digital pulpy areas, subjects have experienced diffi culties 

in  modulating grip force in parallel with the load force (Johansson et al., 1992). 

Microneurographic recordings from the afferent tactile mechanoreceptors have shown 

that cutaneous feedback from these receptors is critical in transmitting information 

regarding the conditions preceding slip at the grip interface (Westling and  Johansson, 

1987). When, the mechanoreceptors are anesthetized, individuals lose this feedback. 

Similarly, Cole (1991) observed force coordination impairments in elderly individuals 

that were attributed to an age-related decrement in tactile sensibility.

Compression neuropathies of the median nerve, such as carpal tunnel syndrome, 

result in decreased tactile sensitivity of the thumb and fi rst digits (Jackson and Clifford, 

1989) and could be hypothesized to consequently also degrade the ability to coordinate 

pinch grip, resulting in higher grip force levels. Reviews of epidemiological studies 

have suggested that force exertions exceeding 15%–20% of an individual’s maximum 

voluntary contraction (MVC) maybe linked with MSDs (Kroemer, 1989, 1992). This 

suggestion appears to be based on previous fi ndings that force exertions below 15% 

MVC are associated with an essentially infi nite endurance time while recovery periods 

are needed for larger exertions (Monod and Scherrer, 1965; Rohmert, 1973).

The effects of a defi cit in grip force coordination effi ciency relative to a 15% 

MVC threshold is illustrated conceptually in Figure 9.9 (Lowe and Freivalds, 1999). 

Two individuals (A and B) of equivalent maximum strength may actually exert very 

different grip forces when performing identical tasks. The model illustrates that the 

employee who exerts a higher grip force as a result of reduced grip force coordination 

effi ciency (higher SM) has an amplifi ed risk. When the force requirement is below the 

risk threshold, an individual with reduced grip force coordination effi ciency may apply 

a grip force above the threshold purely as a result of the SM. For those individuals who 
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FIGURE 9.9 Conceptual model of the relationship between the required force, SM, and 

risk threshold. (a) Employee B exerts only 29% higher grip force on the tool, but the grip 

force exceeding the risk threshold is 83% higher than that of employee A. (b) Employee 

B’s grip force, which exceeds the risk threshold, is attributable exclusively to a higher SM 

while employee A’s grip force is below the risk threshold. (Reproduced from Lowe, B.D. and 

Freivalds, A., Ergonomics, 42, 550, 1999. With permission.)
already are slightly impaired with a median nerve entrapment disorder would exhibit 

even higher grasp forces and would have even greater risk.

Grip coordination was tested further by Lowe and Freivalds (1999) with an 

instrumented hand tool (shown in Figure 9.4) on seven patients diagnosed with CTS 

and seven matched controls. The subjects were required to track a sinusoidal target 

force (varying both in amplitude and frequency between conditions) presented on 

an oscilloscope display by applying a tool application force (FA). The application 

force and pinch force (2FP) were recorded (see Figure 9.10) and used to calculate 

two measures of grip coordination. The modulation index indicated the percentage 

of maximum pinch force as it modulated between the minimum and maximum tool 

application force:
Control
3

2

1

0
0 0 1515

2FP
FA

CTS

b a
b
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rc

e (
kg

F) a

FIGURE 9.10 Grip force (2FP) and application force (FA) performance for a typical con-

trol group subject (left panel) and CTS group subject (right panel). The modulation index 

is the ratio of the lengths of line segments a (difference between maximum and minimum 

pinch forces) and b (peak pinch force). (Reproduced from Lowe, B.D. and Freivalds, A., 

 Ergonomics, 42, 550, 1999. With permission.)
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The modulation index ranged from 0 (no grip force modulation) to 1 (most effi cient 

grip force modulation). The force ratio represented the ratio of total grip force to the 

applied force, integrated over one period of the application force cycle:
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On average, the CTS group exerted signifi cantly higher pinch forces at equivalent levels 

of application force and modulated their grip force less, indicating a lower effi ciency 

of grip force coordination. More specifi cally, the mean value for the modulation index 

was 12.4% lower for the CTS group, while the force ratio was 54% higher for the CTS 

group. The link between median nerve compression and decreased grip coordination 

is hypothesized to be an adaptive, compensatory rescaling of the force ratio to a higher 

SM. The increased force ratio (and SM) serves a larger buffer against localized slips 

which may be “undetected” by a less sensitive afferent system. The higher grip forces 

indicate higher fl exor tendon forces as they glide within the carpal tunnel, further 

aggravating the compression of the medium nerve through the tendon-pulley model 

(see Section 9.3.1). For example, Chao et al. (1976) estimated the fl exor digitorum 

profundus tendon forces to be 4.32 times the external force measured at the fi ngertip. 

A 54% average increase in the force ratio for CTS patients as compared to controls 

would now yield tendon forces as 6.5 times the external force, further accelerating 

the risk for further injury. However, by increasing the friction characteristics of the 

tool surface (in this case, suede material) the force ratio for CTS patients was reduced 

signifi cantly almost to the same level as found in controls (Lowe and Freivalds, 1999).

9.4.5 STATIC LOADING AND WRIST POSTURE

When tools are used in situations in which the arms must be elevated or tools have 

to be held for extended periods, muscles of the shoulders, arms, and hands may be 

loaded statically, resulting in fatigue, reduced work capacity and soreness. Abduc-

tion of the shoulder with corresponding elevation of the elbow will occur if work has 

to be done with a straight tool on a horizontal workplace. An angled tool reduces the 

need to raise the arm (Eastman Kodak, 1983). A good example of such a tool is the 

redesigned soldering iron described by Tichauer and Gage (1977).

Prolonged work with arms extended can produce soreness in the forearm for 

assembly tasks done with force. By rearranging the workplace so as to keep the 

elbows at 90° most of the problem can be eliminated. Similarly, continuous holding 

of an activation switch can result in fatigue of the fi ngers and reduced fl exibility. 

Thus tool activation forces should be kept low to reduce this loading, or a power 

grip bar instead of a single-fi nger trigger should be used. For a two-handled tool, a 

 spring-loaded return saves the fi ngers from having to return the tool to its starting 

position (Eastman Kodak, 1983).
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FIGURE 9.11 Grip strength as a function of wrist and forearm position. (Adapted from 

 Terrell, R. and Purswell, J., The infl uence of forearm and wrist orientation on static grip 

strength as a design criterion for hand tools, in Proceedings of the Human Factors Society, 

20th Annual Meeting, Santa Monica, CA: Human Factor Society, pp. 28–32, 1976.)
As the wrist is moved from its neutral position there is loss of grip strength 

(Terrell and Pursewell, 1976). Starting from a neutral wrist position, full pronation 

decreases grip strength by 12%, full fl exion/extension by 25%, and full radial/ulnar 

deviation by 15% (See Figure 9.11). This degradation of maximum grip strength 

available can be quantifi ed by

 
2 2

%Grip strength 95.7 4.3 PS 3.8 FE 25.2 FE 16.8 RU= + + − −
 

(9.27)

where

PS  = 1 if the wrist is fully pronated or supinated and 0 if in a neutral position

FE   = 1 if the wrist is fully fl exed or extended and 0 if in a neutral position

RU  = 1 if the wrist is fully in radial or ulnar deviate and 0 if in a neutral 

position

Furthermore, awkward hand positions may result in soreness of the wrist, loss of grip 

and, if sustained for extended periods of time, occurrence of WRMSDs. To reduce 

this problem, the workplace of the tools should be redesigned to allow for straight 

wrist, i.e., lowering work surfaces and edges of containers, tilting jigs toward the 

hand, etc., using a pistol grip on knives (Armstrong et al., 1982), using a pistol handle 

on powered tools for vertical surfaces and in-line handles for horizontal surfaces 

(Armstrong, 1983), and putting a bend in the tool handle to refl ect the axis of grasp 

such as the Tichauer and Gage (1977) pliers.
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TABLE 9.2
Maximal Static Finger Flexion Forces

Digit Maximum Force (N) % Force of Thumb

Thumb 73 100

Index 59 81

Middle 64 88

Ring 50 69

Little 32 44

Source: Adapted from Hertzberg, H., Human Engineering 
Guide, Washington, DC: U.S. Government Printing 

Offi ce, pp. 467–584, 1973.
If the index fi nger is used excessively for operating triggers, symptoms of 

trigger fi nger develop. Trigger forces should be kept low, preferably below 10 N 

(Eastman Kodak, 1983) to reduce the load on the index fi nger. Two or three fi nger-

operated controls are preferable. Finger strip controls are even better, because they 

require the use of more and stronger fi ngers. Absolute fi nger fl exion strengths are 

shown in Table 9.2.

9.4.6 HANDLES FOR SINGLE-HANDLED TOOLS

A cutout handle should be large enough to provide space for all four fi ngers. Hand 

breadth across the metacarpals ranges from 71 mm for a 5% female to 97 mm for a 

95% male (Garrett, 1971). Thus 100 mm may be a reasonable minimum, but 125 mm 

may be more comfortable (Konz and Johnson, 2000). Eastman Kodak (1983) recom-

mended 120 mm. If the grip is enclosed or gloves are used, even larger openings are 

recommended. For an external precision grip, the tool shaft must be long enough to 

be supported at the base of the fi rst fi nger or thumb. A minimum value of 100 mm is 

suggested (Konz and Johnson, 2000). For an internal precision grip, the tool should 

extend past the palm, but not so far as to hit the wrist (Konz and Johnson, 2000). It 

is interesting to note that screwdriver torque was experimentally found to be propor-

tional to the handle grip length (Magill and Konz, 1986).

For a power grip on screwdrivers Rubarth (1928) recommended a diameter of 

40 mm. Basing their recommendation on empirical judgments of stair rails, Hall and 

Bernett (1956) suggested 32 mm. Based on minimum electromyograms (EMG)  activity 

Ayoub and LoPresti (1971) found a 51 mm handle diameter to be best.  However, based 

on the maximum number of work cycles completed before fatigue and on the ratio of 

grip force to EMG activity, they suggested a 38 mm diameter. Pheasant and O’Neill 

(1975) found that muscle strength deteriorates when using handles greater than 50 mm 

in diameter. Rigby (1973) recommended 38 mm for full encirclement of the hand and 

heavy loads. For handles on boxes, Drury (1980) found diameters of 31–38 mm to be 

best in terms of least reduction in grip strength. Using various handles of noncircular 

cross-section, Cochran and Riley (1982, 1986) found largest thrust forces in handles 

of 130 mm circumference (or 41.4 mm equivalent circular diameter) for both males 

and females. For manipulation, however, the smallest handles of 22 mm were found 
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to be best (Cochran and Riley, 1983). Replogle (1983), in validating his gripping 

model, found maximum torques at twice the grip span diameter. With average spans 

of about 25 mm, this yields a handle diameter of 50 mm. Based on company experi-

ence, Eastman Kodak (1983) recommended 30–40 mm with an optimum of 40 mm 

for power grips and 8–16 mm with an optimum of 12 mm for precision grips.

Based on the above data, one could summarize that handle diameters should be 

in the range of 31–50 mm with the upper end best for maximum torque and the lower 

end for dexterity and speed. However, it would also be best to size the handle to each 

individual’s hand size. This was fi rst succinctly observed by Fox (1957) in that a handle 

which allows some overlap between the thumb and index fi nger may be better than a 

larger handle that matches the individual’s grip diameter. Grant et al. (1992) later con-

fi rmed that handles 1 cm smaller than the inside grip diameter maximized grip strength 

as compared to handles 1 cm larger or those matching the inside grip diameter.

Kong et al. (2004) went further by defi ning normalized handle size (NHS) as 

the ratio of the handle circumference to hand length, as measured from the wrist 

crease to the tip of the middle fi nger. Thirty subjects, ranging from 5th percentile 

females to 95th percentile males, with hand lengths ranging from 160 to 205 mm, 

gripped a variety of handle sizes in several different tasks. This resulted in NHS 

ranging from 45% to 90%. Maximum grip forces and minimum subjective ratings of 

perceived exertion were obtained roughly in the range of 50%–55% NHS or absolute 

handle sizes in the range of 30.6–39.2 mm, depending on the individuals hand length. 

A more detailed analysis indicated that a better match yet is for the handle size to 

conform to individual fi nger lengths, with the ratio of the handle circumference to the 

length of fi nger ranging from 90% to 110%. This would result in a handle shape that 

is of an asymmetrical double frustum shape described further in the next section.

As early as 1928, Rubarth investigated handle shape and concluded that, for a 

power grip, one should design for maximum surface contact so as to minimize unit 

pressure of the hand. Thus a tool with a circular cross-section was found to give  largest 

torque. Pheasant and O’Neill (1975) concluded that the precise shape of handles was 

irrelevant and recommended simple knurled cylinders. Evaluation of handle shape on 

grip fatigue in manual lifting (which is a different action than for tool use) did not 

indicate any signifi cant differences in shapes (Scheller, 1983). Maximum pull force, 

though, was obtained with a triangular cross-section, apex down. For thrusting forces, 

the circular cross-section was found to be worst and a triangular best (Cochran and 

Riley, 1982). However for a rolling type of manipulation, the triangular shape was 

slowest (Cochran and Riley, 1983). A more comprehensive study indicated that no 

one shape may be perfect, and that shape may be more dependent on the type of task 

and motions involved than initially thought (Cochran and Riley, 1986). A rectangular 

shape of width: height ratios, from 1:1.25 to 1:1.50 appeared to be a good compromise. 

A further advantage of a rectangular cross-section is that the tool does not roll when 

placed on a table (Konz and Johnson, 2000). It should also be noted that handles should 

not have the shape of a true cylinder except for a hook grip. For screwdriver type tools, 

the handle end is rounded to prevent undue pressure at the palm and for hammer type 

tools the handle may have some fl attening curving to indicate the end of the handle.

In a departure from the circular, cylindrically shaped handles, Bullinger and 

Solf (1979) proposed a more radical design using a hexagonal cross-section, shaped 
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as two truncated cones joined at the largest ends. Such a shape fi ts the contours of the 

palm and thumb best in both precision and power grips and yielded highest torques 

(9 N m) in comparison with more conventional handles. A more detailed study by 

Kong et al. (2004) identifi ed four asymmetric double frustum cone handle sizes that 

would fi t most of the adult population:

Small—corresponding to a 5th percentile female hand (160 mm)

Medium—corresponding to a 50th percentile female/5th percentile male hand 

(175 mm)

Large—corresponding to a 50th percentile male/95th percentile female hand 

(190 mm)

Extra large—corresponding to a 95th percentile male hand (205 mm)

The double frustum shape, with thick ends joined, allows one handle to fi t all 

four fi ngers naturally. The index and middle fi ngers are larger, thus the slant of the 

top cone is less (6.9°) than for the bottom cone (15.4°). The total length of the handle 

is 130 mm, i.e., 65 mm for each cone.

A fi nal note on shape is that T-handles yield much better performance than 

straight screwdriver handles. Pheasant and O’Neill (1975) reported as much as 50% 

increase in torque. Optimum handle diameter was found to be 25 mm and optimum 

angle was 60°, i.e., a slanted T (Saran, 1973). The slant allows the wrist to remain 

straight and thus generate larger forces.

For centuries, wood was the material of choice for tool handles. Wood was 

 readily available, and easily worked. It has good resistance to shock and to thermal 

and electrical conductivity and has good frictional qualities even when wet. Since 

wooden handles can break and stain with grease and oil, there has been a shift to 

plastic and even metal. Plastic handles are typically knurled or cross-hatched with 

grooves to improve the hand/tool frictional interface (Pheasant and O’Neill, 1975).

Such grooved fi berglass handles were evaluated with respect to traditional 

wooden handles by Chang et al. (1999). Although the focus was primarily on weight 

and effi ciency of shoveling, with hollow handles requiring 12% less energy expen-

diture than solid handles, the subjects rated the grooved fi berglass handles more 

acceptable than wooden handles in terms of tactile feeling and slipperiness.

Metal should be covered with rubber or leather to reduce shock and electrical 

conductance and increase friction (Fraser, 1980). Such a resilient covering may also 

aid in the reduction of hand discomfort. Fellows and Freivalds (1991) found that a 

4 mm foam covering on wooden handled garden tools provided a signifi cantly more 

uniform grip force distribution and lower ratings of perceived discomfort as com-

pared to plain wooden handles. Unfortunately, in most cases, the total grip forces 

were higher for the foam-covered handles due to an excessive deformation of the 

foam and a “loss of control” feeling in the subjects. The authors hypothesized that a 

thinner layer of foam would have provided more control, but still maintained a better 

grip force distribution.

As discussed in Section 9.4.5, deviations of the wrist from the neutral position 

under repetitive load can lead to a variety of cumulative trauma disorders as well as 

decreased grip strength (see Figure 9.11). Therefore angulation of tool handles, e.g., 

power tools, may be necessary so as to maintain a straight wrist. The handle should 

refl ect the axis of grasp, i.e., about 78° from the horizontal, and should be oriented 
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so that the eventual tool axis is in line with the index fi nger (Fraser, 1980). This 

principle was fi rst applied to pliers by Tichauer and Gage (1977) and then later to 

soldering irons, knives, and other tools.

9.4.7 HANDLES FOR TWO-HANDLED TOOLS

Grip strength and the resulting stress on fi nger fl exor tendons vary with the size of 

the object being grasped. A maximum grip strength is achieved at about 45–80 mm 

(Pheasant and Scriven, 1983). The smaller values of 45 mm were obtained on a dyna-

mometer with parallel sides (Pheasant and Scriven, 1983), whereas the larger values 

of 75–80 mm were obtained on a dynamometer with handles angled inwards (see 

Figure 9.9). This relationship can be modeled as

 
2

% Grip strength 100 0.11S 10.2 S= − −
 

(9.28)

where S is the given grip span minus optimum grip span in cm.

Also, as is seen in Figure 9.12, there is quite a large variation in strength  capacity 

over the population. To accommodate this population variability, maximal grip 

requirements should be limited to less than 90 N.
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FIGURE 9.12 Grip strength capability for various grip spans. (Reproduced from Green-

berg, L. and Chaffi n, D.B., Workers and Their Tools, Pendell, Midland, MI, 1976. With 

permission.)
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FIGURE 9.13 Pulp pinch strength capability for various grip spans. (Adapted from Hef-

fernan, C. and Freivalds, A., Appl. Ergon., 31, 409, 2000.)
A similar effect is found for pinch strength (see Figure 9.13). However, the over-

all four-point pulp pinch force is at a much more reduced force level (approximately 

17% of power grip, see Figure 9.10 for other types of pinches) and drops sharply 

beyond a 4–5 cm pinch span (Heffernan and Freivalds, 2000).

9.4.8 OTHER TOOL CONSIDERATIONS

Alternating hands permits reduction of local muscle fatigue. However, in many situ-

ations this is not possible as the tool use is one-handed. Furthermore, if the tool is 

designated for the user’s preferred hand, which for 90% of the population is the right 

hand, then 10% are left out (Konz, 1974). Laveson and Meyer (1976) gave several 

good examples of right-handed tools that cannot be used by a left-handed person, 

i.e., a power drill with side handle on the left side only, a circular saw, and a serrated 

knife leveled on one side only.

A few studies have compared task performance using dominant and  nondominant 

hands. Shock (1962) indicated the nonpreferred hand grip strength to be 80% of 

the preferred hand grip strength. Miller and Freivalds (1987) found  right-handed 

males to show a 12% strength decrement in the left hand while  right-handed 

females showed a 7% strength decrement. Surprisingly both  left-handed males 

and females had nearly equal strengths in both hands. He concluded that  left-handed 

subjects were forced to adapt to a right-handed world. Using time study ratings, 

Konz and Warraich (1985) found decrements, ranging from 9% for an electric drill 

to 48% for manual scissors, for ratings using the nonpreferred hand as opposed to 

the preferred hand.

A series of studies were performed by Mital and colleagues to examine various 

tool and operator factors on torque capability (Mital, 1985, 1986; Mital et al., 1985; 

Mital and Sanghavi, 1986). In general, unless the posture is extreme, i.e., standing 

versus lying, torque exertion capability was not affected substantially. The height 

at which torque was applied had no infl uence on peak torque exertion capability. 
� 2008 by Taylor & Francis Group, LLC.



On the other hand, torque exertion capability decreased linearly with increasing 

reach  distance. Another interesting requirement for proper tool usage is the volume 

or space envelope generated during operation of the tool. Comprehensive data on a 

variety of tools have been collected by Baker et al. (1960).

The weight of a hand tool will determine how long it can be held or used and 

how precisely it can be manipulated. For tools held in one hand with the elbow at 90° 

for extended periods of time, Greenberg and Chaffi n (1976) recommend a load of no 

more that 2.3 kg. A similar value is suggested by Eastman Kodak (1983). For preci-

sion operations, tool weights greater than 0.4 kg are not recommended unless a coun-

terbalanced system is used. Heavy tools, used to absorb impact or vibration, should 

be mounted on a truck to reduce effort for the operator (Eastman Kodak, 1983).

9.4.9 EFFICIENCY OF STRIKING TOOLS

Axes and hammers are striking tools designed to transmit a force to an object by 

direct contact and thereby change its shape or drive it forward. The tool’s effi ciency 

in doing this may be defi ned as the ratio of the energy utilized in striking to the 

energy available in the stroke. Using geometric methods, Drillis et al. (1963) showed 

that the tool’s effi ciency could be defi ned by

 

2

2

1

1
Sη = −
ρ

 

(9.29)

where

η is the effi ciency

S is the distance from the mass center to the line of action (OB in Figure 9.3)

ρ
1
 is the radius of gyration with respect to the center of action

For the effi ciency to be 100%, the center of mass should coincide with the line 

of action, which is impossible with a shafted tool. In the hand axe of stone-age man, 

the total energy of the stroke movement was converted into useful energy giving 

maximum effi ciency, although the force was fairly weak. The opposite extreme is a 

uniform rod held at one end, which has an effi ciency of only 25% but provides quite 

a bit more relative force.

Two comparable formulae for tool effi ciency were developed by Gorjatschkin 

(1924, cited in Drillis et al., 1963). The fi rst related tool effi ciency to the ratio of S to 

the tool length, L:

 
η = −1 1.5

S

L  
(9.30)

Again this indicates that the effi ciency increases as the ratio of S to L increases. 

Physically this is achieved by placing the mass center as close as possible to 

the center of action, i.e., increasing the mass of the tool head relative to the handle. 

A second way of expressing the above observation is to relate the mass of the 

handle to the total mass:
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where

m1 is the mass of handle

m2 is the mass of tool head

Drillis et al. (1963) indicated that effi ciencies for typical striking tools ranged from 

0.8 to 0.95 for axes, from 0.7 to 0.9 for hammers, from 0.55 to 0.85 for scutches, and 

from 0.3 to 0.65 for hoes.

Regarding impacting tools such as hammers, the effi ciency of impact and recoil 

are very important. When two bodies collide, the ratio between their relative velocity 

after impact to that before impact is defi ned as the coeffi cient of restitution. This can 

be used to derive the energy of recoil and eventually the effi ciency of impact (Drillis 

et al., 1963).

In the case of forging this can be defi ned as

 0

1

1 /m m
η =

+
 

(9.32)

where

m0 is the mass of hammer

m is the mass of other object (e.g., forging and anvil)

The aim is to transform as much of the kinetic energy of the hammer into  deform-

ing the object’s shape as possible. Thus the mass of the hammer should be small 

relative to the mass of the forging and anvil. On the other hand, in driving a nail the 

intent is to transform the kinetic energy of the hammer into the kinetic energy of the 

nail. Then the mass of the hammer should be great in relation to the mass of the nail 

and the effi ciency becomes

 

η =
+

0

1

1 /m m
 

(9.33)

The overall effi ciency of the system including the operator becomes the product of the 

effi ciency of the tool, the effi ciency of the stroke movement, the effi ciency of impact, 

and the physiological effi ciency of the human operator. This latter factor can range 

from a low of 3%–4% for relatively static tasks such as shoveling (Freivalds, 1986) 

to a high of 25%–30% for dynamic tasks such as cycling (Lehmann, 1953). Drillis 

et al. (1963) computed the overall effi ciency of hammering a 6 in. (15 cm) nail into 

a wooden block as 57%, not counting the physiological effi ciency. Using an average 

value of 15% for physiological effi ciency, overall system effi ciency reduces to 8.6%.

The effect of the weight of the head on swing characteristics dynamics of strik-

ing tools, especially axes, was further investigated by Widule et al. (1978) and 

Corrigan et al. (1981). Using cinematography they analyzed the dropping motion 

of the subjects using four axes with head weights of 0.85, 1.6, 2.2, and 3.6 kg. 
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 Accelerations as well as kinetic energy for various points of interest were calculated 

frame by frame from the fi lm.

The results supported the hypothesis that an increase in head weight led to an 

increase in kinetic energy. However, a noticeable drop-off in angular velocity and 

kinetic energy was found for the heaviest axe. Thus there appeared to be a limit 

to the ability of an individual to achieve rotational inertia and adding additional 

mass may have been counterproductive in terms of physiological energy costs. The 

authors concluded that the heavy axes (heads ranging from 2.2 kg and above) used 

to clear the American forests in the late 1800s, although more taxing in terms of 

energy expenditure, were more effi cient in clearing forests. Rapid bursts of energy 

were used to chop down a tree, and necessary rest periods could be obtained during 

preparation of the cut, sharpening the axe and chopping off branches. The authors 

also concluded that the American axe, distinguished from the European axe by its 

possession of a poll (a lump of metal at the rear of the head—see Figure 9.14A) 

was more effi cient. The poll counterbalanced the protruding blade and gave the axe 

better handling characteristics.

Such observations were confi rmed by Drillis et al. (1963) based on his survey of 

521 axes used in Latvia. Average head weight was found to be 1.4 kg or about 2% of 

the user’s weight. Average handle length was found to be 0.6 m or about 35% of the 

user’s height. He concluded that these values compared very favorably to folk norms. 

Optimum swing height to achieve maximum kinetic energy for wood splitting was 

found to be approximately 1.1 m.

Some variations on these optimum values were noted by German work physi-

ologists. In a study of sledgehammers, Meyer (1930) examined hammers ranging 

in weight from 4.4 to 10.6 kg. He concluded though that to get a more lively action 

(i.e., increased acceleration) one should use lighter hammers. Gläser (1933, cited in 

Lehmann, 1953) investigated axes with head weights under 2 kg for forestry use. He 

found the opposite and concluded that the “most lively action” was to be achieved 

using axes weighing 3–4 kg. A mitigating factor is that the Germans most likely 

measured the weight of the whole implement. Subtracting approximately 0.6–0.8 kg 

for the handle yields values more closely in line with the other studies.
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FIGURE 9.14 (a) Determination of striking tool effi ciency (American axe); O = mass center, 

B = center of action, C = center of percussion (ideal point for holding), L = length of the tool, 

W = weight of the tool (b) European axe. (Reproduced from Freivalds, A., Int. Rev. Ergon., 1, 

43, 1987. With permission.)
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9.5 CONCLUSIONS

Over the centuries tools have been used to accomplish a variety of objectives, typi-

cally in agriculture and industry. Many have incorporated folk norms and have 

evolved into fairly effi cient instruments, while others have remained virtually 

unchanged for centuries. These latter tools, coupled with the increased robot-like 

motions required of operators on assembly lines, have led to an increase in a variety 

of MSDs. Hopefully, some of this information will be useful in redesigning tools or 

selecting the proper tools for more effi cient and injury free work.

Problems

 1. Complete the development of Landsmeer’s Model III, i.e., derive Equation 9.3.

 2. Compare the differences in tendon forces predicted by the three Landsmeer 

models.

 3. Plot the relative torque produced as handle diameter increases from practi-

cally zero to double the grip span diameter.

 4. What is the loss in grip strength for an average male using channel-lock 

pliers with a grip span of 10 cm held in full ulnar deviation (as would be the 

case for most work on a horizontal work surface)?

 5. What is the loss of effi ciency for a cheap hammer that is made completely of cast 

iron as compared to a hammer with a very light weight handle? (Hint: Assume 

the center of gravity for the fi rst hammer is at the midposition of the handle.)
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10.1 INTRODUCTION

A large body of evidence supporting the role of workplace physical exposures in the 

causation of musculoskeletal injuries (MSIs) is now available (U.S. Department of 
� 2008 by Taylor & Francis Group, LLC.



Health and Human Services, 1997). A number of mechanisms of injury causation 

based on established physiologic principles have been proposed (Kumar, 2001). 

A systematic review of epidemiologic literature examining the relationship of physical 

exposures to MSIs has found that in most specifi c MSI conditions, the risk associ-

ated with combined physical exposures is greater than the risk associated with the 

physical exposures alone (U.S. Department of Health and Human Services, 1997). 

Given it is the combination of physical exposures which are most strongly related to 

precipitation of MSI, a model of MSI causation is needed, which is able to account 

for the relative role of the individual exposure variables. A validated model of MSI 

causation is needed to enable ergonomic practitioners to identify jobs at increased risk 

of MSI. Should a model of MSI causation be able to correctly identify jobs associated 

with high rates of MSI it follows that the model will have correctly accounted for the 

relative role of the physical exposures and may be used to evaluate the relative risk 

associated with those exposures.

Observational ergonomic risk assessments (ERAs) are based on models of MSI 

causation, which consider the combined effect of physical exposures. ERAs are used 

by practicing ergonomists to gain insight into how the physical exposures of the job 

interact to precipitate MSIs. ERAs have been identifi ed as the best method, consid-

ering the constraints of practice, by which ergonomic practitioners may establish a 

basis for identifying priorities for intervention (David, 2005). Up to 83.1% of practic-

ing professional ergonomists make use of ERAs to assess the risk associated with 

manual material handling tasks (Dempsey et al., 2005).

At present, multiple risk assessment methods of unique structures have been 

proposed and the research fi eld has been divided in the pursuit of validating com-

peting models. As a result of the current state of disagreement there is a need to 

focus the research area by identifying the model of MSI causation best able to 

predict risk of injury and identify problem exposures. Identifi cation of the model 

of injury causation “best” able to predict MSI will allow the fi eld to move for-

ward toward refi ning a model of risk prediction which accurately accounts for the 

role of physical exposures in the precipitation of MSIs. Refi nement of the models 

of injury causation and their validation is needed to improve our understanding of 

how physical exposures may interact to precipitate MSIs. An improved understand-

ing of the relationship between physical exposures and MSIs is needed to improve 

our ability to design effective prevention initiatives and reduce both the human and 

fi nancial impact of MSIs. It is the intent of this chapter to review the current state 

of literature examining upper extremity ERAs. An appreciation of the current state 

of research is necessary for practitioners to select the most appropriate method for 

a given industrial setting.

Five risk assessment methods have been selected for discussion in this chapter. 

The risk assessment methods considered here are the Rapid Upper Limb Assessment 

(RULA, McAtamney and Corlett, 1993), Rapid Entire Body Assessment (REBA, 

Hignett and McAtamney, 2000), the quantitative version of the American Conference 

of Governmental Industrial Hygienists Threshold Limit Value for monotask hand 

work (ACGIH TLV, University of Michigan, 2005), the Strain Index (SI, Moore and 

Garg, 1995), and the Concise Exposure Index (OCRA, Colombini, 1998; Grieco, 

1998; Occhipinti, 1998).
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10.2 REVIEW OF CURRENT STATE OF RESEARCH

In order to outline the process of identifying the “best” method of risk assessment it 

is fi rst necessary to understand how the lack of consensus between risk  assessment 

models is possible. It is hypothesized here that the current limited agreement between 

methods is primarily due to differences in the “expert opinion” of authors, the lim-

ited ability of authors to set risk level scores, and the lack of consensus in studies of 

predictive validity regarding the defi nition of morbidity.

10.2.1 MODEL STRUCTURE

Selection of exposure variables to be considered in the risk assessment and the roles 

of those variables is made based upon the author’s interpretation of biomechanical, 

physiological, and epidemiologic literature. Because each author’s interpretation of 

the literature is free to vary there is no agreement between authors as to how expo-

sure variables such as repetition, force, or posture should be weighted and how the 

magnitude of the interactions should be quantifi ed in assessments of risk (Winkel 

and Westgaard, 1992). Only in the case of the SI have the authors set the weights of 

variables considering the fi ndings of an experimental study in the same worker popu-

lation upon which the predictive validity of the assessment was established (Moore 

and Garg, 1994). The general lack of objective processes used by authors in setting 

the relative weights of variables suggests that the authors have relied on an underlying 

theoretical orientation to defi ne model structure. A model structure capable of describ-

ing risk associated with MSIs in general is sought as it is not the intent of observational 

ERAs to examine risk associated with specifi c conditions. It is assumed that both cur-

rent global theories of MSI causation (Kumar, 2001) and current theories of the path-

omechanisms of injury to muscle, ligament/tendon, and nervous tissue (Forde et al., 

2002) have been considered in selecting relevant variables and setting relative variable 

roles. Given the structure of the methods has been set primarily based on the opinion 

of the authors, it is reasonable that a level of disagreement between methods exists.

10.2.2 DETERMINING MODEL STRUCTURE

10.2.2.1 Practical Considerations

Before setting the structure of a method the authors must consider the validity of the 

measure and the practical implication of misclassifying the risk and the consequent 

output variability between evaluators.

10.2.2.1.1 False Positives
The implication of misclassifying an at-risk job as safe is greater than misclassifying 

a safe job as at-risk. The defi nitions of morbidity used in studies of the association 

between risk output and morbidity generally err on the side of identifying safe jobs 

as at-risk (false-positive predictions).

10.2.2.1.2 Reliability
The implication of risk output varying signifi cantly between evaluators is of  primary 

importance. Variability in risk assessment scores both within and between  evaluators 
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is primarily the result of measurement error due to a lack of clear defi nition and 

 stringent methods of measurement of relevant variables. Authors have sought to 

control for measurement error resulting from exposure assessment via observation 

through two methods of approximation. In one method, the authors adopt broad clas-

sifi cation categories specifi c to each exposure variable to maximize the chance the 

recorded exposure will correspond to actual exposure and correlate to subsequent 

evaluations (e.g., RULA shoulder postures are assessed in up to 45° increments). The 

risk of using broad classifi cations, however, is that the groupings of exposure may 

not accurately capture the role of the exposure variable in the precipitation of MSI. In 

the second method, authors recommend multiple evaluators assess each job and use 

consensus scores in the determination of risk. The consensus method lacks precision 

however, as there is no guarantee that a consensus score will be more accurate than 

the score of an individual evaluator. The proponents of this method have gone on to 

study the psychometric properties of the assessments resulting from studies using 

multiple evaluators and controlled exposure records. The results of this study design, 

while an important fi rst step, do not refl ect the limitations imposed on worksite eval-

uators performing assessments based on observation. Most often the ideal angle of 

observation, ideal focal length, ideal resolution, and multiple evaluators are not avail-

able. Because of these “real world” limitations the psychometric properties resulting 

from such study designs cannot be assumed to refl ect those attainable in worksite 

application. Thus both methods of approximation inherently lack accuracy and cre-

ate considerable output variability between evaluators. Output variability affects both 

the validity and reliability of the assessment methods.

10.2.3 MODEL OUTPUT

The output of ERAs may be roughly broken down into four levels.

 1. Component scores: Scores specifi c to body regions or physical exposure 

variables. Component scores are weighted by the method to refl ect the 

relative importance of the exposure variable in the prediction model. Com-

ponent scores are interpreted by the evaluator to identify and prioritize 

problem exposures.

 2. Combined component scores: An intermediate level of interpretation 

where the combined role of two or more variables (e.g., posture and force) 

is assessed. Combined component scores may be weighted by the method 

to refl ect the relative importance of the exposure variable in the prediction 

model. Component scores are interpreted by the user to identify combina-

tions of problem exposures.

 3. Risk index score: Raw “risk” output.

 4. Risk level or criterion score: Final score representing the degree of risk 

associated with performance of the job.

10.2.3.1 Risk Output

Worksite evaluators interpret the assessment’s risk output to determine the degree of 

risk present in a job. Risk outputs include raw “risk index” scores and either multiple 
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“risk levels” or a single “criterion score.” Criterion or risk level scores are determined 

by selecting risk index cut-points, which differentiate between groups of risk (e.g., 

no risk, moderate risk, and high risk). Risk index cut-points may be set subjectively, 

refl ecting the expert opinion of the authors and possibly a focus group, or objectively 

by studying the relationship between risk index scores and morbidity. The RULA, 

REBA, and quantitative ACGIH TLV methods have used expert opinion to set risk 

levels. Risk index cut-points of the SI and OCRA procedures have also been set 

 primarily based on expert “opinion,” however both methods have also considered 

the results of objective studies.

The criterion score of the SI has been set based on the subjective inspection 

of relationship between risk index scores and incidence as reported by Moore and 

Garg (1994) however, logistic modeling of SI scores and MSI incidence information 

has been used to support the criterion score selected (Knox and Moore, 2001). The 

procedures used to select the risk level cut-points in the OCRA assessment are less 

clear. Risk level cut points originally described by Occhipinti (1998) for the OCRA 

procedure were selected based on a subjective review of relationship between OCRA 

scores and incidence of MSI. Occhipinti and Colombini (2004) report the use of an 

“original approach” to revise the OCRA risk level cut-points. While the use of an 

“original method” suggests an objective process has been used the precise method of 

selection used remains unclear, as a complete description of the methodology used 

has been published in the Italian language only.

At present, expert opinion has primarily been used to set criterion and risk level 

scores. Objective examination of the ability of the risk level cut-points selected to 

differentiate between levels of risk present are needed to refi ne the current risk 

index cut-points that result in broad risk level scores. Refi ning risk index cut points 

is  hypothesized to result in an increased ability to differentiate between levels of 

risk present in jobs. Comparison of the relative ability of multiple ERA methods to 

 differentiate between the level of risk present in jobs will lead to conclusions  regarding 

the strength of the models of MSI causation upon which the assessments are based.

10.2.3.2 Challenges to Using Objective Means to Set Risk Level Scores

Risk index cut-points identifi ed by objective means are set based upon an examina-

tion of the relationship between risk index scores and incidence of MSI in multiple 

jobs representing different levels of risk. The relationship is studied by examining 

the location of each job with respect to risk index score and morbidity. The plot of 

risk assessment scores and morbidity information is then analyzed to differentiate 

between groups of jobs, where the groups refl ect different levels of risk. Risk index 

cut-points, which defi ne the levels of risk, are then set. The ability of the authors 

to differentiate between groups, and thus set cut-points, is limited by (1)  practical 

 considerations (described above), (2) inaccuracy of exposure data collected via 

observation, and (3) resolution of morbidity data.

10.2.3.2.1 Inaccuracy of Exposure Data Collected via Observation
ERA techniques are traditionally calculated based on exposure assessments  performed 

by observation. A body of literature is currently available, which describes the 

 signifi cant measurement error resulting from exposure assessment via observation 
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(Bao et al., 2006a; Lowe, 2004). Inaccuracy resulting from the discrepancy between 

exposure measurements obtained via observation and actual exposures affects the 

accuracy of risk assessments in a compound manner (multiple variables considered). 

The “real world” limitations imposed on workplace exposure measurement by obser-

vation, combined with the literature base documenting measurement error due to 

observation, suggests accurate and reliable risk assessment performance, such as is 

required to evaluate risk index cut-points, requires exposure assessment by quanti-

fi ed means. Quantifi ed tools such as electromyography and electrogoniometry are 

the current gold standard objective measures in exposure assessment. Application of 

electromyography and electrogoniometry within the worksite results in signifi cantly 

lower levels of measurement error than are obtained in exposure assessment based 

on observation.

A series of studies performed by Jones and Kumar (2007c,d, 2008b,c) based 

the calculation of the fi ve ERAs compared on the quantifi ed physical exposure 

 information previously described by Jones and Kumar (2006, 2007a,b, 2008a). 

 Collection of exposure information via quantitative means allowed Jones and 

Kumar (2007c,d, 2008b,c) to examine the effect of multiple defi nition of the pos-

ture and exertion variable on ERA scores. Across all ERA methods examined 

 varying posture variable defi nition resulted in signifi cantly different component 

or  combined component scores. Defi ning range of motion required to perform a 

job by the postures required to perform the primary task only vs. the peak pos-

tures observed reduced risk index output by as much as 83% (Jones and Kumar, 

2008c).  Defi nition of the exertion variable was also observed to have a signifi cant 

effect on  component, combined component, and risk index scores on all methods 

examined across all jobs. In some cases defi nition of the exertion variable was 

observed to result in signifi cantly  different risk level output.

Quantifi cation of the physical exposures required to perform at-risk jobs in 

 multiple workers also allowed Jones and Kumar (2007c,d, 2008b,c) to examine the 

effect of variability in exposures between workers on ERA output. Coeffi cient of 

variation values describing the variation in risk assessment multiplier scores observed 

between workers performing the same job reported by Jones and Kumar (2007c,d, 

2008b,c) suggest that assessment of one worker performing a repetitive job will 

 perhaps be insuffi cient to arrive at risk assessment scores representative of that job.

Assessment of the population of workers available at the four facilities assessed 

by Jones and Kumar (2006, 2007a,b, 2008a) allowed the sample size required to 

arrive at risk assessment scores (component, combined component, risk index, and 

risk level), which refl ect the group mean to be calculated (Figure 10.1). In this chap-

ter, an alpha level of 0.05 was used to calculate the number of worker assessments 

required to derive an average value falling within one category level of the popula-

tion mean. Table 10.1 describes the mean and range of worker assessments necessary 

to arrive at the population mean considering all jobs and all subjects across facilities 

assessed. Review of Table 10.1 illustrates that while only one worker assessment 
(Z α/2)σ
En =

FIGURE 10.1 Sample size calculation.
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TABLE 10.1
Number of Worker Assessments Required to Arrive at a Mean 
Score Representative of the Population Mean

Method Component
Combined 

Component Risk Index Risk Level

RULA 1 (1–2) 1 (1–4) 1 (1) 1

REBA 1 (1–2) 2 (1–6) 5 (1–6) 1

ACGIH TLV 1 (1–4) 1

SI 1 (1–2) 1

OCRA 3 (1–11) 1

Range of values observed across jobs in brackets.
may be needed to arrive at a risk level representative of the job, and more than 

one assessment may be required to arrive at representative component or combined 

component scores. Importantly, values reported in Table 10.1 refl ect those derived 

using the scoring categories of the assessments. For example, the SI posture com-

ponent score has fi ve ordinal scoring categories, each of which is assigned a multi-

plier value by the authors. The ordinal scoring levels were used to derive the values 

reported in Table 10.1 to provide insight on the ability of the evaluator to arrive 

at the scoring category representing the population mean. Arriving at the popula-

tion mean scoring category is important as exposures are frequently prioritized for 

intervention based on component or combined component scores which may vary 

by worker assessed.

Using Figure 10.2 to illustrate the implications of the inaccuracy of observa-

tional exposure assessments on an author’s ability to set risk index cut points, we 

see that while the true representative job score lies in the middle of the concentric 

circles (corresponding to sources of measurement error) a score obtained from a 

single worker based on an observational exposure assessment is free to fall anywhere 

within the circles. The implication of measurement error is a decreased ability to 
Error due to disagreement between rating of
exposure by observation and actual exposure

Error due to disagreement between evaluators

Error due to exposure and risk assessment score
variability between workers within a job
Representative risk assessment score

FIGURE 10.2 Sources of measurement error in exposure measurement via observation.
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FIGURE 10.3 Effect of measurement error due to observation on setting risk index 

 cut-points.
identify groups of workers and derive cut-points corresponding to different levels of 

risk by objective means (Figure 10.3). The inability to set risk index cut-points by 

objective means has resulted in broad risk levels or single criterion scores set by sub-

jective means. Broad risk level scores set to minimize the chance of misclassifying 

at-risk jobs as safe have been easily correlated to “safe” measures of morbidity. The 

limited ability to identify groups by objective means combined with the adoption of 

safe morbidity classifi cations has resulted in the validation of several models of MSI 

causation of unique structure.

There is currently a lack of consensus between authors regarding the physical 

exposures to be considered in predicting risk and the relative role of those variables 

in the model of MSI precipitation upon which they are based. This lack of consensus 

makes examination of the comparability of risk output from multiple assessments in 

the same worker population(s) necessary. This necessity is heightened by the fact 

that up to 83.1% of practicing ergonomists make use of observational ERAs and the 

implication of disagreement between methods is the inappropriate assignment of 

risk and/or identifi cation of problem exposures (Dempsey et al., 2005).

10.2.3.2.2 Morbidity
Morbidity may be defi ned as the rate of incidence of MSI conditions. In order to 

establish the predictive validity of an assessment method risk output is compared 

to a measure of morbidity. Should the assessment demonstrate an association between 

increasing risk output scores and increasing morbidity, the assessment has estab-

lished a measure of predictive validity. Both the morbidity event and the defi nition of 

morbidity itself infl uence the relationship between risk output and morbidity.

Three event types have been used by past studies to defi ne morbidity: report 

of discomfort consistent with MSI, recorded incidence of MSI (may include inci-

dence of discomfort), or diagnosis of MSI based on medical examination. Inclusion 
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of reported discomfort as an event indicating incidence of MSI must be done with 

caution as discomfort is a subjective experience known to vary by individual. The 

risk of including reported discomfort events in morbidity classifi cations is that false-

positive cases result when discomfort not indicative of MSI and/or unrelated to the 

job are considered in morbidity classifi cations. The effect of false-positives in exami-

nations of the relationship between risk assessment scores and morbidity is a reduced 

ability to differentiate between groups of subjects (safe and at-risk jobs). Defi ning 

events to be considered in morbidity classifi cations based on diagnosed conditions 

by health professionals minimizes the chance of false-positives and is therefore the 

gold standard.

Morbidity has been defi ned in a number of ways in the literature. In some cases 

morbidity is defi ned simply as the report of discomfort and predictive validity that 

is established by studying the association between discomfort and risk assessment 

scores. In these cases the association is evaluated with measures of association such 

as the chi-square test of independence or the Fischer’s exact test. In some cases, the 

prevalence of conditions is considered and the defi nition of morbidity is based on the 

percentage of subjects reporting symptoms or diagnosed with conditions. In these 

cases examinations of the relationship between risk assessment scores and morbidity 

information are based measuring the relationship between prevalence of morbidity 

events in the population and risk assessment scores with prediction models such as 

linear and logistic regression. In these cases predictive validity is demonstrated by 

positive associations and high levels of explained variance. In other cases, authors 

defi ne “at-risk jobs” based on a defi nition of morbidity related to a “trigger value.” 

For example, authors may defi ne an “at-risk job” as one in which a single morbidity 

event was recorded in the period reviewed (a one incident trigger corresponds to an 

incident rate > 0). In these cases the relationship between risk assessment scores and 

morbidity are examined by selecting a cut-point value (criterion score), which best 

differentiates between two groups defi ned by the morbidity classifi cation (safe and 

at-risk jobs). In these cases, a dichotomous risk outcome (safe or at-risk) is selected 

and justifi ed by maximizing the diagnostic property of interest (e.g., sensitivity). 

Given the authors have dichotomized both risk output (at-risk vs. not at-risk) and 

morbidity outcome (positive or negative based on trigger value) predictive validity of 

the assessment is studied by examining the diagnostic properties of the assessment 

and establishing the association between risk classifi cation and morbidity. Defi nition 

and derivation of the diagnostic properties used to evaluate predictive validity in 

cases where both a dichotomous risk outcome and morbidity classifi cation is present 

are illustrated in Figure 10.4. When predictive validity of the assessment is exam-

ined in this way, the value of the criterion cut-point is infl uenced by the defi nition of 

morbidity. If a one incident trigger (incidence rate > 0) is selected to defi ne morbidity, 

the criterion cut-point will tend to be lower and the sensitivity of the test will tend to 

be higher at the expense of specifi city. Sensitivity of the test will tend to be higher 

at the expense of specifi city in these cases because one can expect cases where the 

morbidity event has occurred not as a result of the job to be included as positive 

cases (false-positives). Practically then, a one incident trigger morbidity defi nition 

maximizes the risk assessment’s ability to determine a job is “at-risk” at the expense 

of the risk assessments ability to fi nd jobs which are not “at-risk.” While this is a 

valid approach, it follows that jobs which are not at increased risk of MSIs are more 
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Sensitivity:  The risk assessment’s ability to identify the job as at-risk when morbidity is
assessed present.
Specificity:  The risk assessment’s ability to identify the job as not at-risk when no morbidity
is present. 
Positive predictive value: The likelihood that the job assessed at-risk actually was associated
with morbidity. 
Negative predictive value:  The likelihood that the job assessed as not at-risk was not
associated with morbidity. 

Risk
assessment

Risk

No risk

Morbidity
Positive

a
(True positive)

c
(False negative)

d
(True negative)

b
(False positive)

Negative
Sensitivity = 

Specificity = 

Positive predictive value =

Negative predictive value =

a
a + c

d
b + d

a
a + b

d
c + d

FIGURE 10.4 Diagnostic properties.
often identifi ed as at-risk and exposures levels which may not be related to incidence 

of MSI are examined for intervention. Using a multi-incident trigger (or specifi ed 

incidence rate) to defi ne morbidity potentially decreases the sensitivity of the test 

and increases its specifi city by correctly identifying a higher proportion of true nega-

tive cases. Accurate defi nition of a multi-incident trigger is best done based upon an 

understanding of the prevalence of the conditions of interest in the occupation. If the 

prevalence of the conditions of interest in the nonexposed population is known, the 

examiner is able to set the trigger value to refl ect increases in prevalence hypothesized 

to result from work-related physical exposures. Should the specifi ed multi-incident 

trigger (incidence rate) underestimate the number of conditions due to workplace 

exposures, an increased number of false-positives will result decreasing the specifi c-

ity of the test (ability to indicate no risk when morbidity is not present). Should the 

specifi ed multi-incident trigger (incidence rate) overestimate the number of condi-

tions due to workplace exposures, an increased number of false-negative values will 

result infl uencing sensitivity (ability to indicate risk when morbidity is present). The 

key challenge to setting the multi-incident trigger is defi ning the prevalence of MSI 

conditions in the normal population. Prevalence of MSI conditions in the normal 

population is often poorly understood and therefore our ability to determine the rate 

at which MSIs may be due to workplace physical exposures is limited. The limited 

ability to precisely defi ne the prevalence of MSIs in the nonexposed population justi-

fi es the use of “safe” morbidity defi nitions (one incident trigger).

10.3  SELECTION OF AN APPROPRIATE ERGONOMIC 
RISK ASSESSMENT TECHNIQUE

The previous general discussion of the practical and methodological issues faced by 

the authors of risk assessment methods has emphasized the need for objective  studies 

of predictive validity seeking to refi ne risk assessment methods. The information 

constraints faced by authors has resulted in the current state where the validity of 
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multiple risk assessment methods of unique structure has been established and selec-

tion of the most appropriate assessment in a given application is diffi cult. No studies 

are currently available, which have examined the comparative predictive validity of 

multiple assessment methods based on the same defi nition of morbidity in the same 

worker population. Such studies are needed to objectively identify the most appropri-

ate assessment for a given application.

10.3.1  SELECTION OF AN ERGONOMIC RISK ASSESSMENT 
BASED ON CONTENT VALIDITY

Knox and Moore (2001) have defi ned content validity, as the concept applies to 

ERAs, as follows: to be consistent with or derived from relevant physiological, 

biomechanical, and epidemiological principles. The content validity of ERAs which 

consider physical exposures related to MSI causation is established by the evidence 

base linking physical exposures to MSIs. The content validity of the methods is also 

established by defi ning model structure based on a theoretical orientation which 

refl ects current theories of MSI injury causation. All of the assessment techniques 

examined in this chapter consider physical exposures related to MSIs of the upper 

extremity. The number of exposures considered by the methods and the relative 

role of those exposures in the model of MSI causation upon which the methods are 

based vary however. An evaluation of the content validity of the different methods is 

dependent on a comparison of the level of evidence supporting the role of the expo-

sure variables in the causation of MSI vs. the exposures considered and the relative 

roles of those variables in the ERA method. Figure 10.5 illustrates the fi ndings of 
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TABLE 10.2
Physical Exposures Considered by Method

Physical Exposures Considered

Methodology Force Repetition Posture Vibration
Combined 

Factors

RULA √ √ √ √

REBA √ √ √ √

OCRA √ √ √ √ √

SI √ √ √ √

ACGIH TLV √ √ √
the 1997 review of epidemiologic evidence linking physical exposures to MSIs of 

the upper extremity and Table 10.2 describes the variables considered by the risk 

assessment examined.

10.3.2  SELECTION OF AN ERGONOMIC RISK ASSESSMENT 
BASED ON PREDICTIVE VALIDITY

Knox and Moore (2001) have defi ned predictive validity, as the concept applies to 

ERAs, as follows: to exhibit a reasonable ability to discriminate between adverse 

and nonadverse exposures. External validity is an extension of predictive validity 

and describes the assessments ability to be applicable to a variety of circumstances 

of exposure (Knox and Moore, 2001). The predictive validity of multiple ERA meth-

ods has been established. Generally the predictive validity of the ERA methods 

has been established by three methods: (1) examining the association between risk 

 output and reported discomfort, (2) examining the association between dichotomized 

risk output and morbidity (defi ned by a single incident trigger), and (3) examining 

the association between risk output and prevalence of MSI conditions. Selection of 

the most appropriate ERA by the worksite evaluator for the application in question 

requires the evaluator examine the evidence of predictive validity specifi c to each 

method. Consideration must be given to the following factors in an examination of 

the strength of studies of predictive validity:

 1. Population studied and the relationship to population of interest

 2. Variables examined

 3. Exposure assessment technique used

 4. Morbidity defi nition

 5. Statistical techniques

 6. Results

Table 10.3 describes the current studies of predictive validity by method according 

to the criteria above.
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(continued)

TABLE 10.3
Studies of Predictive Validity

Method Study Population
Variables 
Examined

Exposure 
Assessment

Morbidity 
Classifi cation Statistics Used Results Interpretation

RULA Massaccesi 

et al. (2003)

77 garbage truck 

drivers

Ergonomic: RULA 

variables

Performed via 

observation.

1 evaluator

Discomfort as 

assessed by body 

part discomfort 

survey.

Association between 

reported pain, aches, 

or discomfort and 

corresponding 

RULA body part 

scores assessed 

with the χ2-test of 

independence.

Neck and trunk 

score associated 

with pain 

Upper arm, lower 

arm, wrist scores not 

associated with 

pain.

RULA neck 

and trunk 

scores associated 

with pain in 

garbage truck 

drivers.

Association 

between upper 

arm, lower arm, 

or wrist pain 

and RULA scores 

not established 

in this population.

Shuval and 

Donchin 

(2005)

84 visual display 

terminal workers. 

Computer 

programmers, 

managers, 

administrators, 

and marketing 

specialists

Ergonomic: RULA 

variables 

Individual: Nordic 

questionnaire 

Work 

organizational: 

Nordic 

questionnaire 

(Kourinka et al., 

1987) 

Stress:

Performed via 

observation. 

1 evaluator. 

Two direct 

observations of 

each job. Mean 

score resulting 

from two 

observations 

used.

Upper extremity 

musculoskeletal 

symptoms assessed 

via the Nordic 

questionnaire.

Predictive ability of 

RULA scores on 

hand/wrist/fi nger 

symptoms studied 

with logistic 

regression while 

calculating the 

odds ratio (OR) of 

the different 

categories compared 

to the reference 

category.

An increase of 1 

point in the 

RULA risk 

index score 

increased risk 

of reporting 

hand/wrist/

fi nger symptoms by 

3.2 times.

Association 

between the 

RULA score and 

reported 

symptoms 

established in 

VDT users. We do 

not know how 

predictive RULA 

score is of 

symptoms overall
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TABLE 10.3 (continued)
Studies of Predictive Validity

Method Study Population
Variables 
Examined

Exposure 
Assessment

Morbidity 
Classifi cation Statistics Used Results Interpretation

Questionnaire 

(Toviana, 1999).

Correlation 

between 

observations r = 

0.4–0.7.

Strength of 

prediction 

model not 

described (r2).

(what % of the 

variance is 

explained) because 

the factors have 

been considered 

individually.

ACGIH 

TLV

Latko et al. 

(1999) 

*nonquanti-

fi ed technique

352 workers from 

three 

manufacturing 

companies

109 exposure 

variables analyzed: 

10 anthropometry 

parameters, 25 

medical history 

parameters, 5 

demographic 

parameters, 13 

psychosocial 

parameters, 4 

tobacco use 

parameters, and 

53 ergonomic 

parameters.

The HAL repeti-

tion assessment 

technique (Latko, 

1997) was 

performed via 

observation. 

4 evaluators. 

Repetition 

modeled as three 

categories (low/

medium/high) and 

as a continuous 

variable (0–10). 

The relationship 

between 

repetition 

(assessed by 

HAL) and the 

conditions

Assessed via 

four techniques: 

1. Worker 

questionnaire. 

(Cohen et al., 1983; 

Karasek, 1985; 

Franzblau et al., 

1997). 

2. Physical medical 

examination (Fine and 

Silverstein, 1995). 

3. Electrodiagnostic 

testing. 

4. Anthropometric 

measurements.

The relationship 

between the fi ve 

health outcomes 

(nonspecifi c 

discomfort, tendonitis, 

carpal tunnel 

syndrome (CTS) 

symptoms only, CTS 

electrophysiology 

only, CTS symptoms, 

and electro-

physiology) and the 

independent variables 

was assessed using a 

three step process. 

1. Univariate analysis 

to establish 

relationship 

2. Multiple variable 

logistic analyses were

Repetitiveness 

of work was 

found to be 

signifi cantly 

associated with 

prevalence of 

reported 

discomfort in the 

wrist, hand, or 

fi ngers, tendonitis 

in the distal upper 

extremity, and 

symptoms 

consistent with 

carpal tunnel 

syndrome. An 

association was 

also found 

between

Repetition as 

assessed by HAL 

was a signifi cant 

term in the 

prediction models 

of reported 

discomfort, 

tendonitis, and 

carpal tunnel 

syndrome. 

Importantly 

however, only 

repetition was 

evaluated and it 

was evaluated using 

the HAL 

assessment and not 

the quantitative 

assessment
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was of interest. 

Multiple workers 

for each job?

used to eliminate 

those variables 

within each group 

(anthropometry, 

medical history, 

demographic,

psychosocial, tobacco, 

and ergonomic) which 

did not contribute 

signifi cantly to the 

explained variance.

3. Multivariate 

logistic analyses 

formation of a 

predictive model 

which accounts for 

multiple groups of 

variables.

repetitiveness 

of work and 

carpal tunnel

syndrome, 

indicated by the 

combination of 

positive 

electrodiagnostic 

results and 

symptoms 

consistent with 

carpal tunnel 

syndrome.

Strength of 

prediction models 

are not described.

presented by the 

University of 

Michigan (2005)

Franzblau 

et al. (2005)

908 workers from 

seven different 

job sites. Four 

manufacturing 

operations (offi ce 

furniture 

manufacturing, 

industrial 

container 

manufacturing, 

Ergonomic: TLV 

variables 

Individual factors: 

age, gender, body 

mass index

Observational 

method of Latko 

used to rate 

repetition and 

force required in 

jobs. 

4 evaluators.

Presence of condi

tions of interest 

(wrist/hand/fi nger 

symptoms, elbow/

forearm symptoms, 

wrist/hand/fi nger 

tendonitis, elbow/

forearm tendonitis, 

carpal tunnel 

syndrome diagnosed 

Chi-square test was 

used to examine the 

associations. Evidence 

of a linear trend was 

assessed with the 

Mantel-Haenszel 

chi-square test of 

linear trend.

The prevalence of 

symptoms in the 

wrist/hand/fi ngers 

or elbow/forearm 

was not related to 

increases in TLV 

levels. Presence 

of tendonitis in 

the wrist/hand/

fi ngers was not 

Associations between 

TLV levels and 

elbow/forearm 

tendonitis and 

carpal tunnel 

syndrome were 

established.

TLV risk level 

dichotomization 

scheme used to 

(continued)
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TABLE 10.3 (continued)
Studies of Predictive Validity 

Method Study Population
Variables 
Examined

Exposure 
Assessment

Morbidity 
Classifi cation Statistics Used Results Interpretation

automobile parts 

manufacturing, 

and spark plug 

manufacturing) 

and three 

employers 

involving offi ce 

or computer-

related jobs (an 

insurance claims 

processing center 

and two 

government 

computer data 

entry facilities)

by hand diagrams, 

CTS diagnosed by 

median 

mononeuropathy, 

CTS diagnosed by 

hand diagrams and 

electro diagnostic 

studies) assessed via 

three techniques: 

1. Electrodiagnostic 

studies 

2. Self-administered 

questionnaire 

3. Physical 

examination

related to TLV 

level. Presence 

of elbow/forearm 

tendonitis was 

related to TLV 

risk level. 

Presence of 

carpal tunnel 

syndrome was 

related to TLV 

risk level.

The sensitivity and 

specifi city for 

the TLV with 

respect to all 

outcomes ranged 

from 0.29 to 0.59 

and 0.67 to 0.73, 

respectively.

calculate diagnostic 

properties reported 

not described.

Exposure assessment 

performed with 

observational 

scales not the 

quantitative 

assessment 

presented by the 

University of 

Michigan (2005)

Werner et al. 

(2005)

501 active 

workers from 

seven different 

job sites. Four 

manufacturing 

operations 

Ergonomic: TLV 

variables 

(repetition and 

force), posture 

Individual: age, 

gender, medical 

TLV used process 

not described but 

taken to be 

identical to 

Fanzblau et al. 

(2005) 

Upper extremity 

body part 

discomfort survey 

score.

The relationship of 

multiple variables to 

body part discomfort 

was examined. 

Univariate analysis 

was followed by 

Workers with 

ACGIH TLV risk 

levels of 2 or 3 

were 2.14 times 

more likely to 

develop 

Very low explained 

variance indicating 

the factors 

considered do not 

predict the outcome 

well. Association 
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(offi ce furniture 

manufacturing, 

industrial 

container 

manufacturing, 

automobile parts 

manufacturing, 

and spark plug 

manufacturing) 

and three 

employers 

involving offi ce 

or computer-

related jobs (an 

insurance claims 

processing 

center and two 

government 

computer data 

entry facilities)

history, obesity, 

smoking history, 

exercise levels. 

Psychosocial: skill 

discretion decision 

authority, 

coworker support, 

job insecurity, job 

satisfaction, 

perceived stress. 

Electrophysio-

logic variables 

were also included 

as independent 

variables.

(same population 

of workers).

logistic regression 

modeling to determine 

the most predictive 

model for incident 

cases from 

baseline data

discomfort over 

time compared to 

the control group 

(OR 2.14).

Strength of the 

prediction model 

r2 = 0.14

between discomfort 

and TLV level 

established.

Exposure assessment 

performed with 

observational 

scales not the 

quantitative 

assessment 

presented by the 

University of 

Michigan (2005)

Gell et al. 

(2005)

432 workers from 

seven different 

job sites. Four 

manufacturing 

operations 

(offi ce furniture 

manufacturing, 

industrial 

container 

manufacturing, 

Ergonomic: TLV 

variables 

(repetition and 

force), posture

Individual: age, 

gender, medical 

history, obesity, 

smoking history, 

exercise levels. 

Psychosocial: 

TLV used process 

not described but 

taken to be 

identical to 

Fanzblau et al. 

2005 (same 

population of 

workers).

Presence of carpal 

tunnel syndrome 

assessed via 3 

techniques: 

1. Electrodiagnostic 

studies

2. Self-administered 

questionnaire

3. Physical 

examination. 

Multivariate logistic 

regression was 

performed using new 

onset of CTS as the 

dependent variable to 

create a predictive 

model based on data 

from the initial 

screening.

No signifi cant 

difference in 

proportion of 

subjects rating 

above TLV level 

2 between 

incident and 

control groups.  

Multiple logistic 

regression yielded 

TLV level not 

observed to be a 

signifi cant predictor 

of carpal tunnel 

syndrome not 

established with 

statistically 

signifi cant fi ndings 

in this study

(continued)
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TABLE 10.3 (continued)
Studies of Predictive Validity 

Method Study Population
Variables 
Examined

Exposure 
Assessment

Morbidity 
Classifi cation Statistics Used Results Interpretation

automobile parts 

manufacturing, 

and spark plug 

manufacturing) 

and three 

employers 

involving offi ce 

or computer-

related jobs (an 

insurance claims 

processing 

center and two 

government 

computer data 

entry facilities) 

skill discretion 

decision authority, 

coworker support, 

job insecurity, job 

satisfaction, 

perceived stress. 

Electrophysiologic 

variables were 

also included as 

independent 

variables.

a model for 

prediction 

(r2 = 0.25) but 

TLV level 3 was 

not a signifi cant 

predictor.  

Exposure 

assessment 

performed with 

observational scales 

not the quantitative 

assessment 

presented by the 

University of 

Michigan 2005.

SI Moore and Garg 

(1995)

25 jobs within a 

pork processing 

plant possible to 

examine more 

then one worker 

in the majority 

of cases.

Ergonomic: SI 

variables

Performed via 

observation. 

1 evaluator

Review of OSHA 

logs and employee 

medical records. 

Specifi c conditions 

were identifi ed by 

review but events 

included symptoms 

of non specifi c 

disorders. One 

incident trigger was 

used.

Diagnostic properties 

calculated as per 

Figure 10.4

Criterion value 

of 5 results in 

sensitivity of 0.92 

and specifi city 

of 1.0

Association 

between SI 

hazard classifi cation 

and morbidity 

defi nition 

established in 

pork processing 

jobs.
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Moore et al. 

(2001).

56 jobs. 28 from 

manufacturing 

(16 from chair 

assembly, 12 

from hose and 

hose connector 

fabrication and 

assembly). 28 

from poultry 

processing

Ergonomic: SI 

variables in 

addition to 

vibration, 

localized 

compression, 

cold, and use of 

gloves 

Performed via 

observation. 

2 raters for each 

job.

OSHA 200 logs, 

one incident 

trigger used.

Association between 

hazard classifi cation 

and morbidity was 

assessed using 

Peason’s chi-square 

or Fishers exact test. 

Strength of 

association was 

reported 

with estimated ORs.

Diagnostic properties 

calculated as per 

Figure 10.4

SI estimated OR 

(108.5). Sensitivity 

and specifi city of 

the SI 0.9 and 0.93, 

respectively

Association 

between SI hazard 

classifi cation and 

morbidity 

defi nition 

established in 

chair and hose 

manufacturing as 

well as poultry 

processing.

Knox and 

Moore (2001)

28 turkey 

processing 

jobs.

Ergonomic: SI 

variables

Performed via 

observation. 

2 raters for each 

job.

OSHA 200 logs, one 

incident 

trigger used.

Evidence of 

association was 

assessed using the 

likelihood ratio (LR) 

test for independence 

strength of 

association and was 

reported as the OR. 

If at least one cell 

had a count less 

than 5 Fishers 

exact test

Analysis 1 (left 

and right upper 

extremity 

considered 

separately). 

Relationship 

between morbidity 

and hazard assessed 

sig. with OR of 22. 

The sensitivity 

specifi city, positive 

predictive value 

and negative 

predictive value 

were 0.86, 0.79, 

0.92, and 0.65, 

respectively. 

Association 

between SI 

hazard 

classifi cation 

and morbidity 

defi nition 

established in 

turkey 

processing.

(continued)
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TABLE 10.3 (continued)
Studies of Predictive Validity 

Method Study Population
Variables 
Examined

Exposure 
Assessment

Morbidity 
Classifi cation Statistics Used Results Interpretation

was used to 

determine statistical 

signifi cance.

Diagnostic 

properties calculated 

as per Figure 10.4.

Analysis 2 (job score 

represented by 

highest upper 

extremity score): 

OR 50 sensitivity, 

specifi city, positive 

predictive value, 

and negative 

predictive value 

were 0.91, 0.83, 

0.95, and 0.71 

respectively.

Rucker and 

Moore (2002)

28 jobs assessed: 

10 jobs at a hose 

connector plant 

and 18 jobs at a 

chair 

manufacturing 

plant.

Ergonomic: SI 

variables

Performed via 

observation. 2 

raters for each 

job. 

OSHA 200 logs, one 

incident trigger 

used.

Evidence of 

association was 

assessed using the 

LR test for 

independence 

strength of 

association and was 

reported as the OR. 

If at least one cell 

had a count less than 

5 Fishers exact test 

was

Analysis 1 (left and 

right upper 

extremity 

considered 

separately).  

Relationship 

between morbidity 

and hazard assessed 

sig. with OR of 73.3 

and an LR of 21.5).  

The sensitivity 

specifi city, positive 

predictive value, and

Association 

between SI hazard 

classifi cation and 

morbidity 

defi nition 

reestablished in 

hose and chair 

manufacturing.
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used to determine 

statistical 

signifi cance.

negative predictive 

value were 1.0, 0.84, 

0.47, and 1.0, 

respectively.  

Analysis 2 (job 

score represented by 

highest upper 

extremity score):  

OR 106.6, LR 19.1 

sensitivity, 

specifi city, positive 

predictive value and 

negative predictive 

value were 1.0, 0.91, 

0.75, and 0.75, 

respectively.

Bovenzi et al. 

(2005)

Female workers 

performing 

sanding manually 

or using orbital 

sanders (17 

furniture plants: 

3 groups orbital 

sanders A, both 

orbital and hand 

group B, hand 

only C) or offi ce 

work

Ergonomic: SI 

variables in 

addition to 

vibration 

Individual: age, 

smoking drinking, 

height, weight, 

body mass index

Ergonomic 

variables 

assessed via 

observation. 2 

raters for each 

job. Vibration: 

accelerometers

Medical interview 

and physical 

examination used 

to assess presence 

of to Raynaud’s 

phenomenon and 

CTS

Univariate analysis 

performed to 

compare groups and 

variables 

signifi cantly different 

were included in a 

multivariate 

regression analysis. 

The chi-square 

statistic or the 

Fishers exact test was 

applied to data in the 

2 × 2 contingency 

tables.

Log-binomial 

regression analysis 

showed that the 

occurrence of 

sensorineural 

symptoms and 

CTS increased 

signifi cantly with 

the increase of SI 

score. It was 

estimated that the 

risk for CTS 

increased by a 

factor of 1.09

SI scores related 

to CTS, and 

symptoms in 

the wrist, elbow, 

and shoulder.
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TABLE 10.3 (continued)
Studies of Predictive Validity

Method Study Population
Variables 
Examined

Exposure 
Assessment

Morbidity 
Classifi cation Statistics Used Results Interpretation

Log binomial 

regression analysis 

used to assess the 

relationship between 

health complaints 

and individual and 

exposure variables.

 for each unit of 

increase in the SI 

score. Similar 

results were 

obtained for 

shoulder, elbow, 

and wrist 

musculoskeletal 

complaints.

OCRA Grieco (1998) 462 workers 

exposed to 

repetitive 

activities of the 

upper limbs and 

749 workers not 

exposed in eight 

manufacturing 

industries

Ergonomic: OCRA 

variables

Analyzed using 

the methods 

proposed by 

Occhipinti 

(1998) and 

Colombini 

(1998). No 

further 

description

An index was 

derived equal to the 

total number of 

work-related 

musculoskeletal 

disorders of the 

upper limb over the 

total number of 

limbs at increased 

risk. Disorders of 

the shoulder elbow 

wrist and hands 

were identifi ed 

based on 

questionnaire 

(Menoni 98).

The degree of 

association between 

the morbidity scheme 

and the OCRA scores 

were examined using 

the simple and 

multiple regression 

functions.

A signifi cant 

prediction equation 

was derived using 

simple regression 

equation: 

y1 = 0.614 + 0.858x1 

y = Sum of all 

WRMSD/total 

number of limbs 

at risk and 

x = exposure index 

(OCRA). r2 = 0.88

The linear 

association 

between the % 

of disorders 

present and 

OCRA index is 

established.
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10.3.3  SELECTION OF AN ERGONOMIC RISK ASSESSMENT 
BASED ON CONCURRENT VALIDITY

Concurrent validity of ERA techniques is established by correlating the fi ndings of 

one valid test to another. Should two methods have independently established predic-

tive validity the agreement between those should be high. Possible confounders in 

these examinations however are differences in the populations in which the methods 

have demonstrated predictive validity, differences in morbidity defi nition used, etc. 

Three studies are currently available, which have examined the agreement between 

methods. Drinkaus et al. (2003) compared the SI and the RULA assessment and 

found poor agreement (kappa score of 0.11). Bao et al. (2006b) compared the ACGIH 

TLV (nonquantitative method) and the SI and found poor to moderate agreement 

(weighted kappa score 0.45). Jones and Kumar (2007e) compared the RULA, REBA, 

quantitative ACGIH TLV, SI, and OCRA based on quantifi ed exposure measure-

ment. The fi ndings of Jones and Kumar (2007e) indicate that agreement between 

methods varies from moderate to low and is in some cases affected by the defi nition 

of exposure variables used.

10.4 CONCLUSION

ERAs are used by practicing ergonomists to identify jobs at-risk of MSI and to iden-

tify and prioritize exposures for intervention in prevention efforts. Given the current 

human and fi nancial impact of MSIs and the established role of physical exposures in 

their precipitation, research seeking to improve the ability of ERAs to predict injury 

is of paramount importance. Direct comparison of the validity of ERAs is not pres-

ently possible given the lack of studies examining the methods based on standard-

ized criteria. At present therefore, selection of the most appropriate methodology 

requires the evaluator consider the evidence of content, predictive, and concurrent 

validity supporting each method. Among the models and methodologies considered 

here, signifi cant defi ciencies are present in each one of them. The situation begs for 

additional original, rigorous, and objective studies to make a meaningful impact.
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11.1 INTRODUCTION

This chapter deals specifi cally with the cervical spine, shoulder girdle, and  glenohumeral 

joint as potential sources of a worker’s symptoms caused by posture-related or 

repetitive movement injury. Neck and shoulder pain caused by prolonged posture 

or repetitive stress can occur in diverse occupations such as supermarket cashiers 

[32], newspaper offi ce employees [9], sewing machine operators [28], automobile 
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assembly line workers [44], or people working at telephone call center [47]. It seems 

that people in any workplace cannot be considered to be protected from neck or 

shoulder problems. In fact, very disparate working postures and levels of physical 

stress appear to be associated with a high incidence and prevalence of shoulder and 

neck pain.

The prevalence of occupational neck and shoulder problems, measured in 

cross-sectional studies by questionnaire, seems vast. In a recently published study 

of newspaper employees, data for the year 2001 indicates that 75% of 813 employ-

ees reported some level of neck pain and 61% reported shoulder pain [9]. Leclerc et 

al. [32] found the prevalence of shoulder pain in 598 workers in a variety of occu-

pations to be 59%. Similar fi ndings seem consistent across cultures. For example, 

1041 computer users at Nigerian university campuses were surveyed. Seventy-three 

percent of the respondents reported neck pain and 63% reported shoulder pain [1]. 

Whether employees are engaged in physically demanding work [26], sedentary 

occupations, or an activity of moderate physical stress, neck and shoulder pain 

appears to be common.

Isolating a simple anatomical source of worker symptoms is not possible as there 

is a chain of structures undergoing prolonged stresses in the workplace. A pattern 

of dysfunction develops because people have a consistent anatomical makeup. Yet, a 

similar clinical presentation of two individuals can be the result of different underly-

ing pathologies. For example, in a descriptive study of 58 individuals on a waiting list 

for physical therapy treatment of shoulder impingement syndrome (SIS), magnetic 

resonance imaging (MRI) identifi ed a wide range of shoulder pathologies including 

supraspinatus muscle tears and glenoid labral tears [4].

Unfortunately, current research in neck and shoulder ergonomics does not 

provide detailed differential diagnoses to draw cause–effect relationships [45]. 

Even with detailed physical examination, it is diffi cult to determine the time 

course and interplay of various factors from cross-sectional studies. A group of 

485 patients whose chief complaints were work-related upper extremity pain and 

other upper extremity symptoms underwent a thorough physical examination 

[41]. The patients had a broad range of clinically identifi able physical problems. 

Many of the patients demonstrated protracted shoulders (78%), head-forward 

position (71%), thoracic outlet syndrome (70%), shoulder impingement (13%), and 

 peripheral muscle weakness (70%) [41]. Since this is a cross-sectional case series, 

the time courses of these problems are not clear.

This chapter presents a cross-section of current concepts in the examination 

and intervention of work-related neck and shoulder pain. Despite controversies and 

lack of consensus concerning different aspects of neck and shoulder ergonomics, 

there is a rapid increase in the breadth and depth of published literature. In par-

ticular, there is a growing body of literature pertaining to the interaction between 

intrinsic (musculoskeletal), environmental, and psychosocial factors as it relates to 

neck and shoulder symptoms [32,62,63]. In this chapter, the postural and functional 

anatomical chain from thoracic spine to the glenohumeral joint will be considered as 

potential intrinsic predisposing factors. Extrinsic environmental factors combined 

with work demands and the environment will be considered. Interventions should 

be directed at minimizing the predisposing factors, mechanisms of injury, and the 

perpetuating factors that are identifi ed through examination.
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11.2 SPINE, SHOULDER GIRDLE, AND SHOULDER POSTURE

Posture is generally thought of as relatively long-term, static positioning of the body 

segments. Habitual patterns of thoracic, scapular, and humeral posture will alter 

intra-articular and extra-articular stresses. For an individual, the effects of posture 

are cumulative from occupation, recreation, and sleeping. While external aids, like 

chairs, are important to a person’s posture, there are common patterns of posture that 

are believed to be associated with symptoms.

In a clinical environment, evaluating the effects of standing posture on the 

 cervical spine and shoulder starts at the feet. For sitting posture, normally the pelvis 

would be the starting point. This is a process of identifying the relative position 

and motions along anatomical segments and then considering the consequences. A 

kinematic chain, in anatomical terms, can be understood as the physiological, per-

formance, or functional effects as a consequence of the position of one anatomical 

segment relative to another segment. When interpreting positions and motions, we 

often are attempting to understand the kinetic chain, defi ned as the effects of forces 

and torques across anatomical segments. As other chapters in this book cover the 

lower extremities and lumbar spine, we will begin with the implications of thoracic 

spine posture on shoulder function.

While the fundamental ergonomic principles used to identify risk factors for 

repetitive strain injury, including frequency, intensity, and duration, are equally valid 

for the neck and shoulder regions, long-term postures are perhaps more relevant 

to determine neck and shoulder pain compared to other regions. Walker-Bone and 

Cooper [62] concluded from their recent review that abnormal posture combined 

with repetition contribute markedly to work-related conditions of the neck and upper 

extremity.

Figure 11.1 illustrates two markedly different sitting postures. Traditionally 

we think of an ideal posture in the sagittal plane as maintaining the ear lobe over 

the acromion process. The cervical spine is traditionally thought to form a gentle 

curve concave posteriorly. The thoracic spine is idealized as a gentle curve concave 

anteriorly. If one were to draw a vertical line from the ear downward, it should fall 

near the greater trochanter of the femur. Theoretically, the center of gravity of the 
A

B

C

FIGURE 11.1 Slouch and erect sitting postures. These images highlight three postural dif-

ferences between the two subjects: A marked crease at the C6–C7 region of the cervical spine 

(A), a forwardly rotated, winged right scapula (B), and a fl at thoracic spine (C).
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head should be close to the skeletal base of support (e.g., the cervical bodies) in 

order to minimize the torque acting on each articulation. The articulations should 

be in a midrange, not at the end point of fl exion or extension in the sagittal plane. 

The male subject in Figure 11.1 demonstrates a high degree of thoracic kyphosis 

and consequently the cervical spine must have excessive extension to position the 

eyes. The ears are far ahead of the acromion process. The female in Figure 11.1 

demonstrates that a fl at midthoracic and increased upper thoracic and lower cer-

vical spine fl exion spine is her normal posture. Neither posture matches the tra-

ditionally ideal posture. Both spinal postures have consequences on the scapular 

position described below.

A relatively passive activity led to a cumulative strain injury of my shoulder in 

my days as a graduate student in anatomy. Certainly, the problem rated as injury 

because the symptoms were signifi cant and it interfered with other aspects of my 

life including writing. Processing tissue samples for electron microscopic analysis 

kept my right upper extremity elevated. It seems odd that the stress of making glass 

knives or sectioning tissue would be more injurious to my shoulder compared to 

competitive cross-country skiing. The answer to this paradox is associated with the 

long-term static positioning.

11.3 PRINCIPLES OF POSTURE IN THE THORACIC SPINE

Slouching is a common habitual posture during sitting or standing. Slouching is a 

postural habit of increasing the thoracic curvature and can be corrected because it is 

reversible. When the increased thoracic spinal curve is structural, it is described as 

kyphosis. Normal thoracic curvature, measured as the angle between the superior–

inferior axis of the fi rst thoracic vertebrae and the twelfth thoracic vertebrae, has 

been reported to be between 20° and 40° depending on the age and gender of the 

individual [21]. Once the thoracic curvature reaches 50° and is uncorrectable by 

conscious effort, it is considered abnormal. Abnormal thoracic curvature can be 

associated with several disease processes such as Scheuerrnann disease, osteoporo-

sis as well as infl ammatory disease or trauma. Aging appears to cause an increase 

in thoracic kyphosis [50].

A cross-sectional MRI study of 169 subjects found that the anterior height/

posterior height ratio of the thoracic vertebral bodies gradually declined in older 

individuals [23]. The authors concluded the nature of vertebral shape changes and 

the prevalence of disk-degenerative fi ndings across the life span. The study found 

more abnormal fi ndings in the annuli, nuclei, and disk margins increasing with 

increasing age.

Extrapolating from research on lumbar spine biomechanics, increased spinal 

anteroposterior (sagittal plane) curvature is correlated to an increase in torques act-

ing on each spinal segment [11]. The torque required to stabilize the lumbar spine 

can double between a slightly extended position and a fl exed position in part because 

the distance from the fulcrum of the segments’ masses increase. The force produced 

by the erector spinae must also increase because in a fl exed spinal posture, the lever 

arm lengths of the lumbar erector spinae may decrease by up to 13.3% [11]. Excessive 

muscle activation causes increased spinal joint loads and may prevent optimal motion.
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Respiration also affects the stability of the spine. Shirley et al. [53] measured the 

stiffness of the lumbar spine with breathing. Increased lumbar spinal stiffness was 

related to the respiratory effort and was greatest during maximum expiration. Intra-

abdominal pressure unloads the lumbar spine about 10% and is most effective in a 

fl exed position [53]. The lungs perform in a similar stiffening function in the thoracic 

spine compared to the abdominal contents on the lumbar spine.

Breast size seems to be a factor affecting posture, especially thoracic kyphosis 

and lumbar lordosis angles. Large breasts can be associated with physical symptoms 

such as chronic neck, shoulder, and back pain, as well as stiff neck [19].

Lateral curvatures of the thoracic spine are common and become more 

 common in aging populations. In a study of 75 elderly volunteers without spinal 

health problems and never having a diagnosis of scoliosis, 68% of the subjects 

could be classifi ed as having a scoliosis [51]. In the study population, averaging 70 

years of age, the average Cobb angle was 17°. Previous reports note a prevalence 

of adult scoliosis from 2% to 32% depending on the population that was studied 

[51]. Theoretically, scolosis can be associated with mechanical changes at the 

articulations, causing tension on the convex side and compression on the concave 

side of the curve.

The thoracic spine, along with the ribs, forms the base of support for the scapula 

and cervical spine. Figure 11.1 illustrates increased thoracic kyphosis with increased 

anterior tilt of the scapula. This position of increased curvature of the thoracic spine 

has direct effects on these other regions. Finley and Lee [20] studied 16 adult  volunteers 

who were symptom-free. In a within-subject repeated measures research design, they 

used electromagnetic tracking sensors to study motion of the scapula in slouched vs. 

erect posture. Increased thoracic kyphosis signifi cantly altered the kinematics of the 

scapula during humeral elevation. Primarily, slouching reduced lateral rotation of 

the scapula, which prevents upward mobility of the acromion process [20].

11.4 CERVICAL SPINE POSTURE

Head forward posture is considered to be mechanically stressful because of increased 

torque on the spine, increased muscle tension to balance the torque, and increased 

compression of the spinal structures. Head forward posture can be measured by the 

angle between the horizontal line passing through C7 and a line extending from the 

tragus of the ear to C7. This is the craniovertebral angle. A smaller craniovertebral 

angle indicates a greater forward head posture. In a case–control study of 20 sub-

jects with headaches and 20 age-matched controls without headaches, forward head 

posture was associated with chronic tension-type headaches. The duration of the 

headaches was also related to the forward head posture [18].

Head-forward posture can have an effect on neck motion. A case–control 

study of 272 subjects with radiographically normal spines subdivided this popula-

tion into fi ve groups based on each subject’s normal posture. Lateral radiographs 

of maximal extension and fl exion were used to study the segmental kinematics 

of the spine. Initial static alignment of the cervical curvature was associated 

with differences in dynamic kinematics of the cervical spine during cervical 

 fl exion–extension [59].
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Generally clinicians assume that structural changes of the spine produce postural 

positions that are unchanging, and that people in general have a static preferred neck 

posture. However, head-forward positions for people may vary. Dunk et al. [15] 

studied the reliability of two-dimensional spinal postural measurements in three 

planes. Photographic methods were use to gather data from 14 individuals for three 

trials per session over three sessions. Large variability within subjects was observed 

in the head-forward and other positions. Intraclass correlation coeffi cients for the 

cervical neck angles in three planes were poor ranging from 0.13 to 0.44. On the one 

hand, this study is discouraging because identifying postural correlates with symp-

toms will be diffi cult. On the other hand, the study demonstrates that posture may be 

easily modifi ed given the right circumstances.

11.5 SCAPULAR FUNCTION

To the external observer, as a person elevates his/her upper extremity, the chang-

ing  position of the arm, forearm, and hand can be seen relative to the trunk. It is 

 diffi cult for the external observer to appreciate the link between the clavicle and 

the humeral head. This is the scapular segment between the acromion process to 

the glenoid fossa. The fl at portion of the scapula, with attachments of the trapezius, 

levator scapulae, rhomboids, serratus anterior, and pectoralis minor acts like a sesa-

moid bone enveloped with strong muscles [33]. As large torques are supported by 

the upper extremity, large moment arms of muscles acting on the body of the scapula 

help to position the scapular segment. While the analogy of the scapula being like a 

sesamoid bone may not be perfectly correct, the analogy emphasizes the interplay 

by opposing muscle forces acting on the fl at body of the scapula that increases the 

muscle torques about the acromioclavicular joint.

The integrated motion of the clavicle, scapula, and humerus at the acro-

mioclavicular joint and the glenohumeral joint is called glenohumeral rhythm. 

 Clinically, there has been increasing emphasis on glenohumeral rhythm and shoul-

der problems since the ratio between scapulothoracic motion and glenohumeral 

motion is often altered in patients with shoulder symptoms [29]. The glenohumeral 

rhythm has a normal pattern depending on the degree of upper extremity eleva-

tion and the  activity performed (especially changes in forces acting on the upper 

extremity). Kibler [29] in his recent review proposes that abnormal glenohumeral 

rhythm is causative of SIS. However, most of Kiber’s [29] supporting evidence 

comes from case–control studies. For example, Hébert et al. [25] performed a 

case–control study of 41 subjects with SIS and 10 subjects without shoulder pain, 

examining scapular and humeral motions using motion analysis. The symptom-

atic and asymptomatic shoulders of subjects with unilateral SIS were similar, 

but both shoulders of subjects with SIS differed from the shoulders of healthy 

subjects [25]. The authors contend that the magnitude and direction of asymmetry 

of the scapula during abduction or elevation of the upper extremity is indica-

tive of either a cause of shoulder pain or an undesirable compensation. Other 

case–control studies support the relationship between SIS and abnormal scapular 

motion [35].

The dynamic position of the scapula may have a relationship with the ultimate range 

of motion of the glenohumeral joint in all planes. A case–control study of 23  individuals 
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who participated in overhead throwing activities examined motion in the scapula and 

internal rotation at the glenohumeral joint [5]. Posterior glenohumeral joint capsule tight-

ness is one of the factors that has been theorized to play a role in motions of both seg-

ments. The study found that a glenohumeral internal rotation defi cit of 20% and abnormal 

anterior tilt during movement at the glenohumeral joint were signifi cantly related.

Figure 11.1 illustrates anterior tilting and winging of the scapula in the male 

subject. The anterior tilting is sometimes thought to be caused by tightness in the 

pectoralis minor muscle [6]. The subject also has chronic serratus anterior weakness 

caused by an idiopathic long thoracic nerve palsy.

11.6 HUMERUS

The glenohumeral joint is typically described as a shallow ball and socket joint with 

the socket deepened by a fi brocartilage labrum. To complicate the ball and socket 

arrangement of the humerus on the scapula, there is a bony shelf over the superior 

portion on the “socket” side of the joint, the acromion process. On the “ball” side, the 

greater tubercle is another obstacle that limits symmetrical rotation in all three dimen-

sions. Consequently some positions of the glenohumeral joint are limited [30] and 

potentially injurious to the shoulder. In addition, intrinsic changes to the glenohumeral 

joint, such as posterior or anterior stiffness, cause changes in glenohumeral rhythm as 

well as changes in the way the humeral head moves relative to the glenoid fossa [34].

Klopčar et al. [30] used shoulder girdle and shoulder anatomical information to 

model the arm-reachable workspace in three dimensions. The resulting volume is not 

symmetrical. Klopčar et al. [30] illustrate that various shoulder pathologies change 

the arm-reachable volume in a complex three-dimensional manner.

When the person’s elbow is extended, the hand is rotated in the horizontal plane 

primarily by shoulder rotation rather than forearm pronation and supination. In 

positions of the arm-reachable workspace around 90° of fl exion and above, com-

monly called impingement positions, positioning the palm down can cause shoulder 

pain for susceptible people. Clinical and physical tests of the shoulder joint take 

advantage of positions that can provoke symptoms in impingement tests such as the 

Kennedy-Hawkins tests. When people reach to shoulder height or above, they may 

rotate their palms downward, and may be aggravating their shoulders by reproducing 

the impingement tests in their working or home environments.

Clinically, the preferred workspace for the upper extremity is a short diagonal 

arc. The highest medial position would be similar to touching the index fi nger to 

the nose. The most inferolateral position is similar to the anatomical position with 

the arms abducted to about 30° in the coronal plane. Arm positions to avoid include 

horizontal abduction and adducted positions.

11.7  DISEASE AND INJURY IN THE SHOULDER 
AS IT APPLIES TO ERGONOMICS

Intrinsic factors, as part of the individual, interact with the working environment 

to culminate in neck and shoulder pain in some cases. So far, the discussion has 

been about the relative joint positions in posture in relatively healthy individuals.  
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However, many workers have injuries and diseases that accumulate over their 

working life, whether caused by their working activities or not. The following section 

will cover some of the common problems either caused by the working environment 

or that are prevalent in the general population.

11.8 ROTATOR CUFF DISEASE AND INJURY

While many are familiar with the rotator cuff muscles (supraspinatus, infraspinatus, 

teres minor, and subscapularis) with regard to their role in producing rotation at 

the glenohumeral joint movement, these muscles have several other functions in the 

shoulder. Since the tendons of the rotator cuff are bound to the shoulder joint capsule, 

tears in the rotator cuff tendons can cause shoulder instability. Also, coordination of 

upward motion of the glenohumeral joint requires muscular coordination, especially 

the rotator cuff. The rotator cuff applies an upward rotation of the humerus relative 

to the scapula, and certain muscles of the group stabilize the humerus against an 

upward translation caused by the deltoid [52]. Degenerative changes associated with 

aging, or injuries associated with sports, and the loss of rotator cuff functions are 

diffi cult to disassociate from injuries in the workplace.

Rotator cuff disorders are the most commonly diagnosed cause of shoulder pain 

and dysfunction in working adults aged over 30 years. Rotator cuff problems have 

been shown to be a major source of morbidity in working populations. In Washington 

State, the incidence of workers’ compensation rotator cuff syndrome claims (15.3 per 

10,000 full-time equivalent workers) is the most common disorder [54]. In France’s 

Pays de la Loire region, 80 occupational physicians evaluated 2685 men and women 

[48]. The most frequent disorder or the upper extremity was diagnosed as rotator cuff 

syndrome followed by carpal tunnel syndrome and lateral  epicondylitis. Overall, 6.8% 

of men were diagnosed with rotator cuff syndrome compared with 9% of the women. 

The diagnosis of rotator cuff syndrome increases dramatically with increasing age. 

For males in the age of 50–59 years category, this diagnosis was used for 33% of upper 

extremity disorders in this population [48]. A group of workers at high risk for rotator 

cuff syndrome was studied to determine whether there was an association between 

dose of overhead work and the diagnosis of rotator cuff syndrome. The 136 male 

machinists, car mechanics, and house painters participants were aged 40–50 years and 

had been employed in their trades for not less than 10 years. There was a signifi cant 

exposure–response relationship found in rotator cuff degenerative tears [58].

Rotator cuff dysfunction causes specifi c weakness, creates instability of the 

shoulder joint, and changes how the shoulder is used. In particular, changes to the 

rotator cuff affect glenohumeral rhythm [38]. As a result, common patterns at work 

are altered.

11.9 NERVE ENTRAPMENTS

Many places along the length of upper extremity peripheral nerves, from the 

 cervical spine to the fi ngers, pressure can cause sensory symptoms and weakness. 

Any of the upper extremity nerves can be affected and there are several common 

patterns of neuropathy. Many people are familiar with pain, sensory symptoms, 

and weakness that can be caused by pressure at the cervical spine. There are many 
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FIGURE 11.2 A subject with idiopathic long thoracic nerve palsy. In the left image there is 

no forces applied to the upper extremity. In the right image, a force is applied to the hand. The 

arrows identify the region between the medial border of the scapula and the spinous processes 

of the thoracic spine.
more problematic locations through the shoulder girdle and past the shoulder joint. 

Pratt [43] identifi ed at least seven possible nerve entrapment sites in the proximal 

upper extremity. Also, viruses, metabolic diseases, and many other problems 

can cause specifi c peripheral nerve problems. For example, winging of the scapula 

(Figure 11.2) is commonly caused by long thoracic nerve injury or disease. For many 

patients, the source of this pathology is unclear. The relationship between repeti-

tive motion and nerve dysfunction is controversial. However, there is a long list of 

diagnoses that are circumstantially linked to nerve stretch, nerve compression, or 

other nerve trauma caused by repetitive motion. Working positions may be related 

to these problems.

A depressed shoulder girdle may be one postural factor related to compression 

as nerve structures pass from the thorax to the upper extremity, resulting in the 

potential for thoracic outlet syndrome. This is very controversial as a diagnosis. 

However, the potential for neurovascular structures to undergo pressure-induced 

pathology associated with posture has been identifi ed in some case studies [2].

Repetitive or prolonged shoulder protraction may place the median nerve at risk 

of injury. Julius et al. [27] studied eight people in postural positions using high-

frequency ultrasound images to study median nerve movement. Nerve movement 

was reduced through the shoulder region when the shoulder was protracted and other 

joints were moved. The authors concluded that a protracted scapula may adversely 

affect median nerve function and increase the risk of developing upper quadrant 

pain.

Extreme movements into shoulder fl exion, extension, or horizontal abduction 

may be suffi cient to cause neural tension. Case histories demonstrate that repetitive 

movements and trauma at the end of range can be associated with subsequent weak-

ness and sensory changes. For example, Streib [57] documents three cases where 

repetitive arm activity at work combined with a sudden forceful contraction and 

stretch of the arm muscles led to delayed radial nerve palsy.
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Double nerve crush syndrome is a term used to indicate the potential of multiple 

entrapments contributing to the overall nerve dysfunction. This is a controversial 

concept with some studies supporting a proximal entrapment contributing to distal 

entrapment neuropathies and some studies refuting this concept. The double crush 

hypothesis proposes that a proximal lesion along an axon predisposes it to injury at 

a more distal site along its course through impaired axoplasmic fl ow. A study of 277 

patients with C6, C7, or C8 radiculopathies did not support increased frequency of 

distal entrapment syndromes coincident with proximal nerve entrapment [31]. On the 

other hand, a case–control study using MRI found a higher incidence of narrowed 

cervical foramens in people suffering from carpal tunnel syndrome [42].

Overall neuromuscular health is the result of metabolic and other processes. For 

example, scapular winging is a common fi nding in the general population and most 

often it has been attributed to long thoracic nerve palsy. Scapular winging is also 

a hallmark feature in other neuromuscular disorders: viral infections, facioscapu-

lohumeral dystrophy, scapuloperoneal dystrophy, Emery–Dreifuss muscular dystro-

phy, congenital myopathies, myotonic dystrophy, and acid maltase defi ciency [17]. 

Attributing a work-related cause and excluding other potential causes requires a 

detailed examination process.

11.10 SHOULDER INSTABILITY

There are many possible diagnoses that identify specifi c direction or pathologies 

associated with instability at the glenohumeral articulation. While some diagno-

ses indicate gross disruption of joint stability, some of these diagnoses indicate a 

subtle change in the mechanism of connective tissues that stabilize the ball and 

socket geometry of the joint. The term “minor instability” [8] has been used to 

indicate a dysfunction of glenohumeral articulation, especially in combination with 

microtrauma that gives rise to shoulder symptoms. The syndrome of minor instabil-

ity accents the common clinical concept that the shallow ball and socket geometry of 

the glenohumeral joint requires effective soft tissue and muscular function.

The general population has a range of fl exibility in the connective tissues. The 

generalized ligamentous laxity of the glenohumeral joint is believed to increase 

the risk of shoulder pain in certain activities. Figure 11.3 illustrates the consequence 

of an inferiorly directed force on the upper extremity in a person with hyperfl exibility. 

To date, studies do not appear to use this factor in the analysis of workplace injuries.

11.11 DIABETES MELLITUS

The peripheral neural and musculoskeletal systems are indicative of a person’s over-

all health. The hormonal and metabolic balance of the body is evidenced by neuro-

musculoskeletal changes in the periphery. Diabetes mellitus is one example of this 

generalization.

In a study of over 3000 Finnish workers, insulin-dependent diabetes mellitus was 

associated with rotator cuff syndrome [39]. In a study of patients with bilateral-frozen 

shoulders, 42% had diabetes [40]. It appears that diabetes mellitus has effects on the 

histology and vascular structure in the periphery. Hypertrophic and hyperemic syno-

vitis was observed in the arthroscopic fi ndings of diabetic-frozen shoulders [49].
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FIGURE 11.3 Generalized laxity of the shoulder is identifi ed by an inferior directed force 

at the elbow. The arrow highlights the superior edge of the humeral head as it sinks relative 

to the acromion process.
11.12  ERGONOMIC FACTORS, WORKSTATION SETUP, 
AND INTERVENTIONS

Currently the status of research is not precise enough to give cause–effect relationships 

between predisposing factors, the mechanism of injury and anatomical  pathology 

that gives rise to workers’ symptoms. Punnett and Wegman [45] conclude in their 

review that many studies are merely identifying regions of symptoms by  self-report. 

They call this a good fi rst step but limited in the ability to formulate a mechanism-

based intervention plan exposure assessment that has too often been limited due to 

crude indicators and inadequate diagnosis [45]. However, there are indicators that 

the intrinsic physical capacity, perceived exertion, awkwardness,  postural stress, and 

environmental issues faced by the worker might be identifi ed and modifi ed.

There appears to be ergonomic issues that are different for women compared to 

men that need to be identifi ed and accommodated. For example, a cross-sectional 

study [12] compared work technique and self-reported musculoskeletal symptoms 

between men and women performing the same type of work tasks within a metal 

industry. The study used videotape of 55 workers. A higher proportion of women 

than men reported shoulder symptoms. Women spent more time on household activi-

ties than men, which indicates a higher total workload in paid and unpaid work. 

Women also handled materials with hands at and above shoulder height more 

frequently. The authors concluded that workplace design factors were probably a 

reason for differences in working technique between men and women [12].

Rocha et al. [47] used a self-report study design to assess 108 call center opera-

tors. They found that perception of the workstations varied between women com-

pared to men. About 50% or the female operators thought the height of the table 

was good or excellent, the height of the chair was good or excellent for 63%, but 

the visibility of the video terminal was good or excellent for only 20% of the 

female operators. About 43% of female operators had neck or shoulder symptoms 

compared to 8% of the male operators who also had a more favorable impression 

of the workstations.
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11.13 REACHING

Based on the preceding discussion, it would appear that to reduce neck and shoul-

der pain, the ideal reach in the working environment would have some standard 

characteristics. The thoracic spine would be supported in a way that would avoid 

slouching. The cervical spine would be held erect. The scapula would be slightly 

retracted and posteriorly rotated. The head of the humerus would avoid and anteri-

orly translated and internally rotated position. The arm would function in the ideal 

reachable space described above that comes to the midline of the body in a short arc. 

In addition, one must consider the environmental and psychological stress on the 

working individual.

Many working environments do not match the ideal circumstances for the neck 

and shoulder. Figure 11.4 illustrates some common ergonomic problems in an exper-

imental laboratory setup. In a crowded laboratory, bench space is at a premium 

so often areas are crowded and are multifunctional. In the fi gure, an experimental 

apparatus is set high on a shelving unit and is blocked by other equipment. A rela-

tively short person is required to reach above and between objects to pipette. In the 

same laboratory environment, reaching is awkward (Figure 11.5). Traditional orga-

nization of glassware, drying racks, and chemicals makes long reaches inevitable. 

Depending on the person’s physical capacity, intrinsic health, number of repetitions, 

and psychosocial factors, this setup could precipitate neck and shoulder problems. 

In the laboratory environment, simple ergonomic changes might reduce neck and 

shoulder risk.

Monitor placement during computer use is another issue that might be easy to 

remedy if there was consensus on the correct position. Straker and Mekhora [56] 

noted that current postural recommendations for people at computer workstations are 
FIGURE 11.4 An actual laboratory working environment illustrating several ergonomic 

considerations for the neck and shoulder.
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FIGURE 11.5 Reaching in a laboratory environment.
confl icting. They compared musculoskeletal demands, visual demands, and comfort 

of two different postures. They found signifi cant differences in body postural angles 

for the two monitor positions. They also found a signifi cant difference in the normal-

ized cervical erector spinae activity measured by electromyography between the two 

postures. In another study, more neck and shoulder symptoms and disorders were 

reported when monitor placement causes neck extension [37].

Associated with the monitor position, the presence of armrests on chairs was sig-

nifi cantly associated with a lower risk for neck and shoulder symptoms or disorders 

[37]. Postural support for the shoulder girdle and shoulder means providing workers 

with a means of resting their arms, either on the work surface or the armrests of their 

chair [10]. Research supports the practice of placing the keyboard and mouse so that 

workers can keep their elbows near the torso [55].

11.14 REPETITIVE TASKS

Repetition has often been mentioned as an important contributing factor to neck 

and shoulder pain. Like many of the details in this fi eld, controversy exists about 

role of repetitive loading in combination with range of motion and force in causing 

symptoms. However, there appears to be some evidence for increased risk related to 

the repetitive nature of a stressful activity. For example, Frost et al. [22] carried out a 

cross-sectional study of 1961 workers in repetitive work exposure–response analyses 
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relating levels of shoulder loads with the prevalence of dominant shoulder tendonitis 

showed positive associations for repetition, force requirements, and lack of micro-

pauses. Interventions could reduce the number of repetitions or allow for pauses 

between repetitions. Pauses can be within the task or by switching tasks.

Long hours of keyboarding in the working environment are known to increase 

the risk of neck and shoulder symptoms. Since many people are using keyboards for 

recreational and activities of daily living, there is an extension of ergonomic factors 

beyond the workplace. There may be a place for intervening in the home working 

environment for certain individuals.

A study evaluated the effects on work-related neck and upper-limb disorders 

among computer workers prompted (by a software program) to take regular breaks 

and perform physical exercises [60]. A group of 268 computer workers with com-

plaints in the neck or an upper limb from 22 offi ce locations were randomized into 

a control group and two intervention groups. One intervention group was prompted 

to take extra breaks and one intervention group was prompted to perform exercises 

during the extra breaks. More subjects in the intervention groups than in the control 

group reported recovery (55% vs. 34%) from their complaints and fewer reported 

deterioration (4% vs. 20%) [60].

Individuals can also learn to control their posture and muscle activity. Eleven 

females without neuromuscular disorders were trained with biofeedback during stan-

dardized computer work [36]. The biofeedback training led to signifi cant decreases 

in trapezius muscle activity measured by electromyography and lower ratings of per-

ceived exertion. The authors felt that biofeedback may change muscle synergies dur-

ing computer work [36].

Certain employment categories are notorious for neck and shoulder problems. 

Among these, dentistry stands out. Alexopoulos et al. [3] used a questionnaire 

to study the 12-month prevalence of musculoskeletal disorders of 430 dentists in 

Greece. They found that 62% of dentists reported at least one musculoskeletal com-

plaint during the 12-month time period and 30% had chronic complaints. Low back 

pain was most common. In the upper extremity, hand symptoms were reported most 

often followed by shoulder (20%) and neck (26%) symptoms. Strenuous (awkward) 

posture was cited by 52.3% of the dentists as contributing to their symptoms.

Bovenzi [7] recently reviewed the health disorders caused by occupational expo-

sure to whole-body vibration and hand-transmitted. Long-term occupational exposure 

to intense vibration was found to be associated with an increased risk for disorders 

including shoulder and neck symptoms. However, the epidemiological link between 

vibration and proximal upper extremity problems was determined to be weak [7]. 

Alexopoulos et al. [3] also found that the frequent use of vibrating tools was identifi ed 

as an important risk factor and vibration was correlated to shoulder pain.

11.15 WORKPLACE ENVIRONMENT

Beyond physical demands of the working activity, psychosocial and environmental 

demands can impact neck and shoulder symptoms. Physical comfort of the worker 

may contribute to the overall problem. Rocha et al. [47] found that the thermal 

 environment (comfort) was found to be associated with neck shoulder pain for call 

center workers. Only 28% of call center workers thought the thermal comfort of the 

environment was good or excellent.
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Harkness et al. [24] studied 1081 newly employed subjects in 12 diverse 

 occupational settings. The subjects were employed in jobs that required prolonged 

working with hands at or above shoulder level. For these workers, the psychoso-

cial exposures, those who reported low job satisfaction, low social support, and 

monotonous work, had an increased risk of new-onset widespread pain includ-

ing the neck and shoulder [24]. Identifi cation of perceived environmental or psy-

chosocial stressors may be a step toward appropriate interventions for neck and 

shoulder pain.

11.16 TOOLS

Engineering a solution may involve the workstation but it may also be necessary 

to adjust the tools for the job. There has been a long history of ingenious methods 

to make work easier, and some of these tools make work less injurious. For example, 

Duke et al. [14] studied the use of angled pliers in computer parts installation. The 

authors used motion analysis of 16 participants during jumper installation. Change 

in tool design signifi cantly reduced shoulder elevation in specifi c task. The benefi t of 

the tool design was task-dependent.

Apples are hand-harvested by workers who carry them from the tree to a 

bin in buckets weighing as much as 19 kg. Earle-Richardson et al. [16] compared 

muscle exertion (using electromyography) of back and shoulder muscles for apple 

pickers using different carrying systems. Their approach was to use a hip belt 

system to decrease stress from shoulder straps. Laboratory volunteers were studied 

under intervention and control conditions, in two postures. The belt system signifi -

cantly reduced electromyographic activity but the effectiveness of the intervention 

depended on the postural position where it was most effective in a spinal fl exion 

position.

Both of these studies demonstrate the goals of improving posture and reducing 

force through devices.

11.17 EMPLOYEE WELLNESS PROGRAMS

Improving the psychosocial well-being of the worker may be accomplished in part 

by a physical wellness program. Increasing the physical capacity of the worker 

through wellness programs should be a direction for future research. Therapeutic 

exercise studies have identifi ed specifi c shoulder girdle and shoulder  strengthening 

programs where the number of exercise can be minimized. In particular, these 

 exercise programs focus on sets of muscles that tend to be weaker due to aging or 

sedentary lifestyles such as the rotator cuff and deltoid muscles [46] and the  serratus 

anterior [13]. In our society, and even in exercising populations, the rotator cuff 

rarely is activated at a level adequate for causing hypertrophy or even maintaining 

the strength.

11.18 CONCLUSIONS

At this time, there is increasing epidemiological research and other literature to 

 identify some potential causes of neck and shoulder symptoms associated with the 

workplace, and their treatments. Unfortunately neither the mechanisms of worker 
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injury nor the mechanisms to eliminate these injuries have been studied with suf-

fi cient detail. The Cochrane Collaboration report on ergonomic interventions [61] 

found that there is limited evidence for adding breaks during computer work but 

interventions are not supported by strong evidence. Verhagen et al. [61] recently 

stated that despite good intentions of approaches to work-related neck and shoulder 

pain, the cost–benefi t analyses of these interventions are not adequate.

The recent literature covers intrinsic, ergonomic, and environmental variables. 

For example, Werner et al. [63] summarized interaction of personal and ergonomic 

variables of 501 active industrial and clerical workers over a 5 year time period. The 

factors found to have the highest predictive value for  identifying a person who is 

likely to develop an upper extremity tendonitis included age over 40 years, a body 

mass index over 30, a complaint at baseline of a shoulder or neck discomfort, a his-

tory of carpal tunnel syndrome, and a job with a higher shoulder posture rating. The 

risk profi le identifi es both ergonomic and personal health factors as risks and both 

categories of factors may be amenable to prevention strategies.

The chapter has covered interactions between posture, physical health, and the 

workplace environment. The premise of this discussion has been that there needs to 

be an assessment and treatment of these interacting variables.
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12.1 INTRODUCTION

In this chapter, we will discuss the possibilities for the prevention of low back pain 

(LBP) and disability due to LBP from a biomechanical perspective. We will focus 

on LBP with unknown causes, as in the large majority of cases of LBP, standard 

 diagnostic techniques do not reveal specifi c causes. Aspecifi c LBP is not exclu-

sively a biomechanical problem and from that perspective, we can only give a partial 

account of the state of knowledge with respect to LBP and its prevention. However, 

mechanical loading of the low back has been shown to be a risk factor for LBP and 

mechanical loading often provokes pain in patients with LBP. Therefore, insight into 

the mechanics of the low back can help to design and optimize preventive mea-

sures. Finally, we will give an overview of the epidemiologic evidence regarding the 

 effectiveness of interventions aiming at primary prevention of LBP.

12.2 LOW BACK PAIN

LBP is one of the most common causes of lost or restricted working hours in the 

industrialized world. In the general population, the annual incidence is about 5% [1] 

and the lifetime prevalence has been estimated at around 70% [2]. In subpopulations 

exposed to high mechanical loads on the low back (during occupational activities), 

the prevalence appears to be even higher [3,4].

LBP is probably a phenomenon of all times and all cultures. However, the way in 

which LBP is approached varies widely over time and cultures. In the mid- nineteenth 

century, the idea that LBP was a consequence of tissue damage due to physical injury 

gained popularity in Europe, in particular due to the high prevalence among railway 

workers [5]. The problem, however, was and still is that the presence of tissue dam-

age is diffi cult to verify objectively. This led to a change in perception of the problem 

in which, at the end of the nineteenth century, LBP was considered mainly a form 

of “hysteria” [5].

In the early twentieth century, with the advance of orthopedics as a medical 

profession, LBP was again viewed as a predominantly physical problem. Protru-

sion of the intervertebral disk and stages of disk injury preceding a detectable 

 protrusion became to be seen as primary causes of LBP and at the end of the 1960s 

 compression forces on the spine were regarded as the cause of these injuries [6]. In 

line with this rationale, bed rest and surgery, the latter in case of the presence of 

a detectable protrusion, became widely used treatments [7]. When disk protrusion 
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or other disorders could not be found, a psychosomatic disorder was implied in the 

view of many researchers [5]. Then, as it became clear that x-ray diagnostics did 

not lead to verifi cation of disk (or other) injury in most cases, the idea of LBP as a 

psychosomatic problem again gained momentum.

One of the fi rst large-scale prospective studies on LBP, the so-called “Boeing 

study” [8] revealed a stronger relationship of LBP with job dissatisfaction and other 

psychological factors than with physical workload. Although this study was criticized 

for the way in which physical workload was quantifi ed [9] and in spite of the fact that 

psychosocial variables account for a only a small percentage of the incidence of LBP 

[10,11], the conclusion that psychosocial factors were the main determinants of LBP 

became infl uential.

Up to date, the cause of LBP remains elusive in most cases; only in about 10% 

of the cases of LBP, a specifi c diagnosis is made [12–14]. The main symptoms of 

aspecifi c LBP are pain and limitations in the execution of activities of daily living. 

In addition, loss of strength, stiffness, and a reduced range of motion are in some cases 

reported, but appear in general only weakly associated with LBP [7]. The complaints 

can be episodic or continuously present. Often a distinction is made between acute 

(<6 weeks), subacute (6–12 weeks), and chronic complaints (>12 weeks). The  majority 

of patients attending to the general practitioner in connection with LBP recovers fairly 

quickly without specifi c treatment and falls in the fi rst or second category. The median 

period to recovery is 7 weeks, and after 12 weeks, only 35% of the population still 

has symptoms [15]. However, relapses are common, with 60%–75% relapsing within 

1 year [2,15,16]. In a minority of subjects (10%), LBP becomes a chronic problem 

and persists even 1 year after the fi rst visit to the general practitioner [15].

Statistics from the UK indicate that most people continue to work with LBP, with 

sick leave occurring in only 5%–10% of the cases [17]. Nevertheless, the economic 

costs associated with LBP are high. In the Netherlands, direct costs (sick leave and 

disability compensation and medical costs) in 1991 were estimated at 1.7% of the 

gross national product or €4.1 billion [18]. Of those LBP patients on sick leave, 67% 

resumed work after 1 week, 84% after 1 month, and 97% after 1 year [19]. The prob-

ability of work resumption after 2 years appears to be almost nonexistent [19,20].

12.3 PREVENTION

Interventions can generally be categorized into the three main prevention types: 

(1) primary prevention, (2) secondary prevention, and (3) tertiary prevention. The 

fi rst category (primary prevention) concerns those interventions that intend to 

diminish the incidence of symptoms/disorders in a healthy (working) population. 

 Interventions of the second category (secondary prevention) aim at recovery from 

early symptoms, for instance found after screening, and at a reduced risk of recur-

rence of symptoms and disorders. Interventions of the third category (tertiary preven-

tion) intend to reduce symptoms/disorders and/or to prevent (further) worsening of 

disorders including the improvement of the patient’s ability to cope with disabilities 

resulting from the disorders. In the secondary prevention category, the purpose from 

the company perspective is reduction of production loss while at work due to early 

low back symptoms (i.e., reduction of so-called presenteeism). In the last-mentioned 

category (tertiary prevention) the purpose from the company perspective is reduction 
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of sick leave due to low back disorders (i.e., reduction of absenteeism). Thus, prompt 

and effective interventions to promote early return to work after an episode of sick 

leave or vocational rehabilitation to promote a patient’s occupational adjustment to 

their irremediable conditions are tertiary prevention.

The target population of biomechanical interventions aiming at primary 

 prevention is most of the time a group of workers. For instance, an educational back 

school  program for all employees of a distribution center, or ergonomic changes of 

an assembly line resulting in decreased workload of all assembly workers involved. 

However, measures can also be aimed at individual workers. For instance, the 

 ergonomic redesign of a specifi c workstation of a tall worker. Interventions for sec-

ondary or tertiary prevention are more often focusing on individuals, i.e., workers 

with early low back symptoms. For instance, back schools for those workers who are 

at risk of being absent from work due to their early symptoms can be mentioned as an 

example of secondary prevention. Therapeutic interventions, such as physiotherapy, 

chiropractic treatment or pain management, for chronic pain patients can be men-

tioned as examples of tertiary prevention focusing on individuals. In this chapter, the 

focus will be mainly on primary prevention.

Interventions can aim at the worksite or at the workforce, but can also have a 

much wider scope. From the community perspective, many interventions can be 

considered. For instance, legislation with respect to topics such as manual lifting can 

have an enormous impact on the actual biomechanical exposures of the individual 

workers. Moreover, technological developments and subsequent implementation of 

these developments can be regarded as ergonomic interventions with a wide scope, 

for which the health effects can hardly be underestimated.

Table 12.1 presents an overview of interventions categorized into organizational 

ergonomics, physical ergonomics, and individual worker interventions. In the broad 

sense, these types of intervention are oriented at organizational strategies, work-

place design and layout, and worker capacity, respectively. For each of the categories 

examples are shown, without the purpose of being completely comprehensive.

12.4 RISK FACTORS FOR LBP

In this section, we will give an overview of the evidence that can be found in the 

scientifi c literature with regard to the association between LBP and work-related 

physical factors, work-related psychosocial factors, and individual risk factors. The 

issue of risk factors for LBP is neither well understood nor consistently  documented. 

However, there are systematic reviews of the literature, in which epidemiologic 

studies were retrieved according to well-described inclusion and exclusion crite-

ria. This overview will only be based on this type of systematic reviews, while 

narrative reviews will not be taken into account. Also, in some of the systematic 

reviews, the strength of the evidence was assessed, based on the methodological 

quality of the included studies and the consistency of the fi ndings of these studies. 

 Consequently, levels of evidence were reported for each of the reviewed risk factors 

(see Table 12.2). For instance, for the association of a risk factor with LBP the con-

clusion could be: “strong evidence,” “moderate evidence,” “insuffi cient evidence,” 

or “no evidence.” However, it should be noted that this “level” is just a grading 

of the strength of the evidence; it is an indicator of confi dence in the  conclusion, 
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TABLE 12.1
An Overview of Three Different Types of Intervention Aimed 
at Prevention of LBP

Organizational ergonomics interventions

Organizational measures, such as job enlargement, work groups, job rotation, reorganization • 

of an assembly line, or modifi cation of the production system

Administrative controls, such as preemployment selection, or employee restriction• 

Light duty or other modifi ed work programs for absent workers returning to work• 

Guidelines and protocols, for example, occupational health surveillance or return to work • 

after reporting sick

Physical ergonomics interventions

Ergonomic redesign and/or technical engineering modifi cations of workstations• 

Machinery, equipment, tools, parts, etc.• 

Availability of manual handling aids such as lifting devices• 

Individual worker interventions

Training in work methods, such as lifting technique• 

Physical activity, physical exercise, and employee fi tness programs• 

Improving awareness regarding safety and ergonomics• 

Availability of personal protective equipment (e.g., back belts/lumbar supports, or safety • 

shoes)

 For each of the categories organizational ergonomics interventions, physical ergonomics interventions, 

and individual worker interventions examples are given.
rather than its effect size. In fact, most well-documented risk factors for LBP have 

rather small effect sizes, which logically will compromise the potential effect of 

preventive interventions.

12.4.1 WORK-RELATED PHYSICAL FACTORS

Five systematic reviews summarized epidemiologic research on the association 

between manual materials handling, mainly consisting of manual lifting, and LBP 

[21–25]. Table 12.2 generally shows that there is “strong evidence” that lifting/ 

manual materials handling are associated with LBP. Two of these systematic reviews 

also paid attention to exposure to patient handling in particular, and both concluded 

“moderate evidence” for the association between patient handling and LBP [23,24]. 

For occupational exposure to carrying, pushing and pulling the picture seems to be 

less clear.

Three systematic reviews concluded “strong evidence” for the association between 

awkward postures of the trunk, which includes bending and twisting, and LBP 

[22,23,25], while the level was just “evidence” in another review [21].

The levels of evidence for exposure to heavy physical work are ranging between 

“evidence” [21] and “moderate evidence” [23] up to “strong evidence” [22,25]. 

However, the question of what is exactly meant by heavy physical work remains 
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TABLE 12.2
An Overview of Systematic Reviews Regarding the Association between Work-Related Risk Factors 
and (Low) Back Pain

Bernard [21]
Burdorf and 
Sorock [22]a

Kuiper et al. 
[24]a

Hoogendoorn 
et al. [23,29] Linton [30]

NRC/IoM 
[25]b

Hartvigsen 
et al. [11]

Work-related physical factors

Lifting/forceful movement Strong evidence Strong evidence Moderate 

evidence

Strong evidence

Manual materials handling Moderate 

evidence

Strong evidence

Patient handling Moderate 

evidence

Moderate evidence

Awkward posture/bending and 

twisting

Evidence Strong evidence Strong evidence Strong evidence

Heavy physical work Evidence Strong evidence Moderate evidence Strong evidence

Whole body vibration Strong evidence Strong evidence Strong evidence Strong evidence

Static work posture Insuffi cient evidence Mixed evidence Mixed evidence

Standing/walking No evidence

Prolonged sitting No evidence

Work-related psychosocial factors

Job demands/workload Evidence Insuffi cient 

evidence

Strong evidence Strong evidence Moderate 

evidencec

Work pace No evidence Insuffi cient 

evidence

Moderate 

evidence

Strong evidence

Low job control Limited evidence Mixed evidence Insuffi cient 

evidence

Moderate 

evidence

Moderate 

evidence

Monotonous work/job content Mixed evidence Insuffi cient 

evidence

Strong evidence Strong evidence
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Poor social support at work Insuffi cient evidence No evidence Strong evidence Strong evidence Strong evidence Moderate 

evidencec

(Mental) stress Insuffi cient 

evidence

Strong evidence Strong evidence Insuffi cient 

evidence

Perceived ability to work Strong evidence Strong evidence

Job dissatisfaction Evidence Mixed evidence Strong evidence Strong evidence Strong evidence Moderate 

evidencec

Belief that work is dangerous Moderate 

evidence

Moderate 

evidence

Emotional effort at work Moderate 

evidence

Moderate 

evidence

a These authors did not report “levels of evidence.” This interpretation is based on the text of the authors(s).
b NRC/IoM, National Research Council/Institute of Medicine. This report did not report “levels of evidence” for work-related physical factors. This interpretation is based 

on the fi ndings for work-related physical factors and the “levels of evidence” that were given for comparable fi ndings on work-related psychosocial factors, for which 

“levels of evidence” were reported.
c In these cases moderate evidence was found for no association between the (categories of) work-related psychosocial factors and LBP.
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unanswered in all of these systematic reviews. In fact, it has been elegantly proven 

that the “true” risk estimate for heavy physical work is close to the value 1, when 

corrected for exposure to manual materials handling and frequent bending or twist-

ing of the trunk [26]. Hence, we conclude that heavy physical work cannot be 

separated from other exposures such as manual materials handling and awkward 

postural load, and that heavy physical work by itself is probably not associated 

with LBP.

The conclusion regarding exposure to whole-body vibration is unambiguous: 

there is “strong evidence” for its association with LBP [21–23,25].

There are three systematic reviews on the association between sitting-while-at-work 

and LBP [23,27,28]. The conclusions of these reviews are clear: the epidemiologic 

 literature does not show evidence for the popular opinion that prolonged sitting by 

itself is associated with LBP. However, sitting in combination with exposure to whole-

body vibration and/or awkward postures seems to be associated with LBP [27,28]. It 

is unclear whether prolonged sitting adds to the risk of LBP for those being exposed 

to whole-body vibration and/or awkward postures [28]. This is important to fi nd out 

since whole-body vibration as well as awkward trunk postures are associated with 

LBP, even without sitting.

Finally, there is insuffi cient evidence that occupational exposure to static  working 

postures is associated with LBP [21,22,25] and no evidence that exposure to  standing/

walking is associated with LBP [23].

In conclusion, there is solid epidemiologic evidence for three work-related 

 physical factors to be associated with LBP: manual lifting/manual materials  handling, 

awkward trunk postures, and whole-body vibration. Other work-related physical 

factors, including the “risk factors” heavy physical work, static working posture, 

standing/walking, and prolonged sitting, seem by themselves not to be associated 

with LBP.

12.4.2 WORK-RELATED PSYCHOSOCIAL FACTORS

The evidence for the associations between work-related psychosocial factors and LBP 

is less straightforward than for work-related physical factors. Table 12.2  indicates that 

the levels of evidence reported for the association of the work-related  psychosocial 

factors with LBP are highly inconsistent among the six different systematic reviews 

[11,21,22,25,29,30]. Particularly, the conclusion for the association between poor 

social support at work and LBP varied very much: three reviews concluded “strong 

evidence” [25,29,30], one review concluded “insuffi cient evidence”[21], another 

review concluded “no evidence” [22], and the most recent review even concluded 

“moderate evidence for no association” [11]. In general, the largest  disagreement 

can be found between the most recent review and those published in 2001: 

Hartvigsen and colleagues [11] concluded “moderate evidence for no association” 

for  psychosocial factors that were found to be associated with LBP in the other two 

reviews (either “moderate evidence” or “strong evidence”) [25,30].

On the one hand, two points of critique can be mentioned as to the systematic 

review of Hartvigsen and colleagues [11]. First, it is incorrect to conclude that there is 

evidence for no association. In science, the empirical fi nding that the null hypothesis 

(no association) cannot be rejected in favor of the alternative hypothesis (association) 
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does not necessarily mean that the null hypothesis is true. Second, in this review 

many conceptually different factors were lumped together into one single category. 

This meant, for instance, that variables such as job security, confl icting demands, 

pace, work content, work control, qualitative demands, quantitative demands, deci-

sion latitude, skill discretion, and work monotony were grouped into the category 

“organizational aspects of work.” Then, the evidence was reported for that category, 

including all studies reporting on one or more of these variables. It is plausible that 

negative fi ndings for variables that indeed have no association with LBP outnumber 

positive fi ndings for those that are associated with LBP.

On the other hand, Hartvigsen et al. based, far more than Linton and NRC/IoM 

did, the conclusions of their review on the methodological quality of the included 

studies. This can only partly explain the different conclusions, since the methodologi-

cal quality of the included studies was also taken into account by Hoogendoorn et al., 

who concluded either “insuffi cient evidence” or “strong evidence” for the associations 

between work-related psychosocial factors and LBP. Another obvious explanation 

for the inconsistent conclusions is that different studies were included in the different 

reviews. Hartvigsen et al. only included prospective cohort studies that were pub-

lished from 1990 up to 2002; studies with other study designs and those published 

before 1990 were excluded. In the early 2000s several prospective cohort studies 

were published on the topic. In fact, 10–13 of the 18 studies included by Hartvigsen 

et al. could not have been included in the three reviews published in 2000 or 2001, 

simply because these studies were published later than the literature search for these 

reviews was performed.

In summary, the epidemiologic evidence for the associations between work-

related psychosocial factors and LBP is far from conclusive. Although it is plausible 

that high job demands and poor social support at work play a role in the occurrence 

of LBP, more research is needed to verify or falsify this conclusion.

12.4.3 INDIVIDUAL FACTORS

There are no systematic reviews evaluating epidemiologic research on the association 

between individual factors and LBP. Hence, we have based this overview on avail-

able narrative reviews [31–34]. By far the most powerful risk factor for a new episode 

of LBP is a previous history of LBP [31,32], indicating that primary  prevention of 

LBP is essential. Another important individual factor that has been reported to be 

associated with LBP is age, whereas the effect size is smaller for gender and  smoking 

[31–34].

Of the many anthropometric variables, body height and body weight have most 

frequently been studied. For body height, confl icting evidence was reported as to its 

association with LBP [32]. For body weight, mixed evidence was found. It was con-

cluded that the majority of epidemiologic studies revealed no or weak adverse effects 

for body weight or any other measure of body mass [32–34]. However, the effects 

were substantial for the most obese individuals [32,34].

There is evidence for a negative association between strength of back and 

abdominal muscles and the occurrence of LBP [32,33]. However, it has been stressed 

that there is only evidence for measures referring to relative strength (i.e., ratio of 

physical job demands to worker’s physical capacity), whereas measures referring 
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to absolute strength (e.g., isometric or isokinetic trunk strength) are not associated 

with LBP [32]. Besides, it is unlikely that measures of aerobic fi tness (i.e., maximum 

oxygen uptake or other indicators of cardiorespiratory capacity) are associated with 

LBP [32].

In conclusion, there is epidemiologic evidence that previous history of LBP, age, 

gender, smoking, obesity, and relative strength of back and abdominal muscles are 

associated with the occurrence of LBP.

12.5 MECHANICAL LOADING AND LBP

In this section, we will review the mechanisms underpinning the associations between 

established risk factors and LBP as reviewed in the previous section. The  fundamental 

assumption made is that some form of injury is relevant to the pathophysiology of 

LBP. Specifi cally these injuries are presumed to be of mechanical origin. While this 

assumption cannot be proven for aspecifi c LBP—in fact, LBP would not be aspecifi c, 

if this were proven—the overview of risk factors makes the assumption plausible. We 

will further address the validity of this assumption by briefl y reviewing the literature 

on the relationship between injury and LBP. Subsequently, we will discuss possible 

injury mechanisms and next we will describe how these mechanisms are related to 

the most important risk factors identifi ed in Section 12.4.

12.5.1 INJURY AND LBP

As discussed above, no diagnosis is made in the majority of LBP cases. Neverthe-

less, in some studies, it was attempted to identify injured structures or tissues with 

techniques that are not routinely applied in the diagnostic process. In most of these 

studies, patient selection was not random. The participating patients usually had 

LBP that was considered aspecifi c and chronic, and most had undergone several 

 diagnostic and treatment procedures with limited or no success.

12.5.1.1 Intervertebral Disk and Endplates

The vertebrae of the human spinal column are connected by intervertebral disks. 

The disks consist of an outer ring of fi bers connecting the two vertebrae, organized 

in lamellae, the annulus fi brosus, which surrounds a gel-like nucleus, containing a 

high percentage of water. The boundary layer of the disk and the vertebra is called 

the endplate and consists of cartilage and bone. The disks confer fl exibility to the 

spine and transmit forces from vertebra to vertebra.

Although the specifi city and sensitivity of positive fi ndings on x-ray diagnostics 

are low, a relationship between LBP and x-ray signs of intervertebral disks degenera-

tion does exist [35]. In addition, studies employing more advanced diagnostic tech-

niques, such as diskography, do indicate that structural damage in the disk is present 

in a considerable fraction (80%–94%) of LBP cases [36,37]. Moreover, this struc-

tural damage is a quite specifi c fi nding by itself, and highly specifi c when appear-

ing combined with provocation of pain on mechanical stimulation of the disk [38]. 

Using very strict criteria for a positive diskogram (structural abnormalities, plus pain 

reproduction, plus negative results at other disk levels), positive results were found in 
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26%–39% of the chronic LBP cases studied [39,40]. In addition, evidence of ruptures 

in the annulus fi brosus determined postmortem was related to a history of LBP [41].

Postmortem studies have shown that (repaired) damage to the endplate is a very 

common phenomenon [42–46]. This type of damage is usually not visible with x-ray 

or other imaging modalities [47–51], although very large injuries sometimes show up 

on magnetic resonance imaging (MRI) and are in these cases clearly related to pain 

[50,52–55]. The morphological fi ndings described are related to pain provocation 

upon increasing the pressure in the intervertebral disk [36,37,54,56,57].

Kuslich and coworkers [58,59] asked patients, after mechanical stimulation 

 during surgery for LBP with radiating pain to the leg, if pain was experienced and 

if so whether this pain resembled their usual LBP. Among those structures most 

frequently provoking LBP were the outer annulus fi brosus (33%–71%) and the end-

plates (33%–61%). In conclusion, in a substantial part of the population with LBP, 

the origin of the pain appears to be the annulus fi brosus or the endplate. The pressure 

increase caused by diskography would provoke both structures [56].

12.5.1.2 Facet Joints

The facet joints have also been implicated in LBP. Blocking nociceptive afference 

from these joints by injection of local anesthetics, a method that has been shown to 

be quite specifi c provided that strict control measures are taken, reduced back pain 

by more than 50% in 15%–40% of the cases studied [40,60–62]. Also mechanical 

provocation during surgery caused pain resembling normally experienced LBP in 

15%–30% of the patients studied [58,59].

It is known that osteoarthrotic changes of these joints are common [63], but 

whether mechanical injury plays a part in the causation of these is obscure. Some 

indication that injury of these joints can occur has been obtained in postmortem 

investigations of spines of young adults who had died after severe trauma, e.g., in car 

accidents. Injuries not visible on standard radiography were found in a high percent-

age of joints. Facet joint injuries were almost entirely absent in a comparable group 

of young subjects with no recent history of major trauma, but resembled some of the 

“age-related changes” seen in older subjects [64].

12.5.1.3 Ligaments

It has been suggested that subfailure injury of spinal ligaments can be an  important 

cause of LBP [65,66]. Partial or complete tears of the interspinous ligament are 

 frequently observed during low back surgery [67]. Moreover, electrical stimulation 

of this structure has been shown to cause LBP and pain radiating to the legs [68]. 

Also mechanical stimulation of the interspinous and supraspinous ligaments during 

surgery caused concordant pain in 6%–25% of the cases studied [58]. Diagnostic 

blocks of these ligaments, performed without control measures for false-positive 

fi ndings, were positive in 10%–14% of the cases [69,70].

12.5.1.4 Instability

Instability of the spine is considered a cause of LBP by many clinicians as well as in 

the biomechanical literature [71,72]. Unfortunately, it is often unclear what exactly is 
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meant with the term instability [73]. Mechanically, instability can be unambiguously 

and quantitatively defi ned, but a qualitative description of this mechanical defi ni-

tion suffi ces for the present discussion. A mechanically stable system will return to 

the vicinity of its intended confi guration after a perturbation. Hence, when unstable 

any perturbation will cause the system to move to a confi guration far away from the 

intended confi guration. It is important to realize that perturbations are always pres-

ent, and therefore an unstable system cannot function. For example, when a child is 

building a tower of blocks, the tower will usually be stable when only a few blocks 

have been stacked. However, at a certain number of blocks, let us say fi ve, the tower 

will be unstable and collapse even without any notable perturbation. Slight move-

ment of the building or of the surrounding air can be suffi cient. Connecting the 

blocks by elastic straps may allow building a tower of fi ve blocks high. The added 

stiffness of the connections between the blocks can stabilize the system. The higher 

the stiffness of the connections, the higher the tower that can be built. Suppose that 

a tower of blocks connected with elastic straps is unstable, when it consists of seven 

blocks. After the collapse of this tower, another advantage of the straps may become 

apparent. Failure of the tower is less catastrophic than before, because the straps 

limit the motion of the blocks and some structural integrity remains. The system 

(a tower of seven blocks) is still considered unstable though, because the fi nal 

 displacement from the intended state is bigger than the perturbation.

Obviously, the spine can be compared to a tower of blocks and the ligaments, 

intervertebral disks and facet joint capsules joining the vertebrae can be compared 

to elastic straps. Injury of the connecting structures, which reduces their stiffness 

[74–77], will increase the probability of a loss of stability. When the spine is  unstable, 

excessive rotations of segments will occur and pain and (further) injury may be 

 provoked [71,72]. White and Panjabi [78] proposed a clinical defi nition of spinal 

instability: “a loss of the spine’s ability to maintain its patterns of displacement under 

physiologic loads so there is no neurologic defi cit, major deformity, or incapacitating 

pain.” Note that the measurable criterion of a fi nal displacement being smaller than 

the perturbation in the mechanical defi nition is replaced by the clinically relevant, 

but not directly measurable criterion, so that neurological defi cits, deformity, and 

pain are avoided.

Muscles also connect the vertebrae and hence stiffness of muscle tissue con-

tributes to the stability of the spine. In itself the spine with ligaments and disks 

is unstable already under loads that are lower than upper body mass [79]. Hence, 

muscular contributions are required to stabilize the spine. Muscle stiffness can be 

increased by increasing coactivation of agonistic and antagonistic muscles, such that 

the net moment around a joint remains unchanged. Thus, the stability of the spine 

can be controlled by the central nervous system. Moreover, we so far only consid-

ered the elastic forces that provide an instantaneous force that tends to return the 

system to its previous confi guration. Biological systems also encompass feedback 

control mechanisms, like refl exes, that tend to return the system to the intended (not 

necessarily the previous) confi guration, based on sensory information and with some 

delay. This implies that the quality of sensory feedback will affect stability of the 

spine. Importantly, pain and fatigue have been implicated to degrade propriocep-

tive afferent information [80]. Moreover, the importance of active muscular control 
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implies that muscle strength and the rate at which muscles can develop force deter-

mine spine stability. Consequently, trunk muscle fatigue and deconditioning of trunk 

muscle may be indirect causes of (recurrence of) LBP.

12.5.2 INJURY MECHANISMS

The morphological changes associated with LBP that have been described in the 

 previous sections are not necessarily caused by mechanical injury. It is diffi cult 

in most cases to distinguish between age-related degenerative changes and injury. 

Clearly nonmechanical factors, for example genetic factors, play an important role 

in disk degeneration [81]. Interactions between genetic, age-related, and mechanical 

factors are likely to occur. Nevertheless, the literature on risk factors clearly suggests 

that mechanical loading is one of the causes of LBP and this is further supported by  

directly determined relationships between mechanical loading and LBP [82].

In the following discussion, we will describe which types of mechanical load-

ing might contribute to the morphological changes described above. The evidence 

for injury mechanisms stems mainly from mechanical tests on cadaver material 

and to a limited extent from in vivo animal experiments. Obviously there may be 

some limitations in applying these data to the living human tissue. A puzzling para-

dox regarding spinal injury comes to the fore when considering the source of the 

mechanical loads that the spine is exposed to. Obviously, the spine is directly loaded 

by gravity on the upper body and inertial forces when the upper body accelerates. 

However, these forces are much lower than the forces produced by the trunk muscles. 

One might expect some balance to exist between the forces that the muscles span-

ning the lumbar spine can generate and the strength of the spinal tissues. Associa-

tions between physical activity and strength of spinal tissues [83,84] support such 

an assumption. A relationship between muscle strength and spinal strength makes 

it diffi cult to conceive how muscle force could injure the spine. However, it should 

be kept in mind that, in general, repeated submaximal loading of tissues could lead 

to injury. Furthermore, it is conceivable that in some cases uncontrolled extreme 

forces are produced, for example, when one loses balance during performance of a 

task that already requires high muscle forces [85]. Finally, adaptation to increased 

loading is much faster in muscle tissue than in the intervertebral disk and in the ver-

tebrae, which might cause an increased injury risk in a period during which physical 

demands are rapidly increased as when starting in a physically demanding job [86].

12.5.2.1 Intervertebral Disk and Endplates

In the 1950s and 1960s, when protrusion of the intervertebral disk was seen as a 

major cause of LBP, many researchers started to investigate the mechanisms that 

could lead to a disk protrusion. Various authors performed mechanical tests on 

 so-called motion segments, two vertebrae with all the connecting soft tissues. Testing 

was initially done in compression. It was found that compression forces in between 

2,000 and 10,000 N cause fractures of the endplates and underlying bone, but do not 

cause disk protrusion [87–91]. Repeated submaximal compression caused similar 

damage as supramaximal loading [92,93]. There is no consensus in the literature 

on the effect of posture on the probability of endplate fractures. Whereas one study 
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showed no effect of fl exion on compressive strength in single loading cycles [94], a 

study on porcine spine segments did fi nd an effect on the number of cycles to failure 

in repetitive loading [95]. In spite of the absence of protrusion, the type of damage 

induced by compression has been hypothesized to be an important cause of LBP 

[96]. Furthermore, it has been shown in animal studies that endplate injuries cause 

subsequent degeneration of the intervertebral disk [97].

Bending of the spine causes tensile force in the ligaments and lamellae of the 

intervertebral disks on the concave side. Extreme forward bending (hyperfl exion) 

combined with high compression can cause a rupture of the posterior annulus  fi brosus 

[98,99]. Repetitive submaximal bending combined with high compression forces 

can cause a similar type of injury [100,101] and the probability of injury appears to 

increase when the movement is asymmetric [100,102,103]. It should be noted that 

most motion segments tested in the studies cited here failed with an endplate fracture 

and only a minority showed annulus failure.

It has been assumed that torsion of the spine plays a role in the causation of tears 

in the intervertebral disk. Torsion causes shearing between lamellae of the annu-

lus fi brosus as well as tensile forces in half of the lamellae. The shearing between 

lamellae could lead to concentric tears or clefts between the lamellae that are often 

seen with diskography [36,37]. Such concentric tears have been shown to cause 

disk degeneration in an animal model [104], but it is not sure whether these tears 

lead to pain directly. The tensile forces could lead to radial tears in the annulus that 

can also be visualized with diskography [36,37]. Farfan et al. [105] concluded that 

 torsion could induce such tears when the torsion angle between two lumbar vertebrae 

exceeds 2°–3°. However, Adams and Hutton [106] have argued against this conclu-

sion. In their experiments, damage to the facet joints occurred long before disk injury 

occurred. It is conceivable that the disparity between these studies arises in part from 

the axis of rotation that was imposed in the tests. A later study has shown damage 

to the annulus fi brosus after repeated torsion at only 1.5° [107]. Moreover, torsion 

was found to increase the probability of annulus fi brosus failure in repetitive fl exion/

extension cycles under compression [103]. In conclusion, the possibility that torsion 

contributes to injury of the intervertebral disk can certainly not be ruled out.

12.5.2.2 Facet Joints

The facet joints are compressed by anterior shear forces on the spine and one-sided 

compression occurs under torsion. It is conceivable that such joint compression could 

lead to damage to the articular cartilage, but this has not been suffi ciently studied. 

In vitro tests on the strength of spinal motion segments mostly caused a bony  failure 

[108–112] that is comparable to spondylolysis, which can be a specifi c, but not fre-

quently occurring, cause of LBP [113,114]. It is however, possible that cartilage dam-

age occurred prior to this bony failure, but this requires further research. Adams 

et al. [94] reported that motion segments compressed while in extension showed 

mechanical signs of damage at relatively low compression forces (approximately 

500 N). It was not studied which structures were injured, but damage to facet joints 

appears plausible. Some authors have argued that osteoarthritis of the facet joints is 

secondary to disk degeneration [46,63] probably due to the fact that facet joints will 

carry more compression when the disk is degenerated [115,116].
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12.5.2.3 Ligaments

The supraspinous and intraspinous ligaments can be ruptured due to extreme fl exion 

of the spine [98]. In addition, animal experiments indicate that sustained submaxi-

mal fl exion causes subfailure injuries to these ligaments that trigger infl ammatory 

responses and muscular hyperexcitability and spasms [65].

12.5.3 MECHANISMS BEHIND RISK FACTORS

12.5.3.1 Mechanical Loading in Manual Lifting

As discussed above, manual lifting is one of the risk factors for LBP. During lifting 

the spine is exposed to high compression forces, high anterior shear forces, espe-

cially on the lower lumbar segments, and often undergoes considerable deformation 

in bending, sideward bending, and twisting. As mentioned above, compression as 

well as bending and torsion can be a cause of injury that may lead to LBP. The peak 

compression forces during a lifting movement have been estimated by means of 

biomechanical models to reach levels within the range in which endplate fractures 

can occur [117–119]. In contrast, spine bending angles in vivo appear to be well 

within the range of maximal fl exion observed in vitro, suggesting that other (possi-

bly muscular) tissue provides a margin of safety against excessive bending [120,121]. 

However, the bending angles found during lifting have been implicated to reduce 

the fatigue strength in compression as described above [95] and repetitive lifting has 

also been suggested to potentially cause failure of the annulus fi brosus [100,122,123]. 

In addition, bending as often occurs in lifting, may cause substantial stresses in the 

supraspinous and intraspinous ligaments [124], which may lead to subfailure injury 

as described above. Epidemiologic studies have associated heavy lifting in general 

with disk degeneration [125], and bending and twisting during lifting to disk protru-

sion [126].

12.5.3.2 Mechanical Loading in Awkward Trunk Postures

Unfortunately, it is in most cases impossible to directly relate the risk factor  awkward 

trunk posture as defi ned in epidemiologic studies to mechanical loading, due to 

uncertainty about defi nitions or incomplete operationalization. In general, posture 

can be defi ned as the orientation of body segments in space and in relation to each 

other. This defi nition assumes body segments to be rigid links, whose orientation 

with respect to a neighboring segment is determined by rotations about three axes in 

one joint. With respect to the trunk, this assumption is clearly not correct.  Refl ecting 

the fact that the motions causing this orientation are in reality not pure rotations, they 

are called forward/backward bending, lateral bending, and twisting in  accordance 

with ISO 11226 [127]. This terminology is also used in most epidemiologic  studies. 

However, the effects of a trunk posture are not only determined by the angles between 

segments, but also by the orientation of the trunk with respect to the gravitational 

fi eld. The angles with respect to the gravitational axis system will be referred to as 

forward inclination and sideward inclination. The third degree of freedom in the 

gravitational system is irrelevant in terms of the effects of posture on an individual. 

However, when rotating the trunk around a vertical axis while standing and keeping 
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the feet fi xed, individuals do also rotate the pelvis in the hip joints. Therefore, the 

overall rotation of the trunk is not equal to twisting. Most epidemiologic papers on 

trunk posture lack a clear description of the defi nition of posture used. For example, 

it can be unclear whether trunk bending refers to pure bending, to inclination, or to 

both, or whether twisting angles include pelvis rotation or not. Moreover, the above 

defi nitions can be unambiguously used only for postures or movements in a primary 

plane or about a primary axis.

For an extensive review on the effects of trunk posture on trunk loading we refer 

to Ref. [128]. Here we will focus on trunk bending and twisting, which have been 

associated with LBP, as described above. Assuming that trunk bending in most cases 

coincides with trunk inclination, this association can partially be understood by the 

fact that to maintain a forward inclined posture substantial trunk extensor muscle 

force is required. This will cause substantial compression forces on the spine. 

A recent study estimated that bending over to ground level even without any lifting 

could entail compression forces as high as 3.5 kN [129]. Hence in particular frequent 

bending may be a cause of endplate fractures.

In contrast, the magnitude of the mechanical loads on the spine due to the main-

tenance of sustained postures is generally limited such that these tissue loads will not 

directly cause injury. However, it is conceivable that the time-dependent deformation 

(creep) of tissues in repetitive or sustained exposure causes subfailure injury. Cyclic 

and static fl exion cause creep of facet joint capsules and ligaments [130,131]. Such 

creep has also been found to occur after prolonged sitting in a fl exed posture [132] 

and has been shown to cause alterations in muscle activity that appeared compa-

rable to those coinciding with subfailure injuries in animal experiments as described 

above [133,134]. Ligament creep in addition will decrease spine stiffness and may 

affect sensory feedback [65]. These two factors combined can cause a decreased 

stability of the spine and might predispose the spine to injury.

Fatigue development in trunk muscles is substantially faster with any forward 

inclination [135,136]. In addition, trunk exertions in a twisted posture result in more 

rapid development of muscle fatigue than exertions in neutral postures [137]. Thus, 

muscle forces required to maintain nonneutral trunk postures can cause or accelerate 

fatigue development, which may reduce control over spine posture and movement 

and thus cause instability.

12.5.3.3 Mechanical Loading and Whole-Body Vibration

Exposure to whole-body vibration causes cyclic bending and compression of the 

 lumbar spine [138]. Sandover [139] hypothesized that these cyclic loading modes 

could cause damage to the annulus fi brosus and endplate, respectively. Later model 

studies to estimate the magnitude of the compression forces induced by whole-body 

vibration partially support this assumption and showed that the magnitude of the 

forces on the spine is proportional to the acceleration levels and strongly depends 

on the frequency of the exposure, with the highest forces occurring for whole-body 

vibration at frequencies around 4–5 Hz [140,141]. Both types of failure could under-

pin the relationship between disk degeneration shown on x-ray and exposure to 

whole-body vibration [125].
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In addition, to these direct effects whole-body vibration may negatively affect 

spinal stability through an increase in trunk muscle activity [142,143], which might 

accelerate fatigue development and through adverse effects on proprioceptive feed-

back [144] and spinal refl exes [145] and as such indirectly contribute to spinal injury. 

However, effects of whole-body vibration on muscle activity have been debated [146] 

and the frequency of vibrations that most affect proprioceptive feedback is higher 

than the frequency of vibrations typically associated with LBP.

12.5.3.4 Mechanical Loading and Psychosocial Factors

Psychosocial factors can interact with the physical risk factors. Obviously, time pres-

sure can cause an increase in the volume of work performed and hence increase 

intensity, frequency, and duration of mechanical loads on the back. In addition, 

several studies of Marras and coworkers [147–149] have shown that psychosocial 

stressors can slightly increase mechanical back load in tasks such as lifting due to 

an overall increase in muscle activity. Alternative pathways are that work-related 

psychosocial factors may trigger (sustained) stress reactions, which on its turn may 

cause physiological responses that contribute to LBP. Furthermore, these stress reac-

tions may cause a different appraisal of the mechanical load, which may contribute 

to an increased risk of LBP as well [150].

12.6 BIOMECHANICAL EFFICACY OF PREVENTIVE MEASURES

In the preceding sections, it was argued that tissue damage is a possible cause of 

cases of aspecifi c LBP and potential injury mechanisms were described. Compres-

sion forces and tissues stresses in bending and twisting were identifi ed as potential 

 mechanisms underpinning the risk factors for LBP. The effi cacy of interventions 

aimed at reducing the risk of LBP can thus be assessed by measuring or estimating 

these mechanical parameters and quantitative predictions of the effi cacy of interven-

tions can be made. The value of this approach is supported by a review of intervention 

studies that showed that health effects were partially predictable from changes in 

mechanical exposure [151]. Net moments around the lumbar spine provide a good 

indicator of compression forces as well as of the required muscle force, which deter-

mines fatigue development [119]. The net moment is therefore used below as an 

additional indicator of back load. In addition to these mechanical parameters, we will 

more qualitatively discuss effects with respect to factors such as muscle fatigue that 

may infl uence spine stability. Finally, the probability of injury is always determined 

by the difference between the mechanical load and the capacity to bear this load. 

Therefore, the fi nal section will deal with determinants of capacity that could be 

targeted in interventions.

12.6.1 DETERMINANTS OF LOW BACK LOAD IN MANUAL LIFTING

As described above, manual lifting could lead to clinically relevant injuries due to 

the high compression forces it causes and due to the high bending stresses, occur-

ring when lifting coincides with substantial trunk fl exion. Twisting of the trunk 

during lifting can further increase the probability of injury. The effi cacy of different 
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interventions aimed at reducing the risk of LBP can thus be assessed by measuring 

effects on these parameters.

An extensive literature on back load during lifting in terms of peak net moments 

and compression forces and trunk bending and twisting angles exists, in which the 

following potential determinants have been studied:

 1. The vertical position of the hands at the initiation of the lift

 2. The horizontal distance between the low back and the hands at the initiation 

of the lift

 3. The mass of the object

 4. The velocity of lifting

 5. Asymmetry of lifting

 6. Lifting style or technique

 7. Wearing a lumbar support

 8. Tilting the object before lifting

 9. One-handed versus two-handed lifting

 10. Team lifting

 11. Number of lifts (fatigue effects)

In the following, each of these determinants will be discussed separately. Wherever 

possible, a quantitative estimate of the effect of each of the determinants will be 

 provided such that the effi cacy of different intervention measures can be gauged. 

These quantitative estimates are mostly based on a recent comprehensive literature 

review [152]. To be able to compare all results between determinants, effect size 

will be expressed relative to a reference task, for which we will assume a peak net 

moment of 200 Nm. Other effects on other parameters such as spine bending and 

twisting as well as fatigue development will be discussed more qualitatively.

The vertical position of the hands at the initiation of the lift determines the peak 

net moment because the peak moment occurs shortly after the initiation of the lift. 

It does determine back load because it determines the amount of trunk inclination, 

which, given the high mass of the trunk, has a major effect on the net moment that 

has to be produced by the trunk muscles. The effect across different studies can 

be summarized based on regression as −261 Nm or −143% per meter difference in 

vertical position [152]. To illustrate the meaning of this fi gure, consider the following 

example. Suppose that the vertical hand position at lift initiation can be increased 

from 0 to 0.5 m, for example, by making handles in a (approximately 0.5 m high) box 

that has to be lifted from the fl oor. The regression coeffi cient of −260 then implies 

that a 130 Nm decrease in net moment can be achieved, which roughly corresponds 

to a decrease in compression force of 17 × 130 = 2210 N [119]. Considering that the 

maximum compression strength of lumbar spine segments is more or less normally 

distributed with a range of 2,000–10,000 N [90], this effect is very substantial. Obvi-

ously reducing the vertical position will also reduce trunk bending and hence reduce 

the loads on the annulus fi brosus and spinal ligaments, but these effects have not 

been quantifi ed as yet. In conclusion, vertical position has a major infl uence on back 

load in lifting.

The horizontal distance between the low back and the hands at the initiation of 

the lift determines the moment arm that the load has with respect to the low back and 
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often also has an effect on trunk inclination, as the trunk is inclined to reach  forward. 

The effect across different studies can be summarized based on regression as 160 Nm

or 80% per meter difference in horizontal distance [152]. Since large horizontal 

 distances can require trunk bending to reach the load to be lifted, reductions of this 

distance will reduce trunk bending as was described for the vertical position. The 

effect on bending of the spine has not been studied extensively, but a study by Dolan 

et al. [121] suggests an effect of 84% per meter distance. However, Gill et al. [153] 

who measured bending of the lower lumbar spine instead of the whole lumbar spine 

found no effect of horizontal distance in lifting low-lying loads [153]. In conclusion, 

horizontal distance has a substantial effect on back load especially when considering 

net moments and compression forces.

The mass of the object to be lifted has a limited effect on net moments produced 

by the trunk muscles of 5 Nm or 2.5% per kg [152]. The effect on bending of the 

spine has not been studied extensively, but a study by Dolan et al. [121] suggests an 

effect of 1.5% per kg object mass. This implies that substantial decreases in load 

mass are required to obtain relevant reductions in back load. In addition, when load 

masses are reduced often proportionally more lifts need to be performed to maintain 

productivity [154] and as stated above repetitive loading on the spine increases the 

risk of injury.

The effects of movement velocity on back loads across various trunk extension 

exertions were reviewed by Davis and Marras [118]. They concluded that a mono-

tonic and substantial increase with velocity occurs. However, the limited control over 

velocities in the studies reviewed and the wide range of tasks included precluded 

 precise quantitative estimation of the effects on net moments and compression forces. 

Faber et al. [152] concluded that slower and faster lifting than normal (self-selected) 

decreases back load by about 5% and increases it by about 10%, respectively.

The effects of asymmetry have been less well studied up to date. Most  studies 

on asymmetry have focused on lifting loads that are placed outside the sagittal 

plane. To lift the object, subjects in this kind of lifting tasks use a combination of 

pelvis rotation and trunk bending, lateral bending, and twisting to bring the hands 

to the object [155]. It was found that asymmetric lifting up to 60° of asymmetry 

causes net moments to be more asymmetric, but total net moments were not affected 

[155]. However, another study estimated 9%, 13%, and 24% increases in spinal com-

pression relative to symmetric lifting for asymmetries of 30°, 60°, and 90° [156]. 

Although higher compression forces can occur at equal net moments due to cocon-

traction, these results are apparently contradictive and further study is needed. 

Trunk muscles appeared to fatigue at a higher rate when lifting asymmetrically 

(at 90°) than when lifting symmetrically [157]. Finally, twisting of the spine itself 

has been implicated as a source of spinal injuries as discussed above and although 

quantitative estimates of the effect are still uncertain, it seems that twisting during 

lifting is best avoided.

Lifting style or lifting technique has been the topic of a large number of studies, 

which usually compared stoop (knees extended, trunk bent) and squat (knees bent, 

trunk extended) lifting. In practice, squat lifting is often advised, while self-selected 

techniques are usually in between stoop and squat lifting [158]. A comprehensive 

review of the literature comparing back load in stoop and squat lifting appeared in 

1999 [117]. It was concluded that only limited differences (less than 10%) between 
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back load in stoop and squat lifting exist and when differences were found these 

were often opposite to the expected effects, i.e., low back load was lower in stoop 

lifting. In terms of low back load, self-selected lifting techniques appear intermedi-

ate between stoop and squat, therefore effects relative to self-selected lifting are even 

smaller. Moreover, Gill et al. [153] recently showed that bending in the lower lumbar 

spine was not different between the stoop and squat styles when lifting low-lying 

objects. Other recent studies showed that lifting style interacts with, for example, 

the vertical position of the load, such that no single advice can be given [159,160]. 

These fi ndings combined suggest that the effect of lifting style defi ned as squat or 

stoop lifting on back load can be considered negligible. For a novel and promising 

approach toward interventions aimed at lifting style, see Ref. [161].

Wearing lumbar supports or back belts has been advocated as a means to reduce 

low back load during lifting. The assumed mechanisms are that the support would 

lower required trunk muscle forces by creating an extension moment or by increas-

ing abdominal pressure and that the belt would restrict the amount of bending 

and twisting occurring. A systematic review, published in 2000, revealed signifi -

cant effects on range of motion in forward bending and twisting of rigid supports, 

whereas elastic supports did not have a signifi cant effect on twisting range of motion. 

No effects were found on intra-abdominal pressure and trunk muscle activity [162]. 

The  variability of the effects between and within studies was large, with some 

subjects showing effects opposite of the expected effects. The increased trunk stiff-

ness provided by a lumbar support not only restricts the range of trunk motion, but 

may also help to prevent  spinal instability [163,164]. Some recent studies confi rmed 

the effect on range of motion in lifting [165,166]. Furthermore, a recent study, in 

which a very stiff support (as used by competitive weight lifters) was used, reported 

a 10% decrease in compression forces on the spine [167]. The fact that this type of 

belt is quite uncomfortable to wear and that effect was found only when combining 

the use of the support with a special breathing technique suggests that this cannot 

be transferred to working situations. In conclusion, the effect of lumbar supports 

appears to be limited to restricting the range of motion (whether due to perturbations 

or not) and the intervention does not have the desired effect in all subjects.

Two studies from the same group indicated that tilting an object before actually 

lifting it can reduce back load by 9%–17% [168,169]. The effects on back load of 

one-handed versus two-handed lifting have been reported in two studies. Marras 

and Davis [156] reported that spinal compression was 5% lower in one-handed lift-

ing, when the object was placed in the midsagittal plane, and this effect increased 

to 21%, when lifting was 60° asymmetric. Kingma and Dieën [170] compared one-

handed and two-handed lifting in lifting over an obstacle and found a decrease in 

net moments by 10% and of compression forces by 18% for one-handed lifting. 

The reduction in both parameters was as high as 37% when the upper body was 

 supported with the free hand.

Team lifting, i.e., lifting an object with two people instead of single-handedly, 

has been studied only in a limited number of studies. Therefore only preliminary 

conclusions with respect to effi cacy can be drawn. Dennis and Barret [171] reported 

a 20% reduction in peak net moment when lifting an object together instead of 

 single-handedly. In a follow-up study, they reported that differences in standing 
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height between team members did not negatively affect peak loads [172]. Marras 

et al. [173] reported approximately 15% lower peak compression in team lifting for 

symmetric lifts, but no effect in asymmetric lifts.

The effect of the number of lifts (frequency times duration) performed on the 

probability of injury cannot be evaluated in the same way as the previous factors that 

all affect load magnitude. However, alternative models have been developed based on 

studies on repetitive compression until endplate failure [174]. These models predict 

that the probability of injury increases substantially, if the number of lifts increases 

from 1 up to 10 and no substantial recovery period in between lifts is allowed. How-

ever, the effect of an increase in number of lifts quickly levels off beyond 10 lifts and, 

in general, effects of the magnitude of the compressive force outweigh the effect of 

the number of lifts. Repetitive bending also increases the probability of damaging 

the annulus fi brosus or ligaments (see above) and depending on the degree of bend-

ing in a particular task, the number of lifts will thus codetermine the  probability 

of these types of injury. Quantitative predictions of these effects are at present not 

feasible. Repetitive lifting can in addition cause considerable muscle fatigue, which 

as discussed, constitutes a risk in itself. Furthermore, with the development of 

fatigue, back loading increases due to a gradual increase in trunk bending and thus 

stresses in ligaments and annulus fi brosus [123,175], which moreover coincides with 

an increase in compression on the spine [176]. Fatigue development was found to be 

faster for lifting lighter objects with a high frequency (approximately 13 kg at 6 lifts 

per minute) than heavier objects at a low frequency (approximately 26 kg at 3 lifts 

per minute) [157]. The multiple effects of the number of lifts on back load suggest 

that reducing the number of lifts may have substantial effi cacy.

In the preceding sections, the potential determinants of back load were discussed 

consecutively. Each of these determinants could be seen as a target for intervention. 

Addressing the determinants with the largest effects on back load can be expected to 

yield interventions with the highest effi cacy. Obviously, the design of interventions 

is more complex. For example, it was shown that providing beds with adjustable 

work height does not lead to a reduced back load in nurses handling a patient in bed 

[177], probably due to the fact the height adjustments were not used correctly [178]. 

For many ergonomic interventions also, a change in behavior is needed, which is 

diffi cult to establish. This might explain some of the negative fi ndings described in 

Section 12.7. For lifting specifi cally, it has been shown that the determinants of back 

load interact [152]. For example, at low vertical positions, horizontal distance may 

not have an effect on back load [179]. In addition, with changes in one determinant, 

behavioral changes may occur that affect other determinants and can amplify or 

attenuate the expected effects [179,180].

12.6.2 DETERMINANTS OF LOW BACK LOAD IN AWKWARD TRUNK POSTURES

Trunk postures are determined by workplace layout. The position that the hands 

need to be in to perform a task and the position that the eyes need to be in to control 

task performance in relation to the standing or sitting position of the worker are the 

main determinants of trunk posture. However, also individual habits play an impor-

tant role and most workplace layouts allow a wide variety of postures. Therefore, 
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effi cacy will be discussed here in terms of the magnitude of the effects of change in 

posture itself rather than in terms of determinants of posture. For a more detailed 

background of the fi ndings described, the reader is referred to Ref. [128].

Forward inclination of the trunk often coincides with bending and vice versa, but 

not necessarily so. The effect of inclination on back load is sinusoidal. Back load is 

 minimal in upright stance and increases to a maximum at 90° inclination. An  important 

implication of this relationship is that the effect of a change in posture from say 20° 

inclination to 10° is much bigger than the effect of a change from 90° to 80°. For the 

effects of a change in bending angle on stresses in ligaments and annulus fi brosus, the 

opposite is true, due to the exponential relationship of tissue stress with bending angle, a 

change from 90° to 80° has a much larger effect than a change from 20° to 10°.

For sideward inclination and bending, a similar line of reasoning holds as for 

forward inclination, except that the range of sideward inclination is low because 

of which the relationship between inclination angle and mechanical load can be 

approximated as linear.

Twisting does not increase the load on the back due to gravity and therefore back 

load is determined only by the exponential relationship between the twisting angle 

and tissue stresses.

Comparing motions in the three planes, the compression forces during maximal 

forward inclination (and bending) are much higher than in maximal sideward incli-

nation (and bending) and maximal twisting.

Mechanical loads due to awkward trunk postures can only cause adverse effects 

after sustained exposure; the load magnitudes in themselves are not high enough to 

immediately cause tissue damage. Therefore limiting the duration of exposure can 

have a high effi cacy. However, in vitro and animal studies indicate that substantial 

rest periods (outlasting the loading period) may be required to recover from sustained 

loading of ligaments and annulus fi brosus [65,130]. Finally, it is important to note 

that the mechanical load imposed by posture can strongly interact with the exertion 

of external forces, as in manual lifting or pushing and pulling.

12.6.3 DETERMINANTS OF LOW BACK LOAD DUE TO WHOLE-BODY VIBRATION

The models that have been proposed to predict tissue damage due to whole-body 

vibration comprise two terms: the magnitude of the cyclic load imposed by the vibra-

tions and the number of cycles [139]. For the number of cycles with regard to repeti-

tive lifting, a logarithmic relationship was proposed, which implies that limiting 

the duration of exposure to whole-body vibration has only limited effects above a 

certain threshold. Thus, large reductions in exposure duration would generally be 

needed to attain a substantial effect. The magnitude of the cyclic load that is caused 

by vibration depends on the intensity of the vibrations as well as their characteristic 

frequency. Due to the resonance properties of the human body, vibrations around 

4–5 Hz have a much more potent effect than vibrations with either a higher or lower 

frequency. Therefore, suspension systems, such as used in most modern cars, that 

reduce the frequency content of the vibration exposure of the driver to frequencies 

around 1.5 Hz are highly effective. For a seated operator, changing the frequency of 

the vibrations from 4 to 1 Hz would cause 60% reduction in the compression forces 

on the spine [141].
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12.6.4 INDIVIDUAL CAPACITY

The load-bearing capacity of spinal tissues can be evaluated in vivo for  compressional 

loading only. The compression strength of the spine is more or less linearly depen-

dent on the product of the cross-sectional area of the vertebrae and their bone mineral 

density [89–91] and thus depends on age and gender. This product, also known as 

bone mineral content (BMC), can be determined using dual energy x-ray  absorption 

(DEXA). Theoretically, this could be used to select workers with strong spines for 

physically exerting jobs in preemployment screening. However, x-ray exposure 

involves an obvious ethical problem. Moreover, the residual variance of the rela-

tionship between BMC and strength is such that prediction of spine strength at the 

individual level is insuffi ciently reliable. In general, it can be said that the lack of reli-

able predictors of the individual probability of developing LBP precludes selection 

through preemployment screening as a cost-effective intervention [181].

Given the fact that stability of the spine requires adequate control over and func-

tion of muscles, it is conceivable that training of muscle coordination, strength, and 

endurance all have their place in the prevention of LBP. From the perspective of 

tissue loading and injury, a word of caution should be given. Some strength  training 

exercises cause very high spine loads [182]. In addition, adaptation of different 

tissues to training occurs at different rates. It is conceivable that a fast increase in 

muscle strength occurs, while, for example, BMC increases only slowly [183]. This 

may put the spine at an increased risk of compression injury [184].

12.7 EFFECTIVENESS OF PRIMARY PREVENTIVE MEASURES

In this section, we will give an overview of the evidence that can be found in the 

epidemiologic literature with regard to the effectiveness of interventions aiming 

at primary prevention of LBP. We will group the evidence according to the three 

intervention categories described in Section 12.3: (1) organizational ergonom-

ics interventions, (2) physical ergonomics interventions, and (3) individual worker 

interventions.

This overview will mainly be based on systematic reviews of intervention stud-

ies. Apart from that, we will specifi cally make use of the recently published Euro-

pean guidelines for prevention of low back pain [185], since in this guideline-specifi c 

recommendations were given for workers based on all available systematic reviews 

and existing evidence-based guidelines.

12.7.1 ORGANIZATIONAL ERGONOMICS INTERVENTIONS

None of the interventions in the review by Westgaard and Winkel [186] covered 

“work organization” as main dimension, even though it is a component of many 

ergonomic intervention studies. Organizational ergonomics interventions were sepa-

rately studied in the systematic review by Lotters and Burdof [151], but none of 

the four included studies evaluating this type of intervention focused on LBP. The 

conclusion of the European guidelines for prevention in LBP [185] was that there is 

inconsistent evidence that work organization interventions are successful for reduc-

tion of LBP. This conclusion is based on two studies: one positive study with a low 

methodological quality on the implementation of lift teams in hospitals [187] and 
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one negative study with moderately high methodological quality on a reduction of 

daily working hours [188].

In the literature, positive statements can be found in favor of the formation of 

work groups. This means that work is changed from an extreme division of tasks and 

subtasks among workers according to Taylorism to a situation in which a small team 

of workers is responsible for a larger part of the production. It is considered that the 

resulting job enlargement is benefi cial for workers from a psychosocial point of view, 

and that in most cases, harmful mechanical exposures are reduced as well.

For organizational measures, such as job rotation, a simple modeling approach 

shows that exposure to physical workload can be considerably reduced. However, a 

recent narrative review of the epidemiologic literature pointed out that the effective-

ness of job rotation or more breaks is weakly supported by empirical evidence [189]. 

For instance, job rotation was found to be associated with an increased risk of LBP in 

a study in which two garbage collectors were rotating with the driver of the garbage 

truck [190].

Little information is available on the effectiveness of administrative interven-

tions aimed at primary prevention performed by occupational health services. For 

instance, for periodic health examinations the question of whether this has any pre-

ventive result remains unanswered. More studies have been performed on preem-

ployment selection and preplacement screening. The difference between these two 

activities is that the former might give reason for the employer to relinquish the 

offer of employment, while the latter occurs after an offer of employment has been 

given and certainly bares no selection element in it. Both preemployment selection 

and preplacement screening should be able to predict future work absenteeism and 

work disability, but research conducted on this topic has generally failed to show 

positive results. First, the interrater reliability is poor to moderate in these medi-

cal preplacement tests, which may result in severe bias in the fi nal outcome of the 

selection or screening procedure [191,192]. Second and probably more important, 

the predictive validity of these outcomes is not suffi ciently investigated and the few 

studies conducted on this particular aspect could not report encouraging conclusions 

at all [181,192]. As a result of general human rights legislation, as well as the serious 

indications regarding the poor predictive power of preemployment selection [191], 

this type of medical selection is not allowed in many industrialized countries. It can 

generally be concluded that the effi cacy of preemployment selection or employee 

restriction is low for most job categories if the only goal is a reduction in LBP. Pre-

employment selection is probably only advantageous for the jobs with specifi c work 

demands, such as fi refi ghters or aircraft pilots. In other words, fi tting the worker to 

the job by selection of persons for their strength or ability to perform certain tasks is 

not legitimate except for specifi c jobs.

12.7.2 PHYSICAL ERGONOMICS INTERVENTIONS

Primary prevention through workplace intervention is the most important playground 

of ergonomics/human factors, as it is the ultimate example of “fi tting the job to the 

worker.” The workplace should be (re)designed such that the risk of occurrence of 

LBP is minimized. A large number of ergonomic studies have been performed on 

workplace interventions. By far the most of these workplace interventions aim at the 
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optimization of mechanical workload on (parts of) the worker’s low back to thereby 

reduce the risk of LBP [151]. It is postulated that exposure to mechanical load is one 

of the most important risk factors for the occurrence of LBP, but it is rarely evalu-

ated whether or not a decreased mechanical load indeed resulted in effects on LBP. 

In other words, in many studies, it was shown that a relatively simple ergonomic 

intervention, such as redesign of the workstation, established a decrease in exposure 

to risk factors. Unfortunately, however, the use of outcome measures regarding LBP 

has been sparse.

There are three systematic reviews on this topic. However, partly due to dif-

ferences in the search strategy, inclusion criteria, and exclusion criteria, these 

 systematic reviews had different conclusions. Westgaard and Winkel [186] found 

a general lack of success from mechanical exposure interventions, Linton and van 

Tulder [193] offered a negative conclusion about the primary preventive role of 

ergonomic interventions, while Lotters and Burdof [151] were somewhat more 

optimistic, although they did not draw fi rm conclusions. One subsequent good 

quality study [194] reported that physical ergonomics interventions might reduce 

the prevalence of LBP, whereas another subsequent good quality study did not 

report an improvement following changes intended to reduce exposure to physical 

risk factors [195]. There are indications that physical ergonomic interventions that 

include an organizational dimension, actively involving the workers and leading to 

substantial changes in exposure to the risk factors, might (in principle) be the most 

effective [196].

In conclusion, there is contradictory evidence from three systematic reviews 

[151,186,193] for physical ergonomics interventions in the primary prevention of 

LBP.

12.7.3 INDIVIDUAL WORKER INTERVENTIONS

Preventive programs aiming at individual, healthy workers most often consist of 

either (1) physical exercise to improve strength and/or working capacity, (2) advice, 

instruction, or education to give information about LBP or to improve work methods, 

such as lifting technique, or (3) lumbar supports or back belts. Of course, employers 

introduce combinations of these three programs in industry as well. However, the 

three programs will be separately discussed in this section.

First, physical exercise to improve muscle strength and/or working capacity 

of employees is often recommended to prevent LBP, since LBP might be caused 

by an imbalance in physical load and capacity. Seven systematic reviews indeed 

concluded that there is a preventive effect of physical exercise [193,197–202]. 

In one review [203], the authors concluded that there was contradictory evidence of 

effect of physical exercise on the prevention of LBP. In the two most recent reviews 

of the literature, it was concluded that there is limited evidence for the effective-

ness of physical exercise as primary preventive approach [201,202]. Most benefi cial 

results can be expected from specifi c exercises aiming at an increase of back muscle 

strength and endurance, but it might be advantageous to involve abdominal muscles 

in the exercises as well. It should be stressed, however, that relative strength, i.e., 

the ratio of task demands and worker capacity, is probably more important from a 

preventive point of view than absolute strength [32].
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Second, educational programs and/or back schools are increasingly implemented 

in the industry to prevent LBP. The providers of these programs claim that their 

approach is capable of causing a decrease in LBP rates of up to 30%. In spite of 

extensive research efforts, however, the empirical proof of these claims has not been 

published so far. To the contrary, by far the majority of systematic reviews showed 

no benefi cial effects of advice, instruction, or education in the prevention of LBP. 

In seven different systematic reviews and one review of occupational health guide-

lines, randomized controlled trials on educational interventions have been evaluated. 

One rather old review concluded that there was a modest relation between train-

ing of employees and a decrease in the occurrence of LBP [198]. However, seven 

reviews, including two recent ones, concluded that there is no effect of advice, 

instruction, or education for preventing LBP [193,197,199,200,202,203]. It should 

be noted that the educational programs vary widely in type and intensity, so that 

it is diffi cult to draw one solid conclusion for all of them. Furthermore, most pro-

grams also involve some kind of training. This training is mostly focused on working 

posture and/or lifting technique. A squat lift was considered to be a safe way of lift-

ing as opposed to a stoop lift, but this has recently been debated in the literature (see 

Section 12.6.1). However, the most important drawback of this preventive approach 

is that a long-lasting change in behavior of people is extremely diffi cult to achieve, 

whether it is working posture or lifting technique. Possibly partly as a result of this, 

hardly any study was able to report positive effects on the occurrence of LBP.

Third, based on the consistently negative results of several high-quality 

 studies there is no evidence for the effect of wearing a lumbar support or back belt 

to prevent LBP. Eight reviews evaluated the use of lumbar supports or back belts. 

Two early reviews concluded that there is insuffi cient evidence of the effi cacy of 

lumbar supports [197,199]; three reviews concluded that there was strong evidence 

that lumbar support is not effective for the prevention of LBP [193,200,203]; one 

review concluded that there is moderate evidence that lumbar supports do not 

prevent LBP [204], and two recent others concluded that there is no evidence of 

effect of back belt for prevention of LBP [201,202]. Hence, all reviews basically 

report that lumbar supports or back belts are not effective for primary prevention 

of LBP. This is of great importance, because, particularly in the United States, 

many workers use a lumbar support and still are convinced that its primary pre-

ventive value is high.

In conclusion, primary prevention of LBP aiming at the individual worker is 

not effective except for physical exercises specifi c for back and abdominal muscles. 

However, it should be noted that the evidence for secondary and tertiary prevention 

of LBP is much more positive.

12.8 CONCLUSIONS

It is clear that a large gap exists between the literature on risk factors for LBP 

and effectiveness of interventions on one hand, and the literature on mechanisms 

behind LBP and effi cacy of measures to intervene on these mechanisms on the 

other hand. In part, this is due to the fact that detailed measurements used in experi-

mental studies on low back load and LBP cannot readily be applied in large-scale 

epidemiologic studies. This is regrettable as it may obscure the true relationships 
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between exposure to certain physical factors and the incidence of LBP. For exam-

ple, if in an epidemiologic study risk factors are measured at the level of activities, 

such as lifting and pushing/pulling, and a common factor in both activities causes 

LBP (e.g., a high compression force), then for none of these activities an associa-

tion with LBP incidence may be found, because the compression forces are high in 

all groups compared. In other words, although external exposures differ, internal 

exposures can still be in the same order. However, we do not support the idea of 

only assessing internal exposure parameters, such as compression forces. To be of 

practical value, external exposure information is certainly needed at the level of 

activities or other determinants of physical exposure that can be recognized by the 

practitioner, which may be problematic for a parameter of internal exposure, such 

as compression force. Hence, we believe that it is important to relate these different 

levels of description of physical exposure to each other. Studies should be designed 

in which external exposures as well as internal exposures are assessed. This would 

not only increase our understanding of the origin of LBP, but also provide oppor-

tunities to design better interventions to achieve a reduction in physical exposure 

and ultimately reduce the incidence of LBP. For the time being, we believe that the 

knowledge on risk factors and on low back loading as summarized in this chapter 

may guide the design of preventive interventions. Effectiveness of such interven-

tions of course remains to be shown. Again, it would be of great value if studies on 

effectiveness of interventions would also quantify effects on low back load, because 

this could be used to test such an approach [151].

The main targets for interventions to reduce LBP incidence would be manual 

lifting, awkward postures, and whole-body vibration. With respect to whole-body 

vibration, it should be mentioned that current design of cars, trucks, and other road 

vehicles has already reduced vibration exposure below levels at which LBP effects 

are expected. For the other two factors, the sections on effi cacy provide some guid-

ance. A wide range of interventions are generally possible to achieve the same reduc-

tion in exposure. For example, both workplace redesign and interventions aimed at 

individual behavior can have an effect on horizontal distances in manual lifting. 

When aiming for interventions with scientifi cally proven effectiveness, improvement 

of individual capacity should be addressed by means of physical exercises specifi c 

for back and abdominal muscles.

Although it seems plausible that targets for primary intervention should also be 

addressed in secondary and tertiary intervention, this does not mean that these should 

overlap completely. For example, it has been shown that prolonged sitting is not a risk 

factor for the incidence of LBP, but it is also known that prolonged sitting can provoke 

pain in patients with LBP [205]. Consequently, interventions aimed at sitting behavior 

or the duration of sitting may not be indicated in primary prevention of LBP, while the 

same interventions may have an important contribution to tertiary prevention of LBP.
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13.1 INTRODUCTION

Humans are designed to move. Our movements are facilitated via a healthy mus-

culoskeletal (MSK) system. When the MSK system is in dysfunction, restoring 

movement is a primary rehabilitation goal—a goal that is generally achieved 

through the prescription of therapeutic exercise. The American Physical Therapy 

Association (2001) defi nes therapeutic exercise as the “systematic and planned 

performance of bodily movements, postures or activities intended to provide a 

client with the means to remediate or prevent impairments, improve, restore or 

enhance physical function, prevent or reduce health-related risk factors, and opti-

mize overall health status, fi tness or sense of well being” (p. 682). Numerous 

textbooks detail therapeutic exercise prescription linking varieties of impairment 

(e.g., loss of endurance) to recommended therapeutic exercises (e.g., open or closed 

kinetic chain), and  descriptions of exercises by body part, by body region or spe-

cifi c population (e.g., postoperative) (Hall and Brody, 1999; Kisner and Colby, 

2002). Despite the widespread use and excellent description of therapeutic exer-

cise, a broad review of the literature has revealed that there is limited evidence of 

its effectiveness.

Our goal in this chapter is not to reproduce the information existing in these 

therapeutic exercise textbooks. Instead, we bring a critical analysis approach and 

concentrate on two primary factors that we believe infl uence the effectiveness of 

prescription of therapeutic exercise, namely pain and diagnostic accuracy. To further 

focus this chapter, we chose two specifi c MSK conditions: low back pain (LBP) and 

carpal tunnel syndrome (CTS). We consider nonspecifi c, mechanical LBP, that is, 

LBP that does not include neurological signs and for which red fl ags (see Box 13.1) 

have been cleared. CTS is a constellation of signs and symptoms that result from 

irritation of the median nerve due to compression at the level of the carpal tunnel 

(O’Connor et al., 2003). We chose these two conditions for a variety of reasons, 

in part, because they differ in clinical presentation and diagnosis but also for the 

numerous features these two conditions share. In the fi rst place, LBP and CTS are 

commonly related to ergonomic conditions at work and home. Second, health care 

professionals are challenged with their treatment, particularly when they become 

chronic conditions. And when LBP and CTS are chronic, they are two of the most 

expensive MSK conditions to rehabilitate. Our fi nal rationale for this selection relates 
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to our overall concern: despite their prevalence and relative treatment costs, evidence 

for the effectiveness of therapeutic  exercise prescription is particularly limited in 

LBP and CTS (O’Connor et al., 2003; Hayden et al., 2005) and we believe this merits 

a critical review.

In this chapter, we argue that the lack of evidence for therapeutic exercise 

effectiveness may not stem from the health care practitioner’s ability to set out an 

exercise program per se, but rather the inability to set out a program that consid-

ers pain is based on an accurate diagnosis. The fi rst foundation is pain. In recent 

years, we have become more aware of the complexity of pain presentation, espe-

cially when nervous tissue is involved. In dealing with persistent pain, taking a 

graded approach to the prescription of therapeutic exercise addresses the need of 

the client to confront the problem of movement associated pain. However, these 

considerations have not translated to the study of exercise effectiveness. The sec-

ond foundation of therapeutic exercise prescription is the accuracy of diagnosis. 

As Graham et al. (2006) says “when the diagnosis is wrong, treatment will fail, 

no matter what it comprises” (pp. 1463–64). Nested within the issue of diagnosis 

is the determination of the stage of healing of the injury. Many would agree that 

the underlying formula for exercise prescription is the right exercise, for the right 
reason, at the right time. If this is true, then determining the stage of healing 

of the MSK dysfunction (i.e., the right time) is fundamental to success. As we 

will describe later, there is a considerable challenge to accurately determining the 

stage of healing in LBP and CTS (Waddell, 1998; MacDermid and Doherty, 2004; 

Wilder-Smith et al., 2006).

Therapeutic exercise is central to the rehabilitation of MSK conditions. Successful 

outcome depends on many factors. This chapter focuses on two important consid-

erations: the impact of pain on how the client presents and responds to treatment 

and the importance and diffi culty of having an accurate diagnosis to guide treat-

ment. We discuss these factors as they apply to CTS and LBP as these conditions are 

BOX 13.1 THE FOLLOWING SYMPTOMS ARE RED FLAGS AND 
THEY INDICATE THAT IMMEDIATE MEDICAL CARE IS NEEDED

Severe unremitting pain• 

Pain unaffected by medication or position• 

Severe night pain• 

Severe pain with no history of injury• 

Severe spasm• 

Swelling or redness in any joint without history of injury• 

Psychological overlay• 

Violent trauma, such as a fall from a height or a car accident• 

Thoracic pain• 

Previous history of carcinoma, systemic steroids, or drug abuse• 

Persisting, severe restriction of lumbar fl exion• 
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commonly encountered in the workplace and evidence is sparse in regard to the 

effectiveness of therapeutic exercise. We believe that many lessons learned in LBP 

may be helpful to achieve better outcomes in CTS. We believe that with a better 

understanding of the complexity of the pain experience along with an improved 

diagnostic accuracy, therapeutic exercise effectiveness will also improve. In addi-

tion, applying a pathomechanic approach to the cervical/upper limb kinetic chain 

may be used to prevent progression when early symptoms are identifi ed.

13.2  IMPACT OF PAIN AND PARESTHESIA 
ON THE INDIVIDUAL

The condition name, “low back pain” indicates undeniably that pain is the domi-

nant symptom. However, the unpleasant sensations of CTS—numbness, paresthe-

sia, tingling, and pain (Katz and Stirrat, 1990; Graham et al., 2003; Kamath and 

Stothard, 2003; Nora et al., 2005)—are a constellation of sensations that may be 

more precisely labeled peripheral neuropathic pain as defi ned by Merskey et al. 

(1994): “Pain initiated or caused by a primary lesion or dysfunction in the peripheral 

nervous  system” (p. 210). Although the nature and quality of the sensations are dif-

ferent between the two conditions, they are both disabling and distressing for the 

individual and, for simplicity, we will generally refer to “pain” when discussing both 

LBP and CTS.

Health care professionals use pain reports as indicators of many things including 

how serious a problem is, which structure to focus treatment on, and if a problem 

is improving or getting worse. For the majority of MSK conditions, this biosensory 

approach is effective because the problem is straightforward, of relatively short dura-

tion, or not very disabling. However because LBP and CTS are complex, have a high 

prevalence of persistence (Waddell, 1998; Nathan et al., 2002; You et al., 2004), 

and are associated with signifi cant lost work hours, effective treatment requires 

a broader, biopsychosocial approach. This will include the consideration of 

 psychological interventions such as cognitive-behavioral strategies as well as screen-

ing tools that incorporate psychosocial factors to predict poor outcomes. To understand 

the impact of pain on an individual, one needs to consider, among other things, the 

combination of the neurophysiological response to a painful stimulus  (sensitization), 

the psychological response (e.g., catastrophizing), and the behavioral response 

(e.g., avoidance).

When examining the impact of pain on progression from the preclinical 

to the symptomatic phase, health care practitioners must consider many factors, 

such as the diffi culty of diagnosis and also external infl uences such as access to 

care, comorbid conditions, reinjury, or repeated painful experiences (Pengel et al., 

2002). Predictability is a problem for the client and the health care provider because 

healing does not necessarily progress over a prescribed time frame due to rein-

jury; this can lead to a delay in healing and with repeated painful episodes there 

is an increased likelihood of persistence (Woolf and Salter, 2000). During the 

healing period, an individual will experience pain during activity and this may 

increase the possibility of negative psychological responses known to occur with 

painful conditions (Picavet et al., 2002; Sullivan et al., 2002; Vlaeyen, 2003). 
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In addition, the distraction of pain during activity has a negative effect on perfor-

mance ( Harman and Ruyak, 2005). These two fi ndings put into question the old 

adage “No pain, no gain.” When prescribing therapeutic exercise, it is therefore 

necessary to consider how the individual is responding to the pain experience. Link-

ing the phase of healing to the neuroplasticity of pain perception may enhance the 

effectiveness of therapeutic exercise, because peripheral and central nervous path-

ways undergo modulation and modifi cation in the presence of persistent or repeated 

pain, laying the foundation for chronicity (Woolf and Salter, 2000).

13.2.1 NEUROPLASTICITY

Neuroplasticity, the ability of elements of the nervous system to change (Cotman 

and Berchtold, 2002; Johansson, 2004), is the underlying mechanism attributed to 

the developmental organization of the nervous system (Constantine-Paton, 2000). 

This mutability, once believed to be lost at maturity, has been discovered in adult 

nervous systems and triggered not only by trauma, but also by day-to-day sensory 

and cognitive input (Arnstein, 1997; Constantine-Paton, 2000; Byl and Merzenich, 

2001; Johansson, 2004).

As a result of a tremendous amount of research, it is now understood that the 

neurophysiology of pain involves neuroplastic changes. Injury or infl ammation of 

nerve and innervated tissue results in long-term increased excitability (sensitiza-

tion) of peripheral and central nervous system neurons (Campbell et al., 1988; 

Wright, 2002). The refl exive avoidance of a painful movement has a protective 

role and will in itself create neuroplastic changes in sensory and motor systems 

function. The result of these changes can be seen in decreased thresholds to painful 

stimuli (hyperalgesia) or to a stimulation that would not normally be considered 

painful (allodynia) (Woolf and Salter, 2000; Melzack et al., 2001). This sensitiza-

tion can persist in the presence of repeated noxious stimulation through reinjury 

or tissue overloading (Wall, 1990; Coderre et al., 1993; Mao, 2002). Therefore as 

a condition progresses, the prescription of activity and exercise must be balanced 

between the encouragement of optimal physical functioning and avoidance of elic-

iting excessive unpleasant sensations because these may perpetuate the sensitiza-

tion response and limit further progress (Coderre et al., 1993; Wright, 2002). In 

addition to sensitization, the experience of continuing symptoms and slowness of 

healing can lead individuals to develop known psychological barriers to recovery, 

such as fear of movement and maladaptive beliefs and attitudes (Picavet et al., 

2002; Vlaeyen, 2003).

13.2.2 FEAR-AVOIDANCE THEORY

Among the many theories that attempt to explain the persistence of pain, the 

 fear-avoidance theory (Lethem et al., 1983; Vlaeyen and Linton, 2000; Vlaeyen et 

al., 2002; Vlaeyen, 2003) is highly relevant to movement and exercise because it 

describes how an individual interprets and copes with their perception of pain and 

how that perception infl uences movement (Vlaeyen, 2003). The model (Figure 13.1) 

represents two extremes: one path leads to the positive outcome of achieving 
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FIGURE 13.1 Diagrammatic representation of the fear-avoidance model. (Modifi ed from 

Lethem et al., Behav. Res. Ther., 21, 401, 1983; Vlaeyen, J. and Linton, S., Pain, 85, 317, 2000.)

Client presenting with
significant pain

Significant pain with
minimal fear

An ability to confront rather
than avoid painful

experiences

Client can “calibrate” pain 
realistically

Client achieves
rehabilitation goals

Chronic
pain

disability

Significant pain with strong
fear of pain

Maladaptive response, avoidance
of painful experiences such as 

therapeutic exercise

Physical consequences; less 
able to consider pain objectively,

reduced function (disuse)
rehabilitation goals where, the individual is not without pain, but the pain experi-

enced is interpreted as something to be coped with or managed. The other side of 

the model depicts a cyclical pattern that leads to a negative outcome. It starts with 

the fear of pain, leads to the avoidance of movement (which, unfortunately does 

not  usually lead to pain reduction), a reduced capacity to exercise, and chronic 

disability. This pattern is familiar to many health care providers. Although avoid-

ance of pain-provoking movements offers a protection against further injury or 

hurt, this  avoidance is  maladaptive when the individual becomes caught in the 

cycle of chronic pain disability depicted in the model [adapted from Vlaeyen et al. 

(1995)]. Avoidance is a natural response to unpleasant events or symptoms and is 

observed with other conditions as well [e.g., dyspnea (Rose et al., 2002) and fall-

ing (Wijhuizen et al., 2006)].

13.2.3 MALADAPTIVE BELIEFS AND ATTITUDES

What people think and how they respond to the condition they are in has a strong 

infl uence on outcomes. There are key psychological responses to painful events that 

are important to understand. Catastrophizing is a form of coping that, instead of 

providing a positive outlook, is a dramatically negative response to the experience 

of pain (Sullivan et al., 1995). Catastrophizers have been found to experience pain 

to a greater extent than noncatastrophizers (Keefe et al., 1989) and catastrophizing 

is predictive of poor outcomes (Burton et al., 1995). These individuals do not deal 

well with pain and will avoid activity such as therapeutic exercise, which might elicit 
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this extremely negative experience. In addition, those who catastrophize begin to 

feel that they cannot engage in any activity, impairing their self-effi cacy, defi ned as 

the belief that one can accomplish or complete something (Turk and Okifuji, 1998). 

Self-effi cacy is improved with the successful completion of a goal (such as exercis-

ing with minimal negative effect) and will help direct an individual toward the path 

to successful rehabilitation as opposed to the vicious cycle of pain and disability 

(Linton and Ryberg, 2001; Vlaeyen et al., 2002).

There are measures available that can help identify the presence of problem-

atic psychological responses, referred to as “yellow fl ags” (Sullivan et al., 1995). 

In LBP, four key predictors of poor outcome have been identifi ed (Watson and 

Kendall, 2000):

 1. The presence of a belief that back pain is harmful or potentially severely 

disabling

 2. Fear-avoidance behavior and reduced activity levels

 3. Tendency to low mood and withdrawal from social interaction

 4. An expectation that passive treatment rather than active participation will 

help (Waddell et al., 1993; Accident Compensation Corporation, 2004).

A similar risk assessment has not been identifi ed with CTS. In fact, the relation-

ships are unclear. The few studies on pain reports and psychological response in 

CTS present different views regarding outcomes. For example, when examining 

relations among measures of electrodiagnostic testing and psychosocial factors in 

CTS, the fi ndings revealed no statistically signifi cant relationship (Chan et al., 

2007). Another study found that clients diagnosed with nonspecifi c hand pain (i.e., 

not CTS) had higher scores on measures indicative of psychological distress than 

those diagnosed with CTS ( Crossman et al., 2001). These suggest that understand-

ing the diagnosis of the symptoms may mitigate negative psychological response 

to symptoms. Another study found no relation between preoperative psychologi-

cal distress and surgical outcomes (Hobby et al., 2005). Understanding how the 

neurophysiological response (sensitization), the psychological response (catastro-

phizing), and the behavioral response (avoidance) to painful stimuli all combine 

is important when considering the timing and intensity of therapeutic exercise. 

With CTS and LBP, it is important to understand their differences as well as their 

similarities.

13.2.4 IMPLICATIONS FOR THERAPEUTIC EXERCISE

When prescribing exercise, a common question is when to start? Later in this 

chapter, we discuss diagnosis and staging, and the timing of exercise prescrip-

tion. So, here we consider the psychological response to a sensitized nervous sys-

tem. During the preclinical phase of CTS, symptoms are mild and therefore a 

more aggressive approach could be taken with less risk of eliciting an avoidance 

response. Whereas, as the symptoms become stronger, the nervous system is being 

subjected to persistent noxious stimulation, thus making the individual’s response 

more complex. Exercise prescription should consider the impact of triggering more 
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symptoms, which may lead to the vicious cycling depicted in the fear-avoidance 

model (Figure 13.1).

In LBP, guidelines for the acute phase are clear: to maintain activity and palliate 

symptoms (Accident Compensation Corporation, 2004). As the individual moves 

into the subacute phase of healing, exercise prescription can progress. This subacute 

phase of LBP is somewhat challenging: those who have involvement of psychoso-

cial factors are at higher risk to develop persistence, and therefore screening for 

these complicating issues is recommended at this stage (Watson and Kendall, 2000; 

Accident Compensation Corporation, 2004). If “yellow fl ags” are not identifi ed by 

screening, then a steady, graded increase in exercises is recommended (Fritz and 

George, 2000; George et al., 2003; Staal et al., 2004). The chronic phase of LBP 

requires a multidisciplinary team (Hayden et al., 2005) and the chronic phase of CTS 

is mostly managed through surgical intervention (MacDermid and Doherty, 2004). 

In conclusion, considering pain when prescribing exercise is an important part of the 

intervention. The lack of consideration of the impact of pain on the individual may 

in part explain the limited evidence available of successful therapeutic exercise in 

both subacute LBP and CTS.

13.3  THERAPEUTIC EXERCISE PRESCRIPTION IN LBP: 
WHERE IS THE EVIDENCE?

In LBP, very often (but not always), there is a defi ning movement or injury when 

the back pain started. The acute phase that follows requires rest, maintenance of 

activity, and medication (Accident Compensation Corporation, 2004). However, it 

is the subacute phase of recovery where there is consensus that we should focus 

our rehabilitation efforts (Karjalainen et al., 2001; Philadelphia Panel, 2001; Pengel 

et al., 2002; Accident Compensation Corporation, 2004; Abenhaim et al., 2005). 

Health care practitioners generally follow the “educate and activate” approach with 

the following principles to guide therapeutic exercise prescription (p. 291) (Kisner 

and Colby, 2002):

Educate• 

Knowledge of the injury and participation in the plan will enhance compliance

Promote healing• 

Rest when necessary, but assure as much freedom of movement as possible

Systematically pursue restoration of function• 

Transition from passive to active exercises aimed at mobility

Practice smooth, coordinated movement• 

Using a variety of exercises, challenge fl exibility, and coordination

Increase strength• 

Apply progressive resistance to strengthen key muscles according to ACSM 

 guidelines (American College of Sports Medicine, 2006).

In searching for best practice and in the presence of a small number of high-quality 

research articles, we found that the largest amount of supporting evidence for 
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treating LBP in the subacute phase was in the prescription of activity and thera-

peutic exercise. In the subacute phase, the recommendation is to keep active, but 

also to add exercise (Philadelphia Panel, 2001). We now consider studies in which 

the effectiveness of prescribing therapeutic exercise has been demonstrated during 

subacute LBP.

One diffi culty in reviewing these studies involving activity and therapeutic 

exercise for LBP is that many interventions are combined or not described, mak-

ing their individual contribution to the results diffi cult to determine (Abenhaim 

et al., 2005). In addition, studies often report a therapeutic intervention (which may 

or may not include exercise) in a vague manner, such as “as available” (Lindström 

et al., 1992a,b). A fi nal challenge is the variability of nomenclature in therapeutic 

exercise. This led the International Task Force on Back Pain to outline common 

LBP exercises according to the following six criteria: direction of spinal move-

ment (e.g., fl exion), nature of exercise (e.g., aerobic, isokinetic), type of exercise 

(e.g., active, graded, passive), exercise parameters (e.g., duration, intensity), exer-

cise evaluation techniques (e.g., lifting test, muscle strength), and specifi c exercise 

techniques (e.g., resisted trunk extension, yoga). Abenhaim et al. (2005) went on 

to recommend that researchers and clinicians implement classifi cation schemes 

such as theirs to standardize the manner in which exercise is prescribed, named, 

and documented.

Despite the above criticisms, there are some fi ndings in the literature that may 

be helpful to develop best practices for exercise prescription during the subacute 

phase of healing in LBP. This next section relies on fi ve recent articles (Karjalainen 

et al., 2001; Philadelphia Panel, 2001; Pengel et al., 2002; Abenhaim et al., 2005; 

Hayden et al., 2005) that each provide a critical review of LBP management, with 

some attention to the subacute phase of healing. Each reported only on studies that 

met a standard of quality. Table 13.1 presents nine papers according to the type of 

exercise that was studied and the quality of evidence according to standards of the 

fi ve review papers. They were rated as low, moderate, or high quality or as having 

demonstrated clinical effectiveness. From the fi ve review papers, support was found 

for a graded approach, multidisciplinary or group interventions and some specifi c 

exercises. Next, we review each of these four approaches, in turn, beginning with 

graded activity.

13.3.1 GRADED ACTIVITY

The concept of graded activity was fi rst described during rehabilitation when 

 having individuals walk on graded slopes increased the exercise challenge. 

Graded (or quota-based) exercise is a term that identifi es a method of exercise 

progression based on predetermined targets and reinforcement strategies. This 

approach is based on the following ideas: (1) pain and pain behaviors are rein-

forced by favorable  consequences (operant conditioning); (2) exercise and physi-

cal activity are not compatible with pain and pain behaviors; and therefore (3) if 

exercise increases, this should lead to a decrease in pain behaviors (Lindström et 

al., 1992b). Activity, per se, is not broadly prescribed in the rehabilitation of LBP, 

perhaps due to challenges of describing and measuring activity (Lindström et al., 
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TABLE 13.1
Available Evidence from Five Systematic Reviews to Support 
Therapeutic Exercise Prescription in Subacute LBP

Exercise 
Approach

Research 
Articles

Study Details: Exercise for 
Clients with Subacute LBP Results

Quality of 
Evidence per 

Five Systematic 
Reviews

Graded Staal et al. 

(2004)

—Randomized control trial 

(RCT): treatment (tx) for

 4/52 P/O until return to 

work (RTW)

—Time off 

work in 6/12: 

GrEx < USUAL 

(p < .01)

—All: moderate 

quality 

Cited in:

—GrEx (Graded Exs—

aerobics, strength @ 75% 

max) (n = 67) vs USUAL 

(Occup MD) (n = 67)

—Functional Status 

& decreased pain: 

GrEx > USUAL 

@ 3, 6/12 (trend)

—Hayden et al. 

(2005), 

Abenhaim et al. 

(2001)

Lindström 

et al. (1992a)

—RCT: tx for 6/52 post-

onset until RTW

—RTW: GrAc 

< USUAL (p = .03)

Lindström 

et al. (1992b)

—GrAc (Graded Activity) 

(n = 51) vs USUAL care 

(MD/PT) (n = 52)

—Sick Leave 

(yr 2) GrAc < 

USUAL (p = .03) 

(males only)

Specifi c Cherkin 

et al. (1998)

—RCT: tx for 1/12; follow-

up (F/U) for 2 yrs

—McKenzie exs (n = 133) 

vs CHIROpractic 

manipulation (n = 122) vs 

MINimal physiotherapy 

(PT) tx (n = 66)

—McK, CHIRO 

marginally better 

outcomes compared 

to MIN

—Cherkin: low 

quality rating

—Hansen: 

demonstrated 

effectiveness

Hansen 

et al. (1993)

—RCT: tx for 4/52; 

maximum 8 visits, 

F/U @ 1, 6, & 12/12

—BckExt (Back 

Extension—3 exs × 100 

reps/day) (n=60) vs 

StdPT (Standard PT—tx 

passive exercise, strength, 

fl exibility, coordination) 

(n = 59) vs Ctrl (control

—hot packs, traction)

—No signif diff in 

3 gps: pain, Fx 

status

—StdPT >er effect 

for males & heavy 

manual laborers

—BckExt >er 

effect for females 

& sedentary 

workers

—Cited in:

—Hayden et al. 

(2005), 

Abenhaim et 

al. (2001)

Group Moffett 

et al. (1999)

—RCT: duration 

4/52 

—GpEx (Group Exs) 

(n = 70) (stretching, 

strengthening, aerobics 

vs USUAL (n = 74) 

(PT care + education)

—Distressing pain 

@ 6/52: GpEx 

< USUAL 

(p = .03)

—ABPS & RDQ 

improvement: 

—Moffett: low 

(Hayden et al., 

2005) & high 

quality (Pengel 

et al., 2002)

—Storheim 

et al. (2003): 

low quality
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TABLE 13.1 (continued)
Available Evidence from Five Systematic Reviews to Support 
Therapeutic Exercise Prescription in Subacute LBP

Exercise 
Approach

Research 
Articles

Study Details: Exercise for 
Clients with Subacute LBP Results

Quality of 
Evidence 
per Five 

Systematic 
Reviews

—Used Cognitive Behavioral 

Therapy 

(CBT)

GpEx > than 

USUAL (p < .05)

—Kellett et al. 

(1991): 

demonstrated 

effectiveness 

Cited in:

Storheim 

et al. (2003)

—RCT: duration: 

15/52

—GpEx (Group Exs

-—safe-to-move, fi tness, 

Fx capacity) (n = 30); 

vs Cogn (Cognitive—re: 

education, reassurance, 

spinal stability exs)(n = 34) 

vs USUAL (n = 29) 

(usual PT care)

—Pain intensity: 

GpEx < Cogn 

(p = .04)

—Disability score: 

GpEx < Cogn 

(p = .02)

—Hayden et al. 

(2005), 

Philadelphia 

Panel (2001), 

Abenhaim et al. 

(2005), Pengel 

et al. (2002)

Kellett et al. 

(1991)

—RCT with 1.5 yr F/U

—GpEx (Group Exs—graded 

exs of increasing intensity to 

improve strength, fl exibility 

& coordination) (n = 58) vs 

Ctrl (Control) (n = 53) 

(usual PT care)

—Sick days due to 

LBP: GpEx < Ctrl 

(p < .02)

—# LBP episodes: 

GpEx < Ctrl 

(p < .05)

Multi-

disciplinary

Lindström 

et al. (1992a)

—As above 

(Lindström 1992a,b)

—plus Fx capacity/work 

evaluations & F/U with 

social work, orthopedic 

surgeon

Sick leave, RTW 

results as above 

(Lindström 

1992a,b)

—All: moderate 

quality 

Cited in:

—Karjalainen 

et al. (2001)

Loisel et al. 

(1997)

—RCT: 130 workers 

from 4/52 until RTW

—RTW: COMB 

< USUAL (p = .01)

—USUAL MD care, 

CLINical tx (specialist, 

Back School, Functional 

rehabilitation, CBT, 

therapeutic RTW), 

OCCUPational tx 

(ergonomics, OCCUP MD), 

COMBined (CLIN + OCCUP)

—Oswestry @ 1 yr: 

CLIN, OCCUP, 

COMB > USUAL

 (p < .05)

ABPS, Aberdeen Pain Intensity Scale; RDQ, Roland Disability Questionnaire.
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1992a; Staal et al., 2004). In response to these needs, the International Task Force 

on Back Pain (Abenhaim et al., 2005) created a graded scale of seven mobility-

related activities most likely affected by LBP, that would help standardize the pre-

scription of activity, prior to progressing to an exercise program. These activities 

include walking, sitting, standing, lying down/getting up, staying in bed, climbing 

stairs and transportation. For any of these activities (e.g., walking) the researchers 

encourage practitioners to quantify (e.g., distance walked in 20 min) or qualify 

(e.g., able to walk a short/long time) the activity in their exercise prescription and 

charting (Abenhaim et al., 2005).

As seen in Table 13.1, whether graded activity (Lindström et al., 1992a,b) 

or graded exercises (Staal et al., 2004) were prescribed by a health care practitioner, 

clients with subacute LBP returned to work earlier than controls. In some cases, work-

ers also showed a trend toward improved functional status and reduced pain ratings 

(Lindström et al., 1992a,b). Staal et al. (2004) used a structured, incremental quota-

based program where clients started at 75%–80% of maximal capacity (aerobic, 

strength) and fi nished at a target capacity—usually on a return to work date. What set 

this study apart was their incorporation of operant conditioning (Fordyce, 1974) into 

therapeutic exercise prescription. Here, early goals were easy to attain, subsequent 

goals were met (but not exceeded) and goal attainment was positively  reinforced. 

These results have positive implications for therapeutic exercise prescription 

(Box 13.2). The graded approach is an appropriate transition during the acute/sub-

acute phases of healing, as the health care practitioner assesses their client’s response 

to exercise both psychologically and physically.

13.3.2 SPECIFIC EXERCISES

As it currently stands, there is no evidence that specifi c exercises alone are suf-

fi cient to produce improved global outcomes such as return to work for subacute 

LBP (Philadelphia Panel, 2001; Pengel et al., 2002; Abenhaim et al., 2005; Hayden 

et al., 2005). Nonetheless, there are many specifi c types of exercise prescribed by 

BOX 13.2 GRADED ACTIVITY/EXERCISE: IMPLICATIONS 
FOR THERAPEUTIC EXERCISE PRESCRIPTION

 1.  Using an operant conditioning behavioral approach, graded activity/

graded exercise prescription should include

 a. Setting realistic activity goals based on activity levels

 b.  Positively reinforcing every success, appropriately pacing clients 

who move ahead too quickly and encouraging the slowly  advancing 

clients with smaller increments success

 2.  Remember: the overall goal of graded activity/exercise is not to improve 

aerobic fi tness or muscle strength per se, but to have the individual 

learn that it is safe to move and be active in the presence of pain.
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health care practitioners. In the absence of supporting evidence for one particular 

exercise or technique, the International Paris Task Force on Back Pain concluded 

that the key to success is physical activity itself, activity of any form (“Just Do 
It”™). Reinforcing the idea that physical activity affords the greatest therapeutic 

value and this positive effect is widespread to most systems in the body (Cotman 

and Berchtold, 2002).

From two systematic reviews of research regarding effectiveness of specifi c 

exercise for LBP (Abenhaim et al., 2005; Hayden et al., 2005), only two types of 

exercise were identifi ed. However, when evaluated further, neither McKenzie exer-

cises (Cherkin et al., 1998) nor intensive back extension exercises resulted in any 

signifi cant treatment effect when compared to a control group, an alternate treatment 

group (i.e., chiropractic manipulation) (Cherkin et al., 1998), or standard physiother-

apy treatment consisting of passive and active (e.g., exercise for strength, fl exibility, 

and coordination) components (Hansen et al., 1993).

In 2006, a systematic review of spinal stabilization exercises (SSE) for multi-

fi dus and transversus abdominus muscles found that SSE are better than general 

practitioner treatment when considering the outcomes of disability and pain, but it 

was unclear whether they are more effective than other physiotherapy interventions 

(Rackwitz et al., 2006). A recent RCT compared general to specifi c SSEs and found 

no between group differences after 8 weeks (Koumantakis et al., 2005). Although 

there are only a few studies that showed the effectiveness of specifi c exercises in 

this population, it is worthwhile to note that there is no evidence of an adverse effect 

either (Box 13.3). This is an area of growth and development and should be a large 

effort in research in the coming years.

13.3.3 GROUP EXERCISES

From four systematic reviews of group exercise for subacute LBP (Philadelphia 

Panel, 2001; Pengel et al., 2002; Abenhaim et al., 2005; Boersma and Linton, 2005), 

only three studies of moderate quality were found (Kellett et al., 1991; Moffett 

et al., 1999; Storheim et al., 2003). These studies found that group exercise was 

BOX 13.3 SPECIFIC EXERCISE: IMPLICATIONS 
FOR THERAPEUTIC EXERCISE PRESCRIPTION

 1. As part of the biopsychosocial model of health care delivery, consider 

prescription of specifi c exercises in conjunction with graded activity/

graded exercise.

 2. Evidence of the effectiveness of specifi c exercises is limited and a 

considerable research effort is required to determine the relationship 

between specifi city of the LBP diagnosis, the stage of healing and the 

need for specifi c exercises—type and parameters (e.g., repetitions, 

duration, etc.).
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favorable in terms of improvements in disability, pain distress, and pain intensity 

ratings ( Moffett et al., 1999; Storheim et al., 2003) and reductions in sick day list-

ings and repeat episodes of LBP (Kellett et al., 1991). These studies examined the 

effect of group exercise prescription by health care practitioners and, although two 

studies (Kellett et al., 1991; Storheim et al., 2003) had suffi cient durations (i.e., 15 

weeks, 18 months, respectively) to cause tissue modifi cation, little therapeutic effect 

on tissues could occur during the 4-week program (Moffett et al., 1999). A number 

of factors might explain that positive result. First, as with the other types of exercise, 

subjects would have learned that back pain can coexist with being active. Further-

more, as part of a group, these individuals would see that others were also active 

and managing. Finally, they might reap other benefi ts of exercising in groups such 

as the benefi ts of social interaction, the documented improvements in compliance 

with group exercise, and the  message that exercise is important as evidenced by 

the number of subjects and the attitude of the group leader (Friedrich et al., 1998). 

In addition to the  benefi ts noted above, group  exercise programs are an excellent 

way to facilitate the  continuation of exercise with supervision (Box 13.4).

13.3.4 MULTIDISCIPLINARY INTERVENTIONS

Multidisciplinary team interventions have been demonstrated to be effective in chronic 

LBP, but there are few studies upon which to determine effectiveness in  subacute 

LBP. For example, a recent systematic review (Karjalainen et al., 2001) of over 1800 

citations found only two papers (Lindström et al., 1995; Loisel et al., 1997) of moder-

ate quality. These two RCTs considered a comprehensive range of outcomes, with 

interventions that were multidisciplinary. Physiotherapy was included in both studies, 

with at least two other professions including psychology represented in the team. The 

results of both studies indicate a positive effect of this approach in an occupational 

setting specifi cally with regard to return to work, sick leave, and subjective disability. 

Karjalainen et al. (2001) concluded that there is a considerable amount of work to be 

done in this area, with attention needed on the quality of the studies. This resource 

intensive intervention should be provided earlier, during the subacute phase for those 

BOX 13.4 GROUP EXERCISE: IMPLICATIONS FOR 
THERAPEUTIC EXERCISE PRESCRIPTION

 1. Group exercises should not be performed until the client understands 

their exercise limitations and has demonstrated their ability to per-

form standard exercises safely.

 2. Health care practitioners should interact with fi tness leaders to ensure 

that clients perform exercise in a group format in fi tness facilities for 

2–3 months after discharge from traditional treatment.

 3. Consider the multiple nonphysical benefi ts of group exercise.
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who have been identifi ed as high risk for persistence (Box 13.5) (Karjalainen et al., 

2001). The Orebro questionnaire was designed for this purpose (Accident Compensa-

tion Corporation, 2004).

13.3.5 SUMMARY

Authors of the LBP exercise reviews consistently concluded that subacute LBP is 

distinct from acute or chronic LBP and that effective intervention at this phase 

should play an important role in preventing chronic LBP. This role includes ther-

apeutic exercise. What is interesting about the four types of exercise intervention 

described above is that each type: graded, multidisciplinary, group, and specifi c 

exercises employs, to a greater or lesser extent, elements of psychological theory 

and this may be an important component to their success. That is, the delivery 

of the intervention is part of the intervention. Pain relief is an important fac-

tor for clients with subacute LBP, but treatments aimed at pain relief are often 

unsuccessful, while approaches aimed at reducing the impact of pain have bet-

ter outcomes (Waddell, 1998). Based upon the preceding section on the impact 

of pain and results of our review of exercise effectiveness, we have included 

several “Implications for Therapeutic Exercise Prescription” text boxes through-

out this section. In these we made several recommendations that may assist in 

improving practice and research design and reporting. Authors also agreed that 

existing research is limited and not of high quality. Among their concerns were: 

there is inadequate description of how activity and exercise are prescribed, there 

are inconsistencies in operational defi nitions and outcome measures used, that 

control over important study factors was poor, and that studies exhibited low 

reproducibility.

13.4 SUBACUTE LBP: DIAGNOSTIC CHALLENGE

Clients with subacute LBP represent a large part of primary health care, played out 

over a period of time anywhere from 4 weeks postinjury to approximately 12 weeks. 

The subacute phase of healing occurs in all people, and most recover without diffi -

culty. Many of these shortcomings relate to concerns regarding the accuracy of nam-

ing and staging the diagnosis for LBP patients. Considering Graham et al. (2006) 

admonition that treatment will fail in the presence of the wrong diagnosis, next we 

BOX 13.5 MULTIDISCIPLINARY APPROACH: IMPLICATIONS 
FOR THERAPEUTIC EXERCISE PRESCRIPTION

Identify high-risk individuals who may require the higher cost multidis-

ciplinary intervention and those at lower risk directed to a graded exercise 

program.
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turn to diagnostic challenges in LBP. In this section, we focus on the challenge of 

diagnosing subacute LBP by discussing the name of the diagnosis and the subacute 

stage of healing.

13.4.1 NAMING THE DIAGNOSIS

The treatment of LBP is hindered by the challenge of providing an accurate diagnosis 

(DeRosa and Porterfi eld, 1992). In many regions of the body, clinicians accurately iden-

tify the tissue that causes the symptoms in various MSK dysfunctions. In the lumbar 

spine, however, many health practitioners are wary of pathoanatomic or tissue-based 

diagnoses due to the diffi culty of accurately identifying a pathoanatomic fault (e.g., 

facet capsule strain) as the primary source of pain (Abenhaim et al., 1995). One solu-

tion to these pathoanatomic challenges has been to classify (i.e., diagnose) LBP using 

a pathomechanic approach. According to Porterfi eld and DeRosa (1998), a pathome-

chanic diagnosis “emphasizes the analysis of function—the use of movement patterns 

with the application of specifi c stresses and overpressure to determine if familiar pain 

is elicited” (p. 169). Thus, from a pathomechanic perspective, LBP disorders are classi-

fi ed based on the reproduction of a patient’s pain and symptoms elicited by a clinician 

using a logical, sequential application of stresses into the lumbopelvic region.

The various pathomechanic classifi cation systems found in the rehabilita-

tion literature include the Mackenzie-based (McKenzie, 1981), treatment-based 

(Delitto et al., 1995) and activity-based (DeRosa and Porterfi eld, 1992) classifi ca-

tion  systems, among others. While full descriptions of these systems are beyond 

the scope of this text, we can summarize their value in the prescription of thera-

peutic exercise. When no anatomic structure can be identifi ed as of concern (e.g., 

not of diskogenic origin), then the value of the pathomechanic approach resides 

in the possible direct link to therapeutic exercise prescription as follows: First, 

pathomechanic tests identify postures (e.g., prolonged standing) and directions of 

spinal movement (e.g., extension with left side bending) that reproduce/aggravate 

(DeRosa and Porterfi eld, 1992) or reduce (McKenzie, 1981) a patient’s symp-

toms. These aggravating postures and movements often replicate the patient’s 

daily movement patterns and working postures. Thus, they are initially avoided. 

Second, with the aggravating/relieving postures in mind, therapeutic exercise 

programs are designed to enable clients to perform strengthening and stretching 

exercise without compensation or discomfort.

This pathomechanic approach is appealing and has some limited supporting 

research in LBP (Fritz and George, 2000). More research is needed to link pathome-

chanic diagnoses with the outcomes of specifi c therapeutic exercise protocols. Next 

we extend the concept of naming a diagnosis to include the issue of determining the 

stage of healing in LBP clients. As will be seen, clinicians and researchers are chal-

lenged beyond the issue of diagnostic accuracy in LBP.

13.4.2 STAGING SUBACUTE LOW BACK PAIN

Health care practitioners can now use best practice for treating acute LBP, given 

the publication of several clinical practice guidelines (CPGs) (Bigos et al., 1994; 
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Waddell et al., 1996; Philadelphia Panel, 2001; Abenhaim et al., 2005), including 

the most recent from the New Zealand Acute Low Back Pain Guidelines Group 

(Accident Compensation Corporation, 2004). Among these various guidelines, 

there is consensus that once the possibility of red fl ags has been eliminated, inter-

vention for the acute phase should be limited to reassurance, palliation of symp-

toms, close monitoring, and encouragement to stay active for 2–4 weeks. This 

approach is consistent with the importance of a rest/activity balance combined 

with pain relief to promote healing of MSK tissues (Buckwalter, 1996; Abenhaim 

et al., 2005).

Despite the validity and utility of CPGs for acute and chronic stage LBP, gaps 

exist in both clinical and laboratory research with regard to effective treatment for 

subacute pain. Here, we argue that a major contributor to this knowledge gap is 

the inconsistency regarding an operational defi nition of subacute LBP. One opera-

tional approach is a time-based staging (i.e., time since injury), with subacute defi ned 

inconsistently as 4–12 weeks (Philadelphia Panel, 2001; Abenhaim et al., 2005), 

6–12 weeks (Karjalainen et al., 2001; Hayden et al., 2005), or 6–8 weeks postinjury 

(Hansen et al., 1993). These subacute time frames are not very instructive for the 

practitioner, given their broad range. Further complicating this time-based approach 

is the fact that progression from acute to subacute can be infl uenced by many factors 

including availability of early access to primary care, reinjury, or repeated painful 

experiences (Pengel et al., 2002).

Many health care practitioners, such as physiotherapists and osteopaths use a 

tissue-based, rather than a time-based approach. They use signs such as pain-at-rest 

to denote the acute (i.e., hyperemic phase) versus pain-on-activity only to denote 

the subacute (i.e., reparative) phase (Hertling and Kessler, 1996). Alternatively, they 

may use the duration of postexercise discomfort to determine the stage (e.g., lasting 

more than 2 h) and guide further exercise interventions (Kellett et al., 1991). Others 

use function-based scales to stage LBP where, for example, patients in the subacute 

phase likely will have Modifi ed Oswestry scores in the range of 20–40 (Delitto et al., 

1995). The ability of the practitioner to correctly determine the stage of their client’s 

LBP has a signifi cant and profound infl uence on the prescription of therapeutic exer-

cise. Basic scientists have demonstrated a relationship between the stages of healing 

and the type and amount of exercise load that can safely be applied to tissues such 

as cartilage (Salter et al., 1980). The translation of this basic science regarding heal-

ing stages into therapeutic exercise prescription has been slow. Finally, whether the 

clinician’s basis for staging LBP is a tissue, time, or functional approach, there is 

little agreement among health care practitioners regarding an operational defi nition 

of subacute LBP (Box 13.6).

13.4.3 SUMMARY

What we know is that, while the diagnosis of nonspecifi c LBP is challenging, it 

can be better linked to therapeutic exercises if a pathomechanic approach is used. 

We also know that, while staging LBP is diffi cult, the health practitioner should 

assume that most LBP patients will be in the subacute phase between 4 and 6 weeks 
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 postonset. Practitioners should be guided in their prescription of therapeutic exercise 

by the variety of subjective and objective signs found in their clinical examination. 

In the absence of strong evidence on specifi c parameters for therapeutic exercise 

prescription in LBP, we present a best practice approach (see Box 13.6) regarding 

exercise types and indications to begin and indications of excessive activity/exercise. 

Next we will explore the evidence supporting therapeutic exercise and the challenge 

of diagnosis in CTS.

13.5  THERAPEUTIC EXERCISE PRESCRIPTION IN CTS: 
WHERE IS THE EVIDENCE?

It is diffi cult to tell clinically when or where CTS starts. In the “preclinical” 

stage, the individual has symptoms of paresthesia with activity or prolonged posi-

tioning and some resulting restriction of hand function, but other symptoms are 

not yet present (MacDermid and Doherty, 2004). Because pain symptoms are 

low, and function is relatively unchanged, aggressive intervention is a logical and 

likely a cost-saving preventive measure. Therapeutic exercise prescription can 

be carried out with less of a caution in the preclinical stage compared to later 

stages when moderate or severe symptoms are present (MacDermid and Doherty, 

2004). In these later stages, the experience of strong unpleasant symptoms may 

reinforce sensitization of the nervous system. In the preclinical stage starting 

BOX 13.6 STAGING SUBACUTE LBP: IMPLICATIONS 
FOR THERAPEUTIC EXERCISE PRESCRIPTION

 1. Recommended type of exercises: stretching (for fl exibility), resis-

tance exercises for strength, then endurance, followed by exercises to 

increase aerobic capacity (e.g., cycling, swimming, etc.). The reader 

is further advised to consult the 2006 ACSM Guidelines of Exercise 

Testing and Prescription for specifi cs regarding strength and endur-

ance prescription.

 2. Indications to begin therapeutic exercise:

Can perform active range of motion (ROM) in required ROM• 

Have reliable subjective/objective outcome measures to guide • 

success

Patient understands when & why to stop the exercises• 

 3. Indications of too much activity or exercise:

Excessive discomfort during exercise• 

Postexercise resting pain than lasts more than two hours• 

Increased weakness• 

Muscle spasm• 
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with nonpainful activity and gradually increasing the intensity and frequency of 

the exercise would create less swelling, be more encouraging to the client, and 

therefore attenuate pathological responses.

In searching for best practice regarding therapeutic exercise prescription in CTS, 

we once again turned to recent systematic reviews. The reviewers used strict criteria 

that included electrodiagnostic confi rmation of the CTS diagnosis, and few studies of 

nonsurgery, nonsteroidal CTS therapy were included (Muller et al., 2004; O’Connor 

et al., 2003). For example, Muller et al. (2004) accepted only 24 of the original 

2027 articles. Regarding therapeutic exercise in CTS, the number of studies dropped 

from there. Only three exercise-based studies in CTS had suffi cient quality (see Table 

13.2) and provide generally “limited” or “moderate” evidence of the effectiveness 

of therapeutic exercise in treating CTS. The usefulness of these studies is further 

weakened due to the short-term nature of both the interventions and the follow-up. 

On a positive note, all three studies received an “A” rating for the quality of their 

diagnostic criteria due to their combined use of positive clinical and electrodiagnos-

tic fi ndings in screening for CTS subjects.

The review authors suggested a variety of reasons for the limited number of 

acceptable research articles. A primary issue was that therapeutic exercise stud-

ies were disadvantaged by the Cochrane scoring system (O’Connor et al., 2003), 

which resulted in lower quality scores because the studies did not readily lend 

themselves to double blinding. Another concern relates to multiple interven-

tions—a common clinical approach. While many studies used combined therapies, 

none did so in a systematic, additive manner that would allow the researcher to 

draw specifi c conclusions about each individual therapy (O’Connor et al., 2003). 

A fi nal concern is that, the use of “no treatment” in control groups prevented the 

researchers from making inferences about relative benefi ts of the differing thera-

pies (Muller et al., 2004). Despite these challenges, the two systematic review 

papers supported the use of nerve gliding (or neuromobilizations), combined 

nerve and fl exor tendon gliding, and yoga (Table 13.2). Next, we review each of 

these three approaches, in turn, beginning with nerve gliding exercises or nerve 

mobilizations (Shacklock, 2005).

13.5.1 NERVE MOBILIZATIONS

The concept of mobilizing the median nerves in CTS relates to its tendency to 

become tethered in the carpal tunnel, thereby increasing nerve tension during every-

day motions that place the median nerve on stretch. Butler (1991) introduced a spe-

cifi c upper limb nerve tension test (ULNTT) with a median nerve bias (ULNTT2a), 

designed to reproduce or change the intensity/quality of existing symptoms. The 

ULNTT2a has been used to mobilize the median nerve in subjects with confi rmed 

CTS and compared treatment outcomes to a control group (no treatment) and to 

another intervention (carpal bone mobilizations) (Tal-Akabi and Rushton, 2000). 

The two reviewers drew differing conclusions about Tal-Akabi and Rushton’s study. 

O’Connor et al. (2003) stated the nerve mobilizations had no effect on symptom rat-

ings, pain, hand function, wrist movement, ULNTT results, or the need for surgery. 
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TABLE 13.2
Available Evidence from Two Systematic Reviews to Support 
Therapeutic Exercise Prescription in CTS

CTS Exercise 
Approach

Research 
Articles Study Details

Reviewer’s 
Conclusions

Quality of Evidence 
per Two Systematic 

Reviews

Nerve gliding 

or Neuromo-

bilization

Tal-Akabi 

et al. (2000)

—RCT; 3 

groups:

1. Control 

(Ctrl) (n = 7)

2. Neurodynamic 

mobilizations—median 

nerve 

via ULNTT (Neuro-Mo) 

(n = 7)

3. Carpal bone 

mobilizations 

(Carp—Mo) 

(n = 7)

—duration: 3/52

Note: ULNTT 

= Upper 

Limb Nerve 

Tension Test

O’Connor et al. 

(2003): Neuro-Mo: 

no signifi cant effect 

on symptoms, 

pain, hand 

function, wrist 

active range of 

motion (AROM), 

ULNTT, or need 

for surgery

Muller et al. (2004): 

Neuro-Mo had 

decreased pain & 

increased wrist 

AROM compared 

to Ctrl

O’Connor et al. 

(2003):

—Quality: C

—Bias: High

—Diagnostic 

quality: A

Muller et al. (2004)

—Recommended 

Grade: B

Nerve & 

tendon 

gliding

Akalin 

et al. (2002)

—RCT; 2 

groups:

1. Tendon and 

nerve glides 

(Totten and Hunter, 1991) 

plus splint (T&N Glide) 

(n = 14)

2. Splint only 

(n = 14)

—Duration: 4/52

O’Connor et al. 

(2003): T&N

 Glide increased 

2 pt discrimination > 

Splint (not clinically 

signifi cant)

Muller et al. (2004): 

T&N Glide 

increased pinch 

(moderate quality 

evidence)

O’Connor et al. 

(2003):

—Quality: C

—Bias: High

—Diagnostic 

quality: A

Muller et al. (2004)

—Recommended 

Grade: B

Yoga Garfi nkel 

et al. (1998)

—RCT; 2 groups:

1. Yoga (11 yoga postures 

for strength, 

fl exibility, balancing) 

(n = 22)

2. Ctrl (wrist 

splint only) 

(n = 20) 

Duration: 8/52

O’Connor et al. 

(2003): signifi cant 

decrease in 

pain and 

Phalen’s vs Ctrl

Muller et al. (2004): 

decreased 

Phalen’s vs 

Ctrl (p < .01)

O’Connor et al. 

(2003):

—Quality: C

—Bias: High

—Diagnostic 

quality: A 

Muller et al. (2004)

—Recommended 

Grade: B
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On the other hand, Muller et al. (2004) performed a post-hoc analysis of results of 

Tal-Akabi and Rushton (2000) and reported that there was moderate evidence that 

nerve gliding had positive effects on pain and active wrist range of motion. Although 

pathoanatomic reasoning would support this specifi c therapy, more research is 

required to demonstrate clinical effectiveness.

13.5.2 COMBINED NERVE AND FLEXOR TENDON GLIDING

The treatment concept of mobilizing both the median nerve and the underlying 

fi nger fl exor tendons (profundus and superfi cialis) similarly relates to their tendency 

to become tethered in the carpal tunnel. In this case, the nerve and tendons fail to 

glide differentially on each other. The pathological mechanism of tethering that 

includes increased intracarpal canal pressure (ICCP), friction, edema, and scarring 

(i.e., tethering) (Sunderland, 1991) is covered later in Section 13.6.1. In a recent 

randomized controlled trail (RCT), Akalin et al. (2002) compared splinting alone to 

a treatment of combined splinting and nerve/tendon gliding. The exercises, designed 

by Totten and Hunter (1991), consisted of fi ve tendon gliding exercises (i.e., hand/

wrist stretch positions) and six median nerve gliding exercises (i.e., hand/thumb/

wrist stretch positions held for 5 s each). Of note, these nerve gliding exercises did 

not attempt to include the entire path of the median nerve (Butler, 1991). The use 

of a wrist splint combined with fl exor tendon and median nerve mobilizations was 

reported to be superior to a wrist splint alone in terms of improving 2-point discrimi-

nation (O’Connor et al., 2003) and pinch grip (Muller et al., 2004). Neither reviewer 

found evidence to support the treatment combination regarding improved hand func-

tion or grip strength, or a decreased response to CTS provocation tests (e.g., Tinel’s 

or Phalen’s signs).

13.5.3 YOGA

In a single blind RCT, a Hatha yoga program was compared to a control group (wrist 

splint) over an 8-week trial. The yoga postures/positions were selected because they 

reportedly increased general fl exibility, strength, and blood fl ow (Garfi nkel et al., 

1998). Of all the CTS exercise-based interventions, yoga received the highest ratings 

in the two reviews. There is Grade B evidence that yoga reduces wrist and hand pain 

and decreases the response to the Phalen’s CTS provocation test (Muller et al., 2004; 

O’Connor et al., 2003).

13.5.4 SUMMARY

The evidence regarding therapeutic exercise is limited for symptom improvement 

with CTS (Box 13.7) (O’Connor et al., 2003). This is most likely due to the fact 

that studies are restricted regarding research quality (three acceptable studies) and 

treatment diversity (three types of therapeutic exercise). These results are also 
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disappointing from a functional perspective: there is little evidence that any of the 

three exercise regimes that were reviewed, resulted in an improvement in function, 

such as gripping a tool or increasing typing endurance. We also note that other 

 common therapeutic exercise approaches were absent. For example, is there a role 

for strengthening exercises in CTS? Considering the role of repetitiveness in CTS 

risk, is there a role for muscle imbalance interventions in CTS? We raise this point 

in reference to typists whose work requires a single, fi xed posture of forearm prona-

tion, wrist extension, and repetitive fi nger fl exor work. Would stretching shortened 

muscles and strengthening lengthened muscles decrease typists’ risk of developing 

CTS? Later in this chapter, we attempt to answer another question: Should CTS be 

treated more holistically by treating the entire kinetic chain—rather than just the 

wrist and hand?

In all three reviewed studies, CTS was confi rmed in the subjects with electrodi-

agnostic testing of the median nerve. According to Wilder-Smith et al. (2006), elec-

trodiagnostic procedures are most accurate when CTS is in the later stages. Thus, 

all clients in the three studies (Akalin et al., 2002; Garfi nkel et al., 1998; Tal-Akabi 

and Ruston, 2000) likely had late stage CTS. Based on CTS neuropathology, thera-

peutic exercise in CTS would have been most effective in early, rather than late stage 

CTS (MacDermid and Doherty, 2004). As seen, however, this assertion has not been 

tested due to diffi culties of making an early stage diagnosis for CTS. In the next 

section, we will present the current understanding of staging and diagnosis of CTS, 

making the point that the earlier in the process exercise is begun, the more likely 

there will be a positive impact.

BOX 13.7 IMPLICATIONS FOR THERAPEUTIC EXERCISE IN CTS

 1. Nerve gliding using the upper limb nerve tension test with a median 

nerve bias (ULNTT2a) can be performed using a two-stage approach, 

fi rst by a qualifi ed health care practitioner for at least 3 weeks, then as 

a home self-mobilization exercise.

 2. Combined nerve and fl exor tendon gliding of the median nerve and 

fl exor digitorum profundus and superfi cialis can be performed using 

the fi ve tendon gliding and six nerve gliding exercises for at least 

1 month.

 3. Hatha yoga is recommended twice per week for a minimum of 8 

weeks to improve general fl exibility, strength, and blood fl ow.

 4. Health care practitioners should use a broad variety of tools to mea-

sure outcomes of these exercises, including subjective signs (pain, 

paresthesia), hand function tests, objective tests (2-point discrimi-

nation, pinch grip, grip strength), and response to CTS provocation 

tests, such as Tinel’s or Phalen’s signs.
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13.6 CTS: DIAGNOSTIC CHALLENGE

Predisposition to CTS is associated with numerous non-MSK conditions including 

tumors, pregnancy, or endocrine and infl ammatory conditions. Electrodiagnostic 

testing (nerve conduction velocity) is commonly used, however, it does not have 

demonstrated reliability and cannot detect the early stages of nerve compression 

(MacDermid and Doherty, 2004; Graham et al., 2006). Currently, there is no single 

test that will provide an accurate diagnosis, however a history identifying risk factors 

and clearly defi ned type and distribution of symptoms are the main elements that 

have contributed to an approach of clinical staging (Graham et al., 2003; MacDermid 

and Doherty, 2004). It is the early detection, when therapeutic exercise may be most 

valuable that appears to be the biggest challenge (Wilder-Smith et al., 2006).

13.6.1 NEUROPATHOLOGY OF INCREASED INTRACARPAL CANAL PRESSURE

The focus of much of the research into CTS is in regard to the local impact of 

increased ICCP on the median nerve. Causes of ICCP include mechanical (e.g., 

repetitive or forceful motions) (Werner and Armstrong, 1997; Seradge et al., 2000) 

or chemical (e.g., by-products of synovial infl ammation) irritants (Rydevik et al., 

and Myers, 2001). Ischemia and intraneural edema can result from brief  periods 

of elevated pressures (20–30 mm Hg as compared to the norm of 2.5 mm Hg 

(Gelberman et al., 1981; Kervin et al., 1996; Rydevik et al., 2001). When movement 

is added in the presence of increased ICCP, the gliding of tendons and the median 

nerve produce frictional or shear forces that can cause more ischemia and edema 

(see Box 13.8). The end result of this process is scar formation and resultant local 

tethering of the nerve and tendons (Rozmaryn et al., 1998).

When nerves are repeatedly subjected to pressure, cyclic ischemia and, reperfu-

sion, they undergo oxidative injury, edema, and fi ber degeneration (Nagamatsu et al., 

1996; Anderson et al., 1997). Given the absence of lymphatics within a nerve bun-

dle, the prolonged presence of edema fosters fi broblast proliferation and intraneural 

fi brosis (Sunderland, 1991). A worsening cycle continues as this scarring produces 

an irritant on its own, further reducing the size of the canal, precipitating repeated 

blood fl ow compromise, and resulting in a further reduction of nerve mobility 

(tethering) in the carpal tunnel. These responses to pressure are associated with the 

clinical presentation of CTS. The distinctive nature of this pressure → ischemia → 

edema → tethering cycle points to the need for an early diagnosis in CTS.

BOX 13.8. INCREASED ICCP: IMPLICATIONS FOR 
THERAPEUTIC EXERCISE PRESCRIPTION

Given that ICCP will increase with repetitive fl exion and extension exercises 

through full range when increased ICCP is suspected or known, then differen-

tial tendon and nerve gliding exercises are most appropriate.
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13.6.2 NERVE DAMAGE AND EARLY DIAGNOSIS

Despite considerable research, a single test to establish a clinical diagnosis of CTS 

remains elusive (Graham et al., 2003; MacDermid and Doherty, 2004). Current best 

practice suggests administering a battery of tests (Graham et al., 2003; MacDer-

mid and Doherty, 2004) that combine local and kinetic chain tests, in conjunction 

with the assessment of risk factors. Local CTS tests are based on the premise that 

the affected sensory and motor functions of the median nerve will be detected in 

the hand and wrist region. The kinetic chain approach includes the application of 

median nerve  provocation tests, such as the ULNTT (Butler, 1991; Shacklock, 2005). 

The weakness in using currently available test batteries, such as the CTS-7 

(Graham et al., 2003), is the lack of rigorous testing regarding their sensitivity, 

specifi city, and reliability. Regardless of which type of clinical or electrodiagnostic 

test is used, the major problem is that diagnosis is most accurate when CTS is at 

an advanced stage (Graham et al., 2003; MacDermid and Doherty, 2004; Wilder-

Smith et al., 2006). By this time, CTS may not be reversible (Mackinnon, 2002) 

and, more importantly, clients in the late stage CTS may be less likely respond to 

therapeutic exercise interventions. Consequently, health care practitioners need to 

recognize the early stages of CTS to plan timely interventions. In looking for these 

early signs, we next examine the grades of peripheral nerve injury and link them to 

the clinical signs.

There are three grades of peripheral nerve injury, which are described in terms of 

progressive pathological nerve changes; each grade is associated with clinical signs 

and symptoms of CTS (Butler, 1996; Mackinnon, 2002; MacDermid and Doherty, 

2004). As seen below, a client’s chances of recovery is greatest when they are treated 

in the early (i.e., grade 1) stage and are reduced as the severity progresses to grade 2 

and grade 3. Based on this staging process, we have set out some key clinical signs 

and symptoms that may assist in detecting early CTS and distinguishing it from 

moderate stage CTS (MacDermid and Doherty, 2004).

 1. With a grade 1 injury (neuropraxia), there is nerve conduction block without 

axonal damage. Grade 1 corresponds to MacDermid and Doherty (2004) 

early (i.e., preclinical and mild) clinical stages of CTS and has excellent 

potential for full recovery. Key clinical signs and symptoms: (i) clients 

report altered touch and vibration thresholds or paresthesia (numbness and 

tingling in the median nerve distribution of the hand) that are either activ-

ity-related or in response to provocation tests (e.g., Phalen’s test) (Omura et 

al., 2004), and wakening at night with paresthesia as symptoms progress 

and (ii) subtle strength and endurance defi cits of thenar muscles (i.e., abduc-

tor pollicis brevis [ABP]) that may be diffi cult to detect.

 2. With a grade 2 injury (axonotmesis), there is some axonal damage. Grade 

2 corresponds to a moderate clinical stage of CTS and clients have good 

potential for full recovery if they reduce prolonged, repetitive hand activi-

ties (MacDermid and Doherty, 2004). Key clinical signs and symptoms: (i) 

paresthesia (numbness and tingling) that now persists beyond activities, 

(ii) night wakening that is a constant feature, (iii) 2-point discrimination 
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is altered (i.e., increased to 5–7 mm), (iv) the likelihood of a positive Tinel’s 

and Phalen’s test is high, and (v) thenar muscle weakness (i.e., APB) is 

easily detected.

 3. A grade 3 nerve injury features endoneurial scarring and more extensive 

loss of axons. Grade 3 corresponds to a severe clinical stage of CTS and has 

a poor chance of full recovery (MacDermid and Doherty, 2004). Key clini-
cal signs and symptoms: Patients present with (i) thenar atrophy, (ii) near 

constant numbness, and (iii) 2-point discrimination that is further increased 

(i.e., > 7 mm).

We know that it is too long to wait for a defi nitive diagnosis of CTS, so we need 

to look for early signs and symptoms and treat as though the client is going on 

to develop moderate to severe CTS. What we do not know is the direct impact of 

 physical  factors on the entire kinetic chain. We would like to suggest that looking up 

the kinetic chain may provide answers for early intervention.

13.7 KINETIC CHAIN APPROACH

The preceding discussion is focused on pathological changes to the median nerve 

from the localized perspective in the carpal tunnel. However, if we were to look 

beyond the local problem and explore the kinetic chain above for other potential 

adverse infl uences along the path of the median nerve, a kinetic chain approach may 

illuminate other therapeutic exercise options.

To begin with, consider that the median nerve begins its descent into the upper 

extremity at the neck, formed by the lateral and medial cords of the brachial plexus, 

travels through the thoracic outlet and the upper arm, around the elbow, through 

the two heads of pronator teres muscle and under the transverse carpal ligament 

into the hand (Dutton, 2004). Normal nerve mobility in the form of longitudinal 

nerve sliding and elongation allows for the large varieties of movement and postures 

of the upper extremities and neck without impairment of nerve function (Butler, 

1991; Shacklock, 2005). For example, in 90° shoulder abduction, wrist and elbow 

movements result in 20% elongation of the median nerve (Millesi, 1986). There 

are several physical  factors (see Box 13.9) that can negatively infl uence this normal 

mobility. If these factors are present, they can incrementally affect nerve function 

and may contribute to the signs and symptoms of CTS.

13.7.1 TETHERING

The presence of these additional forces has been demonstrated in clinical studies, 

as well as the presence of multiple sites of compression along the median nerve. 

As mentioned above, tethering restricts movement, and as a nerve elongates (some-

times as little as 8%), blood fl ow in nerve capillaries becomes restricted (Rydevik 

et al., 2001). In a study of CTS clients, their median nerves exhibited up to 50% 

reduction in mobility. Authors have reported the coexistence of CTS with  cervical 

radiculopathy and thoracic outlet (Massey et al., 1981; Valls-Solé et al., 1995). 
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A retrospective review of 43 clients with confi rmed CTS found that most had three 

levels of nerve compression: carpal tunnel, forearm, and thoracic outlet (Omurtag 

et al., 1996). On the basis of their electrodiagnostic fi ndings, Omurtag et al. (1996) 

reported that in most cases, provocative compression of a single site was not suffi -

cient to reproduce the client’s symptoms. This concurs with an earlier animal study 

of sciatic nerve where Dellon and MacKinnon (1991) found that neurological func-

tion of sciatic nerve deteriorated rapidly when a second site of low-level compression 

was added proximal or distal to the primary compression site. Combining compres-

sion and tension enhances the potential for damage. These fi ndings support the idea 

of the double crush (Upton and McComas, 1973) that a proximal site of median 

nerve compression in the neck would increase the median nerve’s susceptibility to 

injury at a distal site, such as the carpal tunnel (Mackinnon, 1992).

These fi ndings also support a kinetic chain framework and next we consider 

where and how adverse conditions are created along the median nerve that might 

result in CTS. By taking into account the entire nerve path, there are additional 

indirect ways to decrease tension on the median nerve. In doing so, we will  present 

a two-stage kinetic chain approach to therapeutic exercise prescription for CTS. The 

fi rst is to free the nerve at four anatomic sites along the kinetic chain where its 

 mobility may be compromised. This leads to the second approach which is to then 

move the nerve, via nerve mobilizations.

13.7.2 FREE THE NERVE

In this section, we examine the four sites along the path of the median nerve where 

there is the highest potential for compression and or tension on the median nerve. 

These anatomical sites are spaces where the potential exists for compression or trac-

tion of the median nerve. We begin with the cervical intervertebral foramen (IVF) 

and end with the carpal tunnel itself.

BOX 13.9 PHYSICAL STRESSORS ON THE MEDIAN 
NERVE THAT CAN INFLUENCE NERVE MOBILITY

 1. Although the median nerve is anchored at each end, the fl exibility 

necessary for normal movement is decreased when there is restricted 

movement at one point on the nerve (e.g., tethering at carpal tunnel).

 2. Nonneutral postures (i.e., forward head posture with rounded shoul-

ders) increase the tension of the entire nerve path by increasing the 

distance it must cover.

 3. Especially in the presence of increased tension over the entire nerve, 

when there is additional local compression (e.g., sustained pronator 

teres contraction) this causes further increases in tension (rationale 

behind provocation tests to elicit clinical signs).
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13.7.2.1 Cervical Intervertebral Foramen

The fi ve cervical nerve roots that contribute to the median nerve (C5, C6, C7, C8, 

and T1) exit through their respective IVF. These roots are vulnerable to compres-

sion forces, if the IVFs are decreased in size, as naturally occurs when the neck is 

extended (Porterfi eld and DeRosa, 1995). These same roots are vulnerable to tension 

(i.e., traction forces) when the nerve roots are drawn out of the IVFs during normal 

cervical fl exion movements (Porterfi eld and DeRosa, 1995). In rehabilitation ergo-

nomics, a situation exists where regions of the neck are differentially and simultane-

ously fl exed and extended. We refer here to forward head posture (FHP). FHP is a 

 head-on-trunk misalignment and is described (in sitting or standing) as the exces-

sive anterior positioning of the head in relation to a vertical reference line, accom-

panied by increased lower cervical spine fl exion, increased middle cervical spine 

extension, and rounded shoulders with thoracic kyphosis (McKenzie, 1983; Cailliet, 

1988; Braun and Amundson, 1989). Thus, the implications for the median nerve are 

that its upper roots may experience compression (in extension) and its lower roots 

may experience traction (in fl exion)—beyond what the roots would experience in a 

 neutral upright posture (Shacklock, 2005). Adding to this issue is the fact that during 

many seated work tasks, FHPs are maintained for prolonged periods (Harman et al., 

2003)—thus adding to the risk of nerve irritation.

FHP is associated with weakness in the deep cervical short fl exor muscles 

and mid-thoracic scapular retractors (i.e., rhomboids, serratus anterior, middle and 

lower fi bers of the trapezius) and shortening of the opposing cervical extensors 

and  pectoralis muscles (known as the upper crossed postural syndrome) ( McKenzie, 

1983; Darling et al., 1984; Cailliet, 1988; Kendall et al., 1993; Janda, 1994; Magee, 

1997). Health care practitioners target this head-on-trunk misalignment with correc-

tive exercises to stretch short muscles and strengthen lengthened muscles (Darling 

et al., 1984; Abdulwahab and Sabbahi, 2000; Wright et al., 2000). A recent study 

demonstrated that a simple, targeted exercise program in asymptomatic subjects with 

FHP can modify postural alignment (Harman et al., 2005). The program consisted 

of two strengthening (deep cervical fl exors and shoulder retractors) and two stretch-

ing (cervical extensors and pectoral muscles) exercises. Asymptomatic subjects who 

performed these four exercises for 10 weeks, demonstrated improvements in their 

postural alignment, such that—among other things—upper cervical extension and 

lower cervical fl exion were reduced (Harman et al., 2005). In closing, we see that 

the kinetic chain approach of freeing the median nerve starts by moving the client 

to a more neutral, upright head and neck posture with the following two postural 

alignment goals in mind. The fi rst is to potentially decrease compression on the 

upper median nerve roots by opening the upper IVFs through decreased extension in 

the upper cervical spine. The second is to potentially decrease tension in the lower 

median nerve roots by decreasing traction on the roots through decreased fl exion in 

the lower cervical spine.

13.7.2.2 Thoracic Outlet

Next down the kinetic chain is the thoracic outlet, bound by the fi rst rib, clavi-

cle, the superior border of the scapula and the scalene muscles. As the brachial 
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plexus passes through this outlet, the medial and lateral cords of the median nerve 

may become compressed when the outlet size is mechanically reduced by either 

a dynamic or a static force. Dynamic (i.e., muscular) reduction in the outlet size 

can occur with increased tone in muscles that the plexus cords pass between 

(i.e., anterior and posterior scalenes) or under (e.g., pectoralis minor). These hyper-

tonic muscles can be treated with myofascial release techniques and stretching 

(Hall and Brody, 1999). Static reduction in the outlet can occur with postural adap-

tations that result in forward (i.e., rounded) shoulders, often accompanied by FHP 

(Dutton, 2004; Pecina et al., 1997). Prolonged exposure to these static postural 

adaptations “closes” the thoracic outlet by decreasing the available space between 

the clavicle and the fi rst rib. These forward head and forward shoulder adaptations 

are the result of muscle imbalances, such that several muscles are adaptively short-

ened and require stretching (i.e., scalenes, subclavius, pectoralis major and minor, 

sternocleidomastoid), while some muscles that “open” the thoracic outlet are found 

to be weak (e.g., middle and upper trapezius, serratus anterior) (Dutton, 2004). 

These muscle imbalances are treated by lengthening the shortened muscles and 

strengthening the weak muscles. Finally, since forward head and forward shoul-

der postures frequently co-occur in seated  typing tasks ( Harman et al., 2003), the 

kinetic chain approach to freeing the median nerve should also include ergonomic 

interventions to improve working postures to avoid those postural mal-adaptations 

that “close” the outlet.

13.7.2.3 Two Heads of Pronator Teres Muscle

At the elbow, the median nerve passes between the humeral and ulnar heads of 

the pronator teres muscle. Here, the nerve is vulnerable to static pressure from 

tethering due to fi brous connective tissue bands from the lacertus fi brosus (Spinner, 

1978). Treatment would include median nerve mobilizations via the ULNTT 

(Butler, 1991). The median nerve is also vulnerable in this interval via dynamic 

(i.e., muscular) compression. This could occur during repeated forearm supina-

tion and pronation movements or during sustained work with the forearm held in 

pronation by pronator teres muscle activity (Pecina et al., 1997). Researchers have 

recently demonstrated that during wrist extension activities, pronator teres must 

cocontract with the wrist extensor muscles to counteract forearm supination (Fujii 

et al., 2007). As such,  typing—a very common work task—would require constant 

low-level contraction of pronator teres. This dynamic compression of pronator teres 

can be treated by stretching the muscle and reducing the aggravating work postures 

(Dutton, 2004).

13.7.2.4 Carpal Tunnel

The carpal tunnel—created by the carpal bones on three sides—has the fl exor 

retinaculum for a roof and the palmar carpal ligament for a fl oor. In addition 

to activating pronator teres, wrist extension physically “closes” the carpal tun-

nel (Werner and Armstrong, 1997). The carpal bones glide in a palmar direction, 
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move into the carpal tunnel, and cause the tunnel contents to be compressed 

between the fl exor retinaculum and the carpal bones (Werner and Armstrong, 

1997). In normal (i.e., healthy) wrists, this palmar glide with tunnel compression 

results in a transient increase in ICCP and a transient increase in pressure on the 

median nerve. Mechanically, ICCP pressure could be reduced by two treatment 

approaches: reducing the palmar carpal glide or increasing the extensibility of 

the fl exor retinaculum (Tal-Akabi and Rushton, 2000). Reducing the palmar glide 

is accomplished by changing movement patterns in other carpal bones. In mul-

tijoint complexes like the wrist, excessive movement in one (or more) joints is 

often due to reduced movement in one or more other joints. Thus, if the palmar 

carpal glide is excessive, treatment may consist of increasing the movement of 

other wrist articulations with anterior–posterior joint mobilizations (Tal-Akabi 

and Rushton, 2000). In terms of the fl exor retinaculum, ICCP may be reduced by 

stretching the ligament using a 3-point opposing pressure maneuver (Sucher and 

Glassman, 1996). There is moderate evidence that carpal mobilizations combined 

with 3-point fl exor retinaculum stretches reduce CTS symptoms (Tal-Akabi and 

Rushton, 2000; O’Connor et al., 2003). Assuming the physical barriers/constraints 

that reduce nerve movement are treated, the nerve is now ready to be mobilized 

(i.e., moved).

13.7.3 MOVE THE NERVE

Here we assume that the four sites of neural tension mentioned above have been 

addressed through stretching, strengthening, and posture correction. In conjunc-

tion with those therapeutic exercises, the health care practitioner can address the 

issue of nerve mobility. Alterations in neural tension of the median nerve can 

be detected using the ULNTT (Butler, 1991). This test has also been described 

in the context of a treatment. To perform the ULNTT, the examiner puts tensile 

stresses on specifi c nerve roots and peripheral nerves (e.g., median nerve) by mov-

ing the upper extremity joints in a logical, sequential pattern for the purpose of 

reproducing the patient’s symptoms and signs (Shacklock, 2005). In an extensive 

review of the ULNTT, Walsh (2005) reported support for its scientifi c validity and 

intrarater reliability, but cautioned that the inter-rater reliability was essentially 

untested. Length/tension alterations in the median nerve can also be treated using 

the ULNTT as a technique to mobilize the tethered median nerve by repeating the 

specifi c movements of the ULNTT that reproduced the client’s signs and symp-

toms. Results are promising for CTS. In a randomized control study, Rozmaryn et 

al. (1998) found that patients treated with standard CTS care plus ULNTT proce-

dures specifi c to the carpal tunnel (n = 93) had a signifi cantly reduced need for sur-

gical decompression compared to the standard CTS care control group (n = 104). 

A variant of the ULNTT has also been successfully used as a preventative measure 

for CTS in production line workers (n = 286). In the fi rst year following the incep-

tion of the prevention program, Seradge et al. (2000) reported a 45.4% reduction 

in the incidence of CTS.
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13.8 SUMMARY AND CONCLUSIONS

Therapeutic exercise is the foundation for the successful rehabilitation of MSK dys-

function. Despite that, in LBP and CTS—the two MSK conditions most prone to 

chronicity—there is limited evidence of the effectiveness of therapeutic exercise. 

The many reviewers cited in this chapter acknowledge numerous reasons for this 

fi nding and most related to poor study quality. We argued that two other reasons 

may have contributed to these limited results regarding therapeutic exercise. The fi rst 

relates to pain. Here we suggest that the challenge for health care practitioners in 

prescribing therapeutic exercises was to consider, among other things, the combina-

tion of the neurophysiological response to a painful stimulus (sensitization), the psy-

chological response (catastrophizing), and the behavioral response (avoidance). The 

second reason relates to the diagnosis and staging of LBP and CTS. Here we suggest 

that traditional pathomechanic diagnosis of LBP is not very instructive for therapeu-

tic exercise prescription and should be replaced with a pathomechanic approach. We 

further note that exercise prescription in CTS could be enhanced by taking a kinetic 

chain approach to the entire median nerve, rather than focusing on the carpal tunnel. 

In terms of staging, we found evidence that tissue-based and function-based methods 

of staging LBP and CTS are more instructive than time-based methods when pre-

scribing therapeutic exercises in these conditions. We further suggest that the sub-

acute phase of LBP and the preclinical stage of CTS are the optimal time to prescribe 

therapeutic exercises.

In the LBP literature, there was moderate evidence to support the use of a graded 

approach, some specifi c exercises, group exercises in the later stages of the sub-

acute phase and for multidisciplinary approaches (including exercises) for clients 

who have been identifi ed as high risk for persistence. Interestingly, each of these 

four types of exercise interventions used elements of psychological theory, further 

strengthening our hypothesis regarding the role of pain psychology in therapeutic 

exercise prescription. In the CTS literature, only three studies met review standards 

and in these, reviewers found limited to moderate evidence to support only three 

types of therapeutic exercise: nerve mobilizations, combined nerve and tendon glid-

ing, and yoga. Interestingly, these three types of exercises are based on a kinetic 

chain approach.

In closing, we acknowledge that our recommendations are somewhat limited in 

generalizabilty because we focused exclusively on two MSK conditions. However, 

by opting to focus on LBP and CTS, we chose the two MSK conditions that were the 

most diffi cult and expensive to treat. We would urge health practitioners to use this 

model and take a critical analysis approach toward therapeutic exercise prescription 

in other MSK conditions, injuries, and dysfunctions.
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14.1 WORKPLACE ACCOMMODATION

One of the essential requirements of the American Disabilities Act (ADA) is that 

employers make reasonable accommodations for the employees with a disability or 
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injury. A reasonable accommodation is described as “a modifi cation or adjustment 

to a job, the work environment, or the way things usually are done that enables a 

qualifi ed individual with a disability to enjoy an equal employment opportunity” [1]. 

Workplaces that employ more than 15 people are obliged to provide such accommo-

dations unless undue hardship is likely to result. “Undue hardship” may be declared 

when actions are “excessively costly, extensive, substantial or disruptive” (p. 194) [2]. 

People with disabilities have the right of appeal if a reasonable accommodation 

is denied. Data collected by the Job Accommodation Network (JAN) suggests that 

over half of all accommodations cost less than $500. Most employers report that 

providing accommodations results in fi nancial benefi ts due to an increase in worker 

productivity and a reduction in the cost of insurance and training new employees. 

However, it can be diffi cult to determine the real cost of accommodations [3]. Costs 

can sometimes exceed $10,000–$15,000 when employees have a signifi cant injury 

or impairment [3,4].

Workplace accommodation is commonly used to enable a person with a disabil-

ity to enter and remain in the workforce and for a worker with an injury to return to 

work [5,6]. A range of strategies are typically used in workplace accommodations 

namely, job restructuring, suitable duties programs, fl ex time, shared duties, job or 

task modifi cation, workplace modifi cation, and case management [3,7]. Assistive 

devices or technologies are also a common accommodation strategy [5,6] and are 

frequently used in combination with other strategies, to improve the match between 

the worker and the workplace [8]. Assistive technology (AT) is often central to the 

successful integration of people with physical disabilities into the workplace [9]. 

Assistive devices, such as alternative input devices, augmentative communication 

systems, reading and writing software, and assistive listening devices are often rec-

ommended to assist workers with a range of disabilities gain or remain in employ-

ment [10]. The comfort and performance of workers with injuries such as low back 

pain is commonly addressed using equipment such as special seating and desks and 

lifting devices [5]. Use of assistive devices such as arm supports, ergonomic seating, 

and mechanical lifting devices is also commonplace for preventing injuries at work, 

especially musculoskeletal disorders [11,12].

Although the evidence for the benefi t of work accommodation in general for 

workers who have an injury or disability appears strong [13], there is less evidence 

about the use of assistive devices specifi cally. This is the case for assistive devices 

used for both rehabilitation and prevention purposes. A comprehensive study 

 conducted by the National Council on Disability (NCD) in 1993 identifi ed the benefi ts 

of AT in the workplace. People with disabilities reported that AT assisted them to 

obtain employment (67%), work faster (92%), and earn more money (83%) [14]. More 

recently, a systematic review of workplace interventions to prevent musculoskeletal 

and visual symptoms and disorders among computer users found a mixed level of 

evidence for the effects of a variety of these interventions, including some assis-

tive devices [11]. However, the authors cautioned that there was limited high-quality 

evidence available for review and called for more high-quality research in the area 

to inform practice. Although the evidence is limited and mixed at present, assistive 

devices are commonly used for optimizing performance at work, both by the person 

with a disability or injury and by workers who may be at risk of injury or disability. 
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Section 14.2 explores the range of assistive devices that is available for optimizing 

such performance at work.

14.2 ASSISTIVE DEVICES

Assistive devices are generally referred to as AT, which refers to “any item, piece 

of equipment, or product system, whether acquired commercially off the shelf, 

modifi ed, or customized, that is used to increase, maintain, or improve the func-

tional capacities of an individual with a disability” (U.S. PL Section 3.1. Public 

Law 100-407). AT range from simple low-tech options to sophisticated, high-tech 

devices [15]. Low-tech options are generally inexpensive and can be equipment or 

software that improves a person’s ability to carry out a work task. These include 

antifatigue standing mats to improve standing tolerance [16–18] footrests, wrist 

supports, padded grips, magnifi ers, alternative keyboards as well as the accessibil-

ity software provided standard on computers. Low-tech devices have been found to 

contribute to the successful employment of people with disabilities [10].

High-tech options include expensive, sophisticated, dedicated technologies, such 

as remote-controlled devices, specialized hoists [12], voice recognition and screen 

reading technologies, voice output communication devices, closed-circuit television 

(CCTV), and robotics. These technologies have been found to be invaluable in the 

successful employment of people with signifi cant impairments [19].

Many devices used to accommodate people with injuries or impairments in 

the workplace are mainstream commercial devices that are often not considered 

to be specialized [10]. Computer technologies in general have been instrumental 

in increasing employment opportunities for people with injuries or impairments 

[19,20]. Information technologies have changed the work environment, making it 

less physically demanding and affording people many effi ciencies and conveniences 

previously unimaginable. Networks, the Internet, e-mail, and mobile phones have 

increased connectivity and communication such that work can be undertaken any 

where, any time [19]. Readily available mainstream technologies also offer improved 

fl exibility and productivity that enables individuals to customize workstations to 

their specifi c requirements and maintain their output. Mainstream technologies can 

also be extended to optimize performance by using existing features to their full 

potential. For example, the autocorrect function in Microsoft Word® can be used 

to expand abbreviations and reduce the number of keystrokes required [19]. Many 

workers also have access to mainstream offi ce equipment such as electric staplers, 

document holders, and footrests [21] that can improve comfort and effi ciency and 

reduce musculoskeletal strain.

There are also a number of alternative mainstream technologies, which some 

people fi nd easier to use or accommodate their specifi c requirements more effec-

tively. Standard seating can be replaced with an alternative design such as a sit-stand 

stool [17] or saddle seat [22]. Computer access may be easier or more effi cient using 

an ergonomic keyboard and trackball or voice recognition in place of a standard key-

board and mouse. Sometimes people make adaptations to standard technology (e.g., 

use a wrist support, back cushions on existing seating, padded handles on equip-

ment or a mount for a telephone handset) to position the equipment or assist in using 
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TABLE 14.1
Examples of Different Types of Devices for the Same Tasks

Mainstream Alternative Adapted Dedicated/Specialized

Sitting

Adjustable ergonomic 

seating footrests

Saddle seat Lumbar cushion in 

existing seating

Adjustable height desk

Keyboarding

Keyboard with integrated 

mouse autocorrect

Ergonomic

Keyboard

Trackball

Voice recognition

Typing splints Onscreen keyboard
standard technologies more effectively. Once standard technologies have been fully 

exploited, specialized or dedicated technologies are often explored. An expanding 

range of devices are available, which have been designed with a specifi c purpose in 

mind. For example, CCTVs designed to assist people with vision impairments to 

read documents and books. Table 14.1 provides an overview of different types of 

devices that can be used to address sitting and keyboarding issues.

Exploration of possible mainstream, alternative, adaptations, and specialized or 

dedicated devices may follow a progression in a hierarchical order or be undertaken 

simultaneously. It is sometimes recommended that mainstream options be exhausted 

before alternative or specialized devices are considered, with the proviso that the 

best fi t should be the main priority [23]. Mainstream products often have proven 

 reliability and are supplied with product warranties [23]. They may be regarded as 

more socially acceptable, allow more fl exibility and mobility in the workplace, and 

be less expensive due to economies of scale. However, mainstream products may 

have only a limited number of features or capacity to adjust or be customized to 

the user-specifi c requirements. Specialized or dedicated products are designed for a 

targeted market. While this can mean that they are more expensive than they would 

otherwise be, they can often provide users with greater ease, comfort, and effi cien-

cies that offset the initial outlay. A hierarchical approach to assistive devices within 

the work accommodation process may limit the possibilities for the worker with a 

disability or injury and force a solution that may not necessarily optimally improve 

the match between the worker, work, and workplace environment. It is therefore 

preferable that the relative merits of each device are considered taking into account 

a range of factors such as cost, aesthetics, comfort, and function.

14.3  PROCESS OF SELECTING AND UTILIZING 
ASSISTIVE TECHNOLOGIES

At fi rst, providing people with ATs seems straightforward [24]. However, the ever-

increasing range of devices and scattered resources make this a complex process. 

Without experience of assistive devices, it is diffi cult to identify suitable options and 
� 2008 by Taylor & Francis Group, LLC.



locate useful information and expertise. People can quickly feel overwhelmed and 

ill equipped to navigate the process and make informed decisions. Traditionally, 

service providers have tended to be prescriptive with devices being selected based 

on the nature of the person’s disability or injury rather than the specifi c requirements 

of the person, the work tasks to be undertaken, and the work environment. However, 

abandonment and nonuse of devices continues to be of concern [4,25–29]. While a 

number of factors have been identifi ed as infl uencing continued device use such as 

change in the priorities or needs of the user, motivation to use the device or do the 

task, environmental obstacles, and whether the device was seen as effective, reli-

able, durable, comfortable, and easy to use [29–34], consumer involvement in device 

selection has been found to positively infl uence device use [35].

The degree to which consumers are involved in device selection depends on their 

understanding of the process, the approach or process used to determine the best 

device, and the opportunities afforded them by service providers to contribute to or 

direct the process. In order to be meaningfully involved in the process, consumers or 

AT users need to understand what is technically possible, what the process involves, 

the range of resources available, and how they can utilize these effectively to identify 

the best option. The following section examines the process of selecting and using 

technology from the perspective of the consumer or AT user. It describes the steps 

required to select and use technology effectively from envisaging the technological 

possibilities to ongoing use of the technology in the changing work environment. 

Each step of the process will be discussed in turn with view to understanding each 

from the AT user’s position. The resources required at each of these stages will also 

be discussed.

14.4  CONSUMER-CENTERED APPROACH TO SELECTING 
AND USING TECHNOLOGY

Few people who use ATs talk about the process of selecting and using them, or how to 

best go about identifying their needs and evaluating effectiveness. The process they 

use to select and utilize devices is not dissimilar to the way many of us choose a new 

car or computer, except that the choices may be unfamiliar or limited and resources 

are more fragmented [36]. While each of us might have our own unique approach to 

decision making, we essentially go through a similar process when embarking on a 

new purchase. The quality of the outcome relies on having a clear idea of require-

ments, knowledge of the options available (or the availability of suitable expertise to 

assist in identifying what is available), and taking care to match requirements with 

the available options.

If you were to refl ect on a recent technology purchase, there would be a number 

of things you might have found useful in the process. First, your decision would be 

assisted by previous experience with the product and an understanding of what it could 

be used for. You possibly used a range of resources, e.g., talking with  others, reading 

reviews, and seeking the opinions of a range of sales people, to gather information 

on the options available, and understand the features each offered. It is likely that 

there were many competing factors to consider and compromises to be made when 

weighing up the relative benefi ts of various options. You may have had to consider the 
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 preferences and needs of other people, facilities in the environment, and your future 

needs, in order to ensure the purchase had good long-term potential. Once you had 

obtained the device, you would have familiarized yourself with its features, adjusted it 

to your preferences, developed your skills in using it and established what was required 

to keep it in good working order. It is likely that you had to source and utilize a range 

of resources and supports throughout this process. The steps you undertook and the 

resources you used are likely to be similar to those outlined in Table 14.2.

The 16 steps outlined in the process of device selection and use have been drawn 

from the literature and the experiences of 26 people with disabilities who are suc-

cessfully employed and shared their experiences of selecting and using technology in 

the workplace [19]. The fi rst eight steps contribute to the selection of a device while 

the following eight steps support the effective implementation of the technology. 
TABLE 14.2
Steps in the Process of Selecting and Using Technology 
and Resources Required

Steps in the Process Resources Used

Visioning possibilities General media, seeing what others use, talking with 

people with similar goals/experience

Establishing goals/expectations Talking things over with friends or people with 

experience or expertise

Identifying specifi c requirements Examining and appraising personal skills and 

experience through self-refl ection or testing or 

seeking expert advice

Defi ning required features Expert advice, talking with friend, refl ecting on 

personal goals and experience

Information on potential technologies 

and resources

Information systems (formal and informal)–

experts, Internet, Directories, reading relevant 

literature, friends and advertisements

Locate local resources and supports Seek recommendations from experts and friends

Develop a funding strategy Search local directories

Trialing and evaluating options Display rooms, demonstration models with access 

to friends and experts to weight up relative benefi ts

Purchase of device Manufacturer and Supplier

Integrate with other technologies Supplier, expert, or friend

Customize device to personal requirements Supplier, expert, or friends

Learn to use device Attend a course, read manual, ask a friend with 

experience, experiment

Maintenance and repair Maintenance and repair services

Insurance Supplier, expert, or friend

Review ongoing suitability Expert, friend, self-refl ection

Upgrading the technology as the need arises Information on new technologies and recent 

advances in current technologies

Source:  de Jonge, D.M., et al., Assistive Technology in the Workplace, Mosby, St. Louis, MO, 2007. 

With permission.
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Traditionally, the process of device selection has been described from a clinical or 

service provider’s perspective, outlining procedures for service provision. As such, 

services have not been delivered in a way that acknowledges the challenges that 

 people  experience when choosing and using equipment in the workplace or empowers 

them to be active in the process. Furthermore, traditional processes do not acknowl-

edge that people begin the process of recognizing needs and exploring possibilities 

long before encountering a service provider and continue to update their technology 

in response to changing needs long after their contact with services.

14.4.1 VISIONING POSSIBILITIES

For most people, the process of exploration begins with a vision of what is possible 

[37]. Some people come to the process of exploring options with a clear vision of 

what they want to achieve. They may also have some understanding of what technol-

ogy can offer them, even if they are unfamiliar with the range of products available. 

Others may be unaware of how technologies can assist them perform tasks more 

effectively and may not even seek out possibilities. Consequently, they tend to per-

sist using ineffective strategies or technologies to complete work tasks, which often 

results in persistent discomfort, chronic pain, poor job performance, or potential 

job loss [19]. Before embarking on a process of exploring options, people need to 

fi rst understand what is possible. This can often be achieved by talking with others 

who have expertise in workplace ATs, especially people who are already using these 

devices effectively in the workplace [38]. Employers can also benefi t from an under-

standing of what ATs can offer so that they can better promote employee productiv-

ity. Frequently, once the benefi ts of a device put in place to enable a worker with an 

injury or disability become evident, it is often subsequently employed to improve the 

health and effi ciency of other employees.

Visioning possibilities also relies on having a good perception of yourself and 

your capabilities, hope for a better future, and an awareness of what others have 

achieved. Traditionally, the focus of many service providers throughout the process 

of device selection has been on developing a “realistic” understanding of the worker’s 

capabilities. This is often achieved by assessing the person’s “naked” abilities that is, 

what they are currently able to do without devices or assistance. This may provide 

the service provider with a baseline of capacities but can undermine the worker’s 

confi dence and contribute little to their understanding of future possibilities. A focus 

on defi cits or problems can obscure the person’s capabilities and divert attention 

from envisaging new ways of participating successfully in the workplace. Many 

people have extended themselves through creativity and determination to exceed 

the expectations of “professionals” and provide motivation to others. Often these 

role models and success stories inspire others to create a new vision for themselves. 

It is therefore important that service providers work collaboratively with workers and 

enable them to think freely about what they want to be able to do [37].

With the constant evolution of technology, each day presents new possibilities. 

Even with a good knowledge of computer technology, it is often diffi cult to keep up 

with developments or to understand what specialized technologies can offer. With-

out a sound understanding of the potential of technology, many hesitate to invest 

time and money in exploring the possibilities. However, the constant development 
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of technologies and ever-expanding range of new products also provides inspiration 

for new ways of doing things. For workers with an injury or disability, technological 

developments can not only make work more manageable but it can also extend the 

vision of potential work opportunities.

14.4.2 ESTABLISHING GOALS AND EXPECTATIONS

Once someone has an understanding that things could be improved, it is important 

to examine the person’s need, preferences, past experiences, and expectations [39]. 

It is important to note that the selection of a suitable device is dependent on how 
well goals, preferences, and requirements are established in the fi rst instance [40]. In 

this stage of the process, information is gathered about the employee to determine if 

they are open to the use of AT and able to manage it. In addition, the capacity of the 

work environment to accept and support the device is also considered [39]. As noted 

earlier, some consumers are likely to have a very clear and specifi c purpose in mind 

when exploring options [41], while others require assistance to develop and articulate 

their goals [29]. Service providers, with an understanding of ATs and their features, 

can often assist people in developing manageable goals and expectations [41]. It is 

also useful to collaborate with other stakeholders (e.g., the employer) when develop-

ing goals and expectations of the technology [15,39,41,42].

A number of strategies are available to assist in goal development. First, an 

 informal interview with the worker and other stakeholders can assist service 

 providers in developing an understanding of work demands, current strengths, and 

diffi culties in carrying out work tasks. A number of tools have also been developed, 

which not only provide a structure for developing goals and identifying preferences 

and requirements but also provide a means of evaluating how well devices meet 

these. The Canadian Occupational Performance Measure (COPM) [43] is an individ-

ualized tool, which uses a semistructured interview to assist in identifying specifi c 

problems in areas such as self-care, productivity, and leisure [44]. Goal Attain-

ment Scaling (GAS) [45], originally designed for use in community mental health  

settings, allows individualized goals to be established and outcomes to be defi ned in 

clear behavioral terms [46]. The instruments from the matching person and technol-

ogy (MPT) process [29] enable the service provider and consumer to work together 

to identify the most appropriate technology in light of the person’s perceptions of 

strengths and capabilities, needs/goals, preferences, and psychosocial characteristics 

as well as expectations regarding the benefi ts of technology. Specifi cally, the Work-

place Technology Predisposition Assessment (WT PA) [47] examines the worker’s 

and employer’s preferences, expectations of technology and barriers to optimal 

technology use. It is vital that goals are established with due consideration of both 

the short- and long-term aspirations of the person. This ensures that that the solu-

tion does not limit the worker’s long-term productivity or work options. In addition, 

it is important to recognize that goals may evolve and refi ne as the person develops 

a deeper understanding of what is possible during the process of exploring the tech-

nology. Goals will need to be periodically revisited to ensure they refl ect the current 

expectations and aspirations of the worker as well as the demands and constraints of 

the work tasks and environment.
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14.4.3 IDENTIFYING SPECIFIC REQUIREMENTS

This stage of the process centers on establishing the user’s specifi c requirements 

[15,41,48,49]. A good defi nition of the user’s requirements is necessary in order to 

identify the most suitable device [41]. Without a clear understanding of their specifi c 

needs, people tend to rely on ad hoc methods, trial and error, and suggestions from 

people they randomly encounter to identify potential options [19]. Traditionally, for-

mal assessment has focused on specifi c skills and abilities, especially when inves-

tigating sophisticated technology options [15,39,41,42,48–51]. However, as noted 

previously, a detailed analysis of the user’s “naked” abilities is not always the best 

approach when determining technology requirements.

A more holistic analysis of the person, the tasks to be undertaken, and the work 

environment and the interplay between these is needed in order to understand what 

is required of the technology. The human activities and assistive technology (HAAT) 

model [15] provides a useful foundation for analyzing the potential of technology to 

enable participation in the workplace. This model is concerned with using technol-

ogy to enable “someone (a person with a disability) to do something (an activity) 

somewhere (in the environment)” p. 35 [15]. In Figure 14.1, Cook and Hussey [15] 

illustrate the interrelationship between the activity, the user, the technology, and the 

environment, which they describe as elements of the AT system. The AT system 

is seen as an open system, which is dynamic and interacts with the environment. 

In this model, AT is seen as a means of enabling the person, who is unable to com-

plete a task using existing resources. The activity is described as the goal of the 

system, which, in combination with the environment, defi nes the requirements for 

task completion. Cook and Hussey [15] highlight the importance of the interplay 

between these factors throughout the whole process of acquiring and integrating the 

AT. In addition, they acknowledge that changes inevitably occur over time in the 
FIGURE 14.1 The human activity assistive technology (HAAT) model. (Adapted from 

Cook, A.M. and Hussey, S.M., Assistive Technology: Principles and Practice, 2nd ed., 

Mosby, St. Louis, MO, 2002. With permission.)
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person, activity, technology, or context, which alter the way functions are allocated 

within the system. For example, the person may loose capacities or develop addi-

tional skills, which changes the way they utilize equipment. Alternatively, a change 

in the activity or environment may place additional demands on the system. Further, 

advances in technology may mean that more sophisticated functions are available to 

the user or incompatibilities may arise with workplace technologies. By detailing the 

elements in the AT system and establishing a good fi t between the activities, user, 

technology, and environment, the HAAT model proposes that the user’s goals can 

be effectively achieved.

14.4.3.1 Understanding the Person’s Abilities and Experience

Information on the person’s goals, preferences, experience with technology, injury or 

impairments, and skills and abilities [15] provide an essential foundation for under-

standing the person’s specifi c requirements. Workers with established impairments 

and prior work experience are likely to be able to provide a reliable report of their 

preferences, skills, and abilities related to work tasks suffi cient to identify the type of 

technology options to explore without the need for targeted assessment. Those with-

out previous experience may benefi t from more detailed discussions and assessments 

to determine their specifi c goals, preferences, and capacities. Cook and Hussey [15] 

advocate that assessments focus on the strengths and abilities of the user using both 

qualitative and quantitative measures in the form of interviews, functional evalua-

tions, observations, and criterion-referenced performance measures. However, it is 

not always possible to anticipate how well technology will work for someone from 

this information alone. It is also important to observe the person carrying out tasks 

in the workplace in order to accurately defi ne their requirements [41].

14.4.3.2 Defi ning Task Requirements

While the goal of the AT system may be to participate equitably in the workplace, it 

is essential to detail the specifi c tasks to be undertaken within the job. For example, 

a job may require a worker to communicate over the phone, make appointments, read 

documents, enter data, and dispatch letters. Understanding the range of tasks to be 

undertaken ensures that the various functions of system are identifi ed and consider-

ation given to how technology might be integrated to enable these activities to be per-

formed effectively. In addition, the specifi c requirements of each activity also need to 

be defi ned so that barriers to activity engagement or task performance can be closely 

examined. For example, a user may need to do word processing, data entry, navigate 

the Internet, and draw, all of which require software and a computer with defi ned 

specifi cations. Each of these tasks also requires a different style on input, which var-

ies in terms of the mode, speed, and control required. By determining the require-

ments of each task, a range of input devices can be explored to determine which are 

best suited to each task. While keyboard command alternatives, mouse keys, or voice 

commands may be suffi cient to move about in a database fi le, they can prove to be 

tedious and unreliable when navigating Web pages or drawing documents.

A commonly used framework for further analyzing the requirements of tasks 

in a job is to analyze the presence, frequency, and nature of 22 physical demands 
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from the Dictionary of Occupational Titles [52], defi ned in the Handbook for 
Analysing Jobs [53] (see Table 14.3). These physical demands provide a framework 

for considering and describing the activities performed on the job [54,55]. Once the 

essential job tasks are identifi ed, each task can be observed and analyzed in terms 

of which physical demands are required for that task, how frequently the physical 

demand is performed during the task, and the nature of how the physical demand 

is performed in the environment. For example, a task may require standing all day 

(constantly) on a concrete fl oor at a bench that is at elbow height, handling vibrating 

tools. This provides a brief analysis of the task that can then be further  analyzed, for 

example, the posture and specifi c ranges of movement required for the different or 

relevant body parts, the repetitions of movements to operate the tools, the environ-

mental conditions etc. By looking at each task in detail, the potential requirements 

for an assistive device to minimize exposure to any hazardous  factors or aggravating 
TABLE 14.3
Physical Demands from the Dictionary 
of Occupational Titles

 1 Standing

 2 Walking

 3 Sitting

 4 Lifting

 5 Carrying

 6 Pushing

 7 Pulling

 8 Controls: Hand-Arm and Foot-Leg

 9 Climbing

10 Balancing

11 Stooping

12 Kneeling

13 Crouching

14 Crawling

15 Reaching

16 Handling

17 Fingering

18 Feeling

19 Talking

20 Hearing

21 Tasting/smelling

22 Seeing (near acuity, far acuity, depth 

perception, accommodation, color 

vision, fi eld of vision)

Source: United States Department of Labor, Dictionary 
of Occupational Titles, 4th ed., U.S. Government 

Printing Offi ce, Washington, DC, 1991.
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activities for the person with existing injury can be considered. In the case of the 

person with a disability, who has limited capacity to perform apparently essential 

job functions, the potential for an assistive device to assist with performance of these 

functions can be better considered based on a thorough job analysis.

Table 14.3 lists the physical demands from the Dictionary of Occupational 
Titles. It is important to acknowledge that the DOT approach to job analysis has 

limitations [56] and that a replacement taxonomy, O*NET, is available online [57] 

and provides an alternative detailed approach to job analysis. However, the physical 

demands framework can still be useful in prevention and rehabilitation as a starting 

point for considering task requirements.

14.4.3.3 Review of the Application Environments

In recent times, there has been a growing awareness of the environment and how 

it can enable or limit participation. Consequently, there has been greater emphasis 

on examining the settings in which activities are to be performed [15,48], acknowl-

edging the physical as well as the psychological, social, and cultural aspects of 

the application environment. In particular, it is important to evaluate the needs 

of the employee with an injury or impairment within the actual workplace [3,58] 

and to gain an understanding of the employer’s or supervisor’s perspective of the 

job requirements [3]. It is important to understand the topography, temperature, 

climate, sound and lighting conditions and existing systems in the application envi-

ronments [15,48], how these interact with the person and work activities, and how 

well they support current or potential devices. It is also essential that the expecta-

tions and attitudes of others in the workplace be understood so that the system can 

be appropriately designed and supported. When examining the environment, the 

success of technology accommodation is also dependent on identifying barriers and 

enablers in current as well as future work environments [48]. Due consideration to 

career planning and potential work opportunities will ensure that the technology 

does not limit prospective employment opportunities. Consideration should also be 

given to other environments the user operates in, especially if the technologies are 

likely to move within and across application environments. For example, it is likely 

that the person will require similar access technologies on their home computer 

to either complete work at home or to undertake recreational activities. Careful 

planning can ensure that performance in not constrained to one environment.

14.4.4 ESTABLISHING DEVICE CRITERIA

A good technology match relies on an understanding of the diffi culties workers 

experience in performing tasks [15,59] and matching the features of the potential 

devices to the specifi c needs and skills of the individual, demands of the job and 

the work environment [15,41,42,48]. Once the requirements of the person, activities, 

and environment have been determined [15,41], device criteria/characteristics can be 

 established [37,48,49]. Tables 14.4 through 14.6 detail the specifi c requirements of 

the person, work activities, and the environment and the corresponding characteris-

tics, features, and function required of the technology.

First, the type of device is determined by the user’s goals whilst the style of device 

is shaped by their preferences. It is vital to acknowledge individual  preferences 
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TABLE 14.4
Technology Criteria Based on the Person’s Requirements

Person Technology Criteria

Goal: To return to offi ce work Computer Technology—with modern offi ce 

software

Preference: Sleek modern look Black casing and fl at screen

Experience: Word processing experience 

in Word 95

Consider Microsoft family of software

Skills and Abilities:

Limited vision Standard keyboard layout

Limited ROM, strength and endurance in 

upper limb

Enlarged visual output

Mobilizes in power wheelchair Light touch keyboard/voice input /reduced keyboard 

size/ trackball word prediction capabilities able to 

be positioned easily e.g., monitor arm and 

adjustable workstation

Source:  de Jonge, D.M., et al., Assistive Technology in the Workplace, Mosby, St. Louis, MO, 2007. 

With permission.

TABLE 14.5
Technology Criteria Based on the Requirements of the 
Activities to be Undertaken

Activity Technology Criteria

Word processing Keyboard voice entry (additional RAM)

Data entry—numbers Separate numeric keypad

Navigating desktop and Internet environment Mouse or alternative

Answer the phone Headset, computer-based phone answering 

software

Need to man the reception area for 2 h a day Duplicate or portable system for reception area

E-mailing and managing household fi nances 

at home

Compatible/duplicate system at home

Source:  de Jonge, D.M., et al., Assistive Technology in the Workplace, Mosby, St. Louis, MO, 

2007. With permission.
when exploring technology options [60] and even more importantly, the way in 

which devices contribute to the visibility of disability [61]. Working collaboratively 

with the user is the best way to ensure that the experience and preferences of the 

user are recognized and considered when identifying the best device [62,63]. The 

level of sophistication of the technology should refl ect the user’s level of experience 

while the interfaces and programming requirements will be determined by the user’s 
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TABLE 14.6
Technology Criteria as Defi ned By the Application Environments

Environment Technology Criteria

Open offi ce environment Quiet operation

Floor-to-ceiling glass windows Discrete device

Strips of fl uoro lights with diffusers run 

length of ceiling

Glare screen for enlarged monitor

Networked environment running on Windows 

environment

Windows compatible software and devices

High output expected Effi cient system

Funding limited Cost-effective solution

Funding dedicated for workplace accommodation Devices to meet workplace requirements

Source:  de Jonge, D.M., et al., Assistive Technology in the Workplace, Mosby, St. Louis, MO, 

2007. With permission.
skills and abilities. Care should be taken to acknowledge that not everyone relates to 

technology easily [29]. It is therefore important that a range of options is explored 

and that people are afforded the opportunity to explore less sophisticated solutions 

if that is their preference [29]. Table 14.4 provides an analysis of the technology 

characteristics based on a person’s specifi c requirements.

The specifi c features and functions required of the system is derived from an 

analysis of the range of activities and tasks to be undertaken (both now and in the near 

future) will assist in determining. Table 14.5 provides an overview of the technology 

characteristics dictated by the nature of the activities to be undertaken. This may indi-

cate that a number of devices are required to address each function or that one device 

needs to be confi gured to meet the range of demands. In computer technologies, input, 

storage, programming, and output specifi cations of the technology must also meet the 

demands of the tasks to be undertaken with associated software and hardware.

An analysis of the range of environments in which the technology is to be used 

and the nature of these environments will also provide valuable information about the 

characteristics required by the technology (see Table 14.6). Considerations include 

(1) the potential impact of the environment on the technology, (2) the effect of the 

technology on the environment, (3) existing or proposed technology the devices need 

to work with, and (4) the support available or required to support the technology.

As each aspect of the AT system in considered, it becomes apparent that some 

characteristics or features are compatible with requirements in other areas whereas 

some may contradict other requirements. At this point it is important to discuss 

 priorities with the employee and other stakeholders so that these can be appropriately 

weighted when evaluating the usefulness of potential options.

14.4.5 IDENTIFYING POTENTIAL DEVICES

With an ever-expanding range of mainstream and specialized technologies, it has 

become increasingly diffi cult to develop a thorough understanding of the range 
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of products available and to distinguish between them [37]. Many people seem to 

encounter options by accident [19]. Because of the specialist nature of the assistive 

devices, it is often diffi cult to obtain information, however increasingly the Internet 

provides people with easy access to extensive amounts of information. Supplier cata-

logs, gateway sites, and online databases enable users and service providers to inves-

tigate the range of devices available. However, for the inexperienced, the amount of 

information is often overwhelming and the lack of detail makes it diffi cult to deter-

mine which devices are worthy of further exploration. At this stage of the process, it 

is useful to develop a “circle of support” [37] to assist in locating and navigating the 

diverse information systems and identifying potential options. Resource people can 

include other AT users, people with mainstream technology expertise, AT service 

providers and information services, suppliers, and friends. Each of these can bring 

a different perspective and understanding and assist in developing a broader under-

standing of the possibilities. For many, this is a complex fi eld, which not only needs 

knowledge of a broad range of products and services, but also requires an under-

standing of how to match people with the “right” technologies [64]. The quality of 

support provided can impact signifi cantly on the outcome for the individual [34]. For 

many professionals, equipment catalogs, fi xed and searchable databases, selection 

hierarchies [3,60], equipment-based decision trees [65], and selection matrices [41] 

provide a concrete way of dealing with their lack of familiarity with devices, the 

problem of over choice and the complexity of the decisions that have to be made. 

However, these strategies can distract from using observation and clinical reasoning, 

which is essential in addressing specifi c requirements of the individual, work tasks, 

and the application environment [20].

14.4.6 IDENTIFYING AND UTILIZING RESOURCES

The process of device selection and implementation is seen by many as beginning 

at the point of referral to a service provider. For the employee with an injury or 

disability however, the journey begins well before the initial contact with a profes-

sional and is likely to extend well beyond their encounter with any particular ser-

vice. However, once it is recognized that things can be improved and that potential 

solutions exist, they require access to resources that can assist them in selecting and 

implementing technology that can be invaluable. It is often assumed that people 

are well informed about technological possibilities and existing resources and can 

actively utilize these [37,39]. However, many who could benefi t from technology are 

not aware of the possibilities or how to access information or expertise [19]. People 

who access information and resources on ATs generally self-refer or alternatively 

are referred by other sources such as friends, other service providers, employers, 

or third-party payers [42]. They often have very little understanding of the overall 

process and what the various services contribute to the process. Consequently, it is 

important that service providers assist the worker and other stakeholders to under-

stand what the process of selecting and implementing technology involves, identify 

which aspects of the process they can competently address, and provide information 

on other suitable resources and services. While some services are primarily skilled 

in determining workplace requirements, others have expertise in identifying  potential 

technology options, securing appropriate funding, providing training, or setting up 
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or maintaining the technology. It is important that people are aware of all these 

resources so that they are adequately supported throughout the process.

Many people are either not aware that specialist resources exist or only fi nd out 

about them during the process or through accidental encounters [19]. Even when 

people know about resources they sometimes do not make good use of them [19]. It 

could be that there is a lack of information about these resources or that the services 

are diffi cult or costly to access [66]. Alternatively, consumers may not understand 

what the services offer or be unaware of how to access these resources. They may 

also be wary that they do not know enough about options to ask the right ques-

tions [67]. Those who have accessed expertise about assistive devices have found the 

advice and information they provided invaluable [19]. With the bewildering array of 

devices available, it is important that people have access to accurate up-to-date infor-

mation on the range of technologies available [24]. This assists with decision making 

and decreases the likelihood of technology abandonment [33]. Many people also 

value the support service providers can offer [19]. This support reduces the stress of 

having to locate resources and potential devices and the time required to navigate 

these alone [19,42,68–70]. In addition, people who access professional expertise have 

been found to develop more positive attitudes to information and devices than those 

relying on informal contacts [64]. As information about technologies becomes even 

more readily available on the Internet, it is important to ensure that people continue 

to have access to service providers who can assist them to negotiate the matrix of 

information and resources.

While having access to service providers with expertise is advantageous, users 

also need to be empowered to be their own “long-term technologist” [36]. Rather 

than being reliant on service providers, users need to develop “self determination” 

[71] so that they can address their ongoing needs. With a sound knowledge of 

technology possibilities and the resources available to them, users are better able 

to navigate the process, set goals, make decisions, and take action when the need 

arises [72].

14.4.7 DEVELOPING A FUNDING STRATEGY

The next step in the process is to develop a funding strategy [37,48,49]. While the 

prices of many mainstream technologies continue to decrease, ATs often remain 

expensive. The cost of specialized technologies continues to be a major obstacle for 

people with disabilities [67,73,74]. Even when there are designated funding sources, 

it is often necessary to be resourceful and persistent to secure adequate funds for AT 

[37]. It is important to develop an understanding of the potential funding schemes 

and their criteria and access people with experience and skills in navigating admin-

istrative processes and bureaucratic obstacles to achieve a good outcome. There may 

be a number of costs associated with workplace technologies, which may not have 

been anticipated. These can include the expense of upgrading of the computer or 

workstation to accommodate the new technologies, as well as the cost of  training; 

ongoing maintenance and repairs and future upgrades [49]. Experienced users 

and service providers can assist in identifying additional expenses associated with 

specifi c purchases [49]. Ongoing funding sources may also need to be identifi ed, 
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as employees with injuries and disabilities often need to upgrade their technology 

regularly in order to stay competitive in the workforce [19].

14.4.8 TRIALING AND EVALUATING THE SUITABILITY OF TECHNOLOGIES

The best way to determine the suitability of any device is to trial it. The time required 

to trial equipment ranges from a few minutes for a simple device to weeks for a com-

plex technology. Trialing allows the devices to be evaluated against the technology 

requirements determined earlier in the process [15,37,39,41,48]. It also enables the 

user to assess the aesthetics, comfort, and usability of the device and the service pro-

vider to examine the fi t. Together they can discuss the relative merits of each option 

and acceptable compromises and trade-offs. Where possible, it is preferable for the 

trial to occur in the workplace so that the device can be evaluated with respect to its 

suitability to the application environment [49,58]. Trials extended over a number of 

days for example, 2–5 days [58], may also reveal discomfort that may not be evident 

in a brief trial. Extended on-site trials may also highlight obstacles to optimal use that 

can then be addressed prior to purchase thus reducing the likelihood of abandonment 

[75]. The effectiveness of the trial may also be improved if the user learns how to use 

and adjust the device prior to trialing [59,76] or is provided with assistance in adjust-

ing and operating the device by someone familiar with its features and  functions. 

It is important that the device is fi tted and adjusted to the specifi c requirements of the 

user in order to optimize the effectiveness of the trial [59].

14.4.9 PURCHASING THE TECHNOLOGY

It is imperative that the employer and worker are actively involved in deciding on 

the best device. This not only ensures the immediate success of the intervention 

[9], but also provides them with an understanding of the process and the trade-offs 

required in making in the fi nal selection. Collaborative approaches such as that used 

in the MPT model [29] can assist service providers, workers, and employers to work 

together to gain a mutual understanding of each other’s perspective and determine 

the best option.

Once the most suitable device has been selected, it can then be purchased [15]. 

Prior to purchase, it is also useful to inquire whether the vendor provides ongoing 

maintenance, training, installation, or upgrade support and the cost of these services 

[37]. For sophisticated devices, ongoing technical assistance is critical [37] so it is 

important to consider the experience and reliability of the supplier when deciding 

where to purchase the technology. Valuable information about the experience and 

reliability of suppliers can also be sought from other users and service providers. It is 

also useful where possible to purchase all required equipment and accessories from 

the one vendor. This ensures that there is no confusion as to who holds the responsi-

bility for attending to issues.

14.4.10 SETTING UP THE TECHNOLOGY

Once the technology has been purchased, it is vital that it is set up appropriately 

in the workplace to enable the worker to function effectively and independently. 
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In this stage of the process, the technology needs to be set up in the workplace 

without disrupting the productivity of the employee with an injury or disability 

or their coworkers. ATs need to be set up by someone with appropriate expertise 

with ATs [15,39] to ensure they are operating as intended. Some devices need to 

be installed and integrated with existing workplace equipment and technologies. 

In these cases, expertise in mainstream technologies is required to ensure the ATs 

are appropriately integrated with the workplace technologies [42].

14.4.11 CUSTOMIZING THE TECHNOLOGY

Once in place, devices need to be customized to meet the specifi c requirements and 

preferences of the user. Despite new technologies presenting many new challenges 

to the user, little attention has been paid to date to customizing technology after pur-

chase to optimize use. Frequently, new devices may result in the user assuming new 

positions or using different actions [77]. This can result in discomfort or strain, which 

could be diffi cult to relieve as employees with injuries or a disability cannot easily 

adjust their position or vary their actions. If devices are not “fi ne tuned” to meet 

the individual’s preferences and requirements, diffi culties encountered in the early 

stages may ultimately lead to bad habits or abandonment [36]. Recent research has 

raised concern about the amount of pain and discomfort experienced by AT users 

and the long-term implications of this [67,78]. However, it is not always possible to 

predict the impact of a new technology during an initial assessment or limited trial. 

It is therefore important that they are adjusted and refi ned after installation to ensure 

ongoing comfort and productivity [15,39,41,42,48,49,75,79]. At the very least, tech-

nology accommodations should be adjusted to minimize discomfort and strain with 

ongoing use [75]. Ideally, careful adjustment and appropriate instruction optimize 

technology use [80] and secure a future for the user in the workforce.

First, it is important to ensure that users are positioned ergonomically and using 

equipment in a sustainable way. Since devices are often designed with the broad-

est possible application in mind, many workers with injuries and disabilities do 

not interact with equipment in a way anticipated by the designers [81]. Mainstream 

employment or occupational health and safety systems are not always able to address 

the specifi c requirements and risks of workers with injuries or disabilities, as they 

are not familiar with their unique needs. An assessment of the presence of risk fac-

tors for musculoskeletal disorders, e.g., awkward postures, static load and repetition, 

is needed to ensure preventative measures are put in place [82]. The worker needs 

to be educated about the risks associated with such risk factors so that they can take 

action and continue to function at an optimum. Users need to understand the long-

term implications of working with awkward or prolonged static postures or repetitive 

and forceful movements and how maintaining neutral positions, varying postures, 

and taking frequent rest breaks can optimize their health and productivity. The user, 

equipment, and workstation need to be positioned ergonomically to reduce strain 

and promote productivity.

It is also essential that AT users understand the features and functions of their 

technology so that they can customize these to their individual requirements. Those 

who do not understand the adjustable features of their technology often struggle with 
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tasks that could otherwise be completed effortlessly. Complex and unintuitive design 

can also make it diffi cult for users to utilize their technology effectively. When well 

informed of the capabilities of their technology, users are able to adjust for comfort 

and to improve their effectiveness. The user’s ability to customize and use technology 

effectively can be promoted by providing information and training about features and 

ensuring time is available for adjustments to be undertaken regularly.

14.4.12 MASTERING THE USE OF THE DEVICE

Training is essential to effective use of technologies [15,42,49]. Inadequate training 

can result in poor device use and in some cases, abandonment [15]. Many device 

users continue to have individual training needs that remain unmet despite having 

had their technology for some time [19]. When devices require specialist training, 

the cost of this training needs to be included in the funding application so that the 

user is equipped with the skills and knowledge required to operate the technology in 

the work environment [15]. However, frequently training needs are not anticipated in 

funding packages and the user is left to rely on their own resources, trial and error, 

or consulting friends to understand the technology. Many teach themselves through 

experimentation, wading through complex manuals, or completing online tutorials 

[19]. However, this often results in them understanding only the basic aspects of their 

technology and being unable to extend their technology beyond essential functions 

[19]. Workers with injuries or disabilities are often isolated from others using similar 

AT and, therefore, have limited opportunities to benefi t from their experience. In the 

absence of this incidental learning, they are forced to seek the informal support of 

friends and colleagues, many of whom are unfamiliar with the technology and how 

it can be used effi ciently to complete work tasks. Skill development that relies on 

“miscellaneous sources cannot be said to provide a secure foundation for planning, 

development or long-term viability” (p. 30) [83].

Training is most effective if well-defi ned objectives are established [15]. Users 

need to develop “operational competence” [15], which is to be able to turn the device 

on and off, know how to adjust the various features of the device, understand the 

maintenance requirements, and troubleshoot problems they are likely to encounter 

in using the device. In addition, they require “strategies competence” [15], which 

enable them to use the device to perform specifi c tasks. Operational training is best 

provided soon after delivery of the device while strategic training is most effective 

when the user is “on-the-job” [42] and familiar with the range of tasks they will be 

using the device for. It is important to be aware that it can be challenging for users 

to develop the skills required to carry out work tasks while developing skills in 

using their new device [42]. It is therefore important in the initial stages that time is 

allocated for the user to become familiar with their technology. Access to ongoing 

training support is also required so that they can continue to develop skills once they 

have established basic competencies.

14.4.13 MAINTENANCE AND REPAIR FOLLOW-UP

It is often tempting to think that the process is complete once the technologies are 

in place; however, this marks the beginning of the implementation process for the 
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user [15]. Many are left to fend for themselves or with limited resources to deal with 

ongoing technological diffi culties [19]. While some are resourceful and fi nd ways of 

accessing suitable support, others fi nd this more diffi cult [19]. Despite the ongoing 

diffi culties users experience using their technology in the workplace, little attention 

has been given to ensuring the AT user is provided with ongoing maintenance and 

repair support. Technologies need to be maintained regularly if they are to remain 

effective [42]. Users therefore need to know how to carry out basic maintenance of 

their technology and who to contact when they have more complex maintenance or 

repair needs [49]. Costs associated with this support also need to be considered when 

costing the technology [42].

14.4.14 INSURING THE DEVICE

Another important consideration, particularly when using expensive and sophisti-

cated devices is insurance [49]. As AT users are often reliant on their technology 

to remain productive in the workplace, it is important that faulty, damaged, or lost 

devices are replaced quickly. This ensures that the user remains productive in the 

workplace and does not need to navigate workplace or external funding processes to 

replace or repair the device. Some users have also found it useful to have a backup 

technology to use when their specialized technology is inactive, being repaired, or if 

it temporarily “crashes” [19]. In addition, alternative options can also provide users 

with an opportunity to vary their actions. It is clear that further consideration needs to 

be given to strategies to prevent the loss of productivity that results from technology 

failure or fatigue.

14.4.15 MONITORING AND EVALUATION

Monitoring and evaluation is a crucial stage in the process, and is often  overlooked. 

Ongoing monitoring and periodic reevaluation allows changes and issues to be 

 identifi ed and resolved quickly, which promotes the continued productivity of the 

worker. As noted earlier, there are likely to be many changes in the AT system 

over time [15]. First, the worker’s skills are likely to continue to develop or their 

injury or impairment may change. These may require the technology to be adjusted 

or replaced. Second, work responsibilities may change necessitating changes to the 

system. Third, developments in technology may result in advances, which may afford 

greater comfort, effi ciency, or productivity. Finally, there may be changes in the 

workplace that place additional demands on the system. In order to empower work-

ers with an injury or disability in the long term, they need to be provided with infor-

mation on resources available to meet their ongoing and changing needs and how to 

use these effectively. This ensures that they are “informed, demanding and respon-

sible consumers of AT service and devices” (p. 152) [72]. It is generally assumed that 

workers will initiate requests for changes to their technology when they feel it is no 

longer meeting their needs. However many workers are hesitant to request a review 

of their technology as they are reluctant to draw attention to themselves, uncertain 

how their situation could be improved or anxious that their request could have a 

negative impact on their employment [19]. It is therefore important that a process is 

established in the workplace to ensure that regular reviews are undertaken to opti-

mize the worker’s health, safety, and productivity.
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14.4.16 UPGRADING

Finally, employees with an injury or disability fi nd that keeping abreast of technology 

advancements enables them to remain competitive in the workplace [19]. The pro-

ductivity of AT users in the workplace can be assured if their technologies are regu-

larly updated, as new developments become available. Many users may fi nd it useful 

to keep up with technological developments so that they can identify useful advance-

ments and ensure that they are using the best technology [19]. A range of resources 

can be used to monitor development namely, computer magazines, computer literate 

friends, specialist information services, occupational therapists, or disability organi-

zations and increasingly the Internet. With the rapid development of technology, it 

is essential that users have access to independent information about developments in 

technology. Specialist information services with their extensive databases and spe-

cialist professionals can provide advice and reliable, quality information on upcoming 

technologic developments.

14.5 SUMMARY

This chapter has identifi ed the role assistive devices play in workplace accommoda-

tions and highlighted the importance of using a consumer-centered process when 

selecting and using technology in the workplace. Assistive devices range from low-

tech devices such as a standing mat to highly sophisticated technologies such as 

screen reading technologies. While mainstream technologies may be extended to 

optimize the work performance of an employee with an injury or disability, there 

is an ever-expanding range of alternative and specialized technologies designed to 

address specifi c purposes.

Traditional approaches to device selection have favored a prescriptive approach, 

which focuses on the person’s specifi c injury or disability rather than the preferences, 

experience and skills of the person, the full range of work tasks to be undertaken and 

the constraints and demands of the work environment. The process detailed in this 

chapter describes the experience of device selection and use from the perspective 

of an employee with an injury or disability. It begins with a vision of possibilities, 

which then inspires people to explore options, to improve their health, safety, and 

productivity in the workplace. The quality of the outcome is then dependent on how 

well the goals, preferences, and expectations are articulated with due attention being 

given to both the short- and long-term aspirations of the employee.

Next, detailing the specifi c requirements of the person, work tasks, and environ-

ment assists in understanding the requirements of the AT system and establishing 

device criteria. Once the device criteria are specifi ed, priorities and potential trade-

offs can be discussed. A range of resources can then be accessed to identify the 

potential options. With the bewildering range of options available, this is often an 

overwhelming experience. Consequently, accessing quality information and support 

at this stage of the process can impact signifi cantly on the outcome. Many fi nd it 

useful to develop a “circle of support” to assist in locating and navigating the diverse 

information systems and identifying potential options. Resource people include other 

AT users, people with mainstream technology expertise, AT service providers and 

information services, suppliers, and friends. Each of whom bring a different perspec-

tive and understanding of the range of options.
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A funding strategy is very important in the process and suitable expertise can 

assist in understanding the funding options and successfully navigating administra-

tive processes. Consideration also needs to be given to anticipating additional costs 

associated with technology accommodations. Trialing options in the workplace is 

fundamental to determining its suitability for the workplace and work tasks as well 

as the ongoing comfort and productivity of the user. Once the most suitable option is 

selected it is advisable to purchase it from a vendor who can provide ongoing main-

tenance, training, installation and upgrade support as required. Care should then be 

taken to ensure that the device is appropriately installed and adjusted to meet the 

specifi c requirements of the user.

Training is then required to promote effective use of the technology. AT users 

also benefi t from allocating additional time to become familiar with their technol-

ogy to perform work tasks. Over reliance on trail and error and informal training 

supports can limit both operational and strategic competence. The ongoing effec-

tiveness of AT relies on the device being in good working order. Consequently, 

maintenance and repair follow-up is an essential aspect of ongoing AT support. For 

expensive and sophisticated technologies, insurance can assist users who are reli-

ant on devices to remain productive in the workplace when their equipment is lost, 

damaged, or faulty. Backup devices can also be useful in maintaining productiv-

ity when technologies are unavailable or fatigue develops. Ongoing maintenance 

and periodic evaluation of the AT system ensures that changes in the person’s 

skills, capacities and priorities, the nature of the work tasks, or the demands of 

the work environment are identifi ed and addressed quickly. Since employees are 

often reluctant to declare their diffi culties to their supervisors, it is important that 

processes are established in the workplace for regular review. Finally, employ-

ees with an injury or disability can ensure their competitiveness in the workplace 

by keeping abreast of technology advancements. Once again, up-to-date, quality 

information, and support resources can provide invaluable information on technol-

ogy developments.

In the long term, employees with an injury or disability need to understand the 

process of selecting and using ATs so that they can effectively address their ongoing 

needs. Consequently it is important that they not only understand what is involved in 

the process but that they also develop a sound knowledge of the resources available 

and how to utilize these effectively.
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15.1 INTRODUCTION/BACKGROUND

Assistive technology has been a part of our everyday lives for centuries. The earliest 

eye glasses were developed around the early 1300s. Since then, eye glasses and other 

assistive devices have been developed and evolved into more useful and more sophisti-

cated technologies. Today, assistive technologies are designed to aid those with a host 

of disabilities ranging from visual impairments to learning disabilities; from hearing 

impairments to physical handicaps. Engineers from a variety of disciplines are con-

tinuously working together to develop new and better devices that will help to enhance 

the lives of impaired individuals by facilitating their participation in activities found 

in all aspects of modern life.

Currently, the emphasis is generally placed on the research and design of new 

devices that (1) aid impaired children, (2) aid elderly population, (3) aid persons with 

spinal cord injury, and (4) facilitate brain–computer interface. This chapter presents 

new assistive technology devices developed in the Ergonomics and Safety Laboratory 

at the University of Utah focusing on the fi rst and second emphasized areas. These 

devices were designed and fabricated by undergraduate and graduate students in 

mechanical engineering in collaboration with faculty and students in the Department 
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of Family and Preventive Medicine, Department of Physical Medicine and Rehabili-

tation, Division of Physical Therapy, and Division of Occupational Therapy.

Devices developed for use by children address rehabilitation/mobility issues for 

young children with cerebral palsy (CP) and include (1) a tricycle powered by hip 

extension that both increases mobility and helps to improve the child’s gait, (2) an 

all-terrain walker (ATW) that increases the child’s mobility and facilitates participa-

tion in family camping and hiking activities, and (3) a one-arm kayak/canoe paddle 

that helps facilitate the child’s participation in family kayak/canoeing activities.

Devices developed for use by adults address wheelchair designs/modifi cations that 

increase the mobility in adults with disabilities or seniors with reduced capabilities due 

to normal aging. These designs include (1) a wheelchair with a spring powered lift-seat 

to facilitate movement from the seated to standing position; (2) foot extension propelled 

wheelchairs to allow forward wheelchair movement with knee extension; (3) hand-crank 

propelled wheelchair carriages to allow users of wheelchairs to mount the carriage, 

attach their wheelchair, and propel themselves over snow or sand; and (4) a hand-lever 

propelled wheelchair that reduces muscle fatigue and provides for proportional braking.

15.2  ASSISTIVE TECHNOLOGY DEVICES 
FOR CHILDREN WITH CEREBRAL PALSY

15.2.1 HIP EXTENSOR TRICYCLE

Children with CP often have weak hip extensor muscles (Figure 15.1), a condition 

that often manifests itself in poor gait. Traditionally therapists have used calisthenics 
Gluteus medius

Gluteus minimus

Gluteus maximus

Adductor magnus

Semitendinosus

Biceps femoris

Semimembranosus

FIGURE 15.1 Hip extensor muscles.
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and the use of a traditional tricycle in a program to strengthen the leg muscles. The 

biomechanics of traditional tricycle use, however, are not effective in exercising the 

hip extensor muscles. Other means of exercising the hip extensors, such as stand-

ing hip extension against the resistance generated from an elastic cord at the ankle, 

were disliked by the children. The challenge to develop a therapeutic device that 

would exercise the hip extensor muscles and be enjoyable for children was posed to 

engineers by physicians working with such children in the Department of Physical 

Medicine and Rehabilitation.

In the interest of simplicity, the fi rst attempt was simply a tricycle modifi ed to 

suspend the child in a fl exible saddle so that the feet could just touch the ground, 

requiring the user to use a walking type motion to propel the tricycle. This device, 

however, did not result in the desired use of the hip extensor muscles. It was deter-

mined that, to be effective, the device must more directly require the use of these 

muscles for movement. A four-bar linkage connecting the pedals to the drive wheels 

was designed and confi gured in such a way that it allowed the user to effectively 

stand up on the pedals and use hip extension to propel the tricycle. This design was 

designated the hip extensor tricycle (HET) and is shown in Figure 15.2.

An initial test of the system indicated that the electromyographic (EMG) activity 

in the hip extensor muscles while using the HET was greater than that while using a 

normal tricycle (Figure 15.3). Further, the EMG followed the approximate temporal 

pattern and magnitude levels as during walking [1].

In subsequent testing (Figure 15.4), four of fi ve children with CP had observable 

improvement in their gait patterns as determined by four rehabilitation physical ther-

apists and one rehabilitation medicine physician. In a subsequent physical examina-

tion, it was found that the one test subject who did not demonstrate gait improvement 

had a degenerative hip disorder that prevented therapeutic progress.
(a) (b)

FIGURE 15.2 HET photograph and schematics. (From Howell, G. et al., RESNA J. Assist. 
Technol., 5, 119, 1993. With permission.)
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FIGURE 15.3 EMG patterns. The top two signals represent muscle activity during the use 

of a normal tricycle. The bottom two signals represent the hip extensor muscle activity during 

HET use.
A serendipitous benefi t for the children was the enhanced self-esteem reported 

by the parents due to the children’s greater independent mobility and enhanced 

involvement with neighborhood playmates. For some of the children with CP it was 

their fi rst experience riding a tricycle and in one case the test subject became some-

what of a neighborhood celebrity because of the unique nature of his tricycle [2–4]. 

The HET has been patented (in both mobile and stationary confi gurations) and 

licensed to a local company. Currently the HET is being fabricated and  distributed 

worldwide.
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15.2.2 ALL-TERRAIN WALKER

In many cases children with CP use a walker to facilitate mobility. Their use of 

walkers, however, may limit their ability to maneuver over uneven terrain or sandy 

surfaces. At the request of the parents of one child with CP, an ATW was designed 

and fabricated by a team of three undergraduate mechanical engineering students 

as part of their senior design project. The major performance criteria for the design 

were that the walker have tires large enough to traverse obstacles up to approxi-

mately 3 in. and that some type of shock absorption be an integral part of the design. 

The need to traverse obstacles was addressed by the inclusion of pneumatic tires of 

12 and 16 in. diameter on the front and rear, respectively. The tires were selected 

to have 2 in. width to allow the walker to “fl oat” over uneven terrain. The need for 

shock absorption was addressed through the use of an innovative torsion “spring” 

where the rear wheels connect to the frame. The ATW is illustrated in Figure 15.5.

The ATW has been used extensively by a local family and has allowed the user 

much greater mobility during camping and hiking trips. A provisional patent has 

been requested and the torsion spring is being used as the basis for an extension of 

this design to a “ski-walker” for children with disabilities.

15.2.3 ONE-ARM KAYAK PADDLE

A normal kayak paddle stroke requires three major physical capabilities. First, the 

user must be capable of grasping the paddle with both hands, using one hand to pull 

the paddle through the water and the other to stabilize the opposite end of the paddle. 

Second, the user must be able to rotate their torso around the all three axes to keep 

the paddle blade in the water through the duration of the stroke. Third, the user must 

be able to extend and fl ex their wrists and lower and upper arms. Children with CP, 
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FIGURE 15.5 All-terrain walker (ATW).
however, cannot completely control the movements of their hand and arms and have 

diffi culty controlling the movement of their torsos.

The primary purpose of this paddle is to improve the ability of children with 

CP to participate in family kayaking/canoeing activities by reducing the physical 

paddling requirements mentioned above, reduce the occurrence of blisters and other 

wear injuries, and enable the children to better maintain their balance while paddling. 

This paddle design eliminates the requirements to twist the torso about all three axes, 

reduces digital control requirements needed to independently grasp the paddle handle, 

and eliminates the requirement to use one’s second arm as a fulcrum on which to base 

the paddles rotation. The design allows for adjustable length and paddle angle about 

two axes. Further the design incorporates a quick release pin on the chest harness to 

free the child from the paddle if the need arises. Paddle is shown in Figure 15.6.
(a) (b)

FIGURE 15.6 (a) One-arm kayak and (b) canoe paddle for use by children with CP and 

other upper body disabilities.
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By facilitating the children’s participation and contribution to the canoeing/

kayak activity, children will gain the physical benefi ts of the exercise while also 

improving their confi dence and self-esteem by allowing them to accomplish the task 

of paddling on their own.

15.3  ASSISTIVE TECHNOLOGY FOR SENIORS 
USING WHEELCHAIRS

15.3.1 WHEELCHAIR WITH LIFT SEAT

Many people, particularly seniors, require assistance to move from a seated to 

a standing position and from a standing to a seated position. In general, devices 

designed to assist in this maneuver are complex and expensive. This led to the design 

and fabrication of the sit-to-stand (STS) wheelchair. The STS wheelchair fulfi lls the 

need for an inexpensive system that helps the user move from the seated to the stand-

ing position. The STS was designed with the following parameters in mind:

 1. The lifting force must be higher at the beginning of the lift and decrease as 

the seat lifts the user. (This is required to allow the user to “back into” the 

wheelchair when going from the standing to the sitting position.)

 2. The lifting velocity and force must be independent and adjustable.

 3. All components must fi t within the footprint of a normal wheelchair.

 4. No external power sources are required.

Two versions of the STS wheelchair were developed [5]. The fi rst uses a coil spring, 

the force of which is transmitted through a cam, which increases the moment arm 

(and lifting moment) of the seat when it is close to the horizontal position. The sec-

ond uses a torsion spring, which by its nature, develops more lifting “torque” at the 

beginning of the lift. In both cases the spring tension is generated when the user 

moves into the seated position. The spring force is adjustable and the velocity is con-

trolled through a hydraulic cylinder/circuit in parallel with (and independent of) the 

spring. Figure 15.7 illustrates the operation of the fi rst of these two designs.

Comparisons of required muscle activity to achieve a standing position from a 

sitting position found that a standard wheelchair required the greatest muscle activ-

ity, the tension spring design require a reduced level of muscle activity, and the tor-

sion spring design required the least amount of muscle activity (Table 15.1).

These wheelchairs were tested in an extended care facility with good results. 

Facility residents were able to move unassisted from the seated wheelchair and grasp 

the handles of a walker after movement into the standing position. These devices 

have been patented and licensed to a potential manufacturer.

15.3.2 KNEE EXTENSION PROPELLED WHEELCHAIRS

Older wheelchair users and people without adequate hand strength sometimes use 

knee extension to propel their wheelchair backward. These same users of wheel-

chairs may have limited neck mobility and fi nd it diffi cult to see exactly where they 

are going, possibly putting themselves or other persons in danger of unintended 
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FIGURE 15.7 STS wheelchair. This device allows individuals with limited strength to 

move from a sitting to a standing position and vice versa without assistance.
contact. Collaboration between faculty in the Department of Family and Preventive 

Medicine and faculty and students in the Department of Mechanical Engineering 

resulted in the development of three different knee extension propelled wheelchairs 
TABLE 15.1
Required Muscle Activity to Achieve a Standing Position from a Sitting 
Position for the Lift-Seat Wheelchairs as a Percentage of the Standard 
Wheelchair

Total Expenditure (%) Maximum Exertion (%)

Wheelchair Up Down Up Down

Standard 100 100 100 100

Tension spring 78.13 71.56 74.14 57.85

Torsion spring 58.80 69.51 55.76 57.20
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(a) (b)

(c)

FIGURE 15.8 Knee extension propelled wheelchairs.
to address this need: (1) belt design, (2) slide design, and (3) four-bar linkage design 

[5]. These are illustrated in Figure 15.8.

The fi rst of these designs, the belt-driven wheelchair, allows the user to slide 

either the left or right belt forward with the sole of the foot. The top surface of the 

belt has a high coeffi cient of friction. The left and right belts are directly linked to 

the left and right wheel respectively, which allows the user to turn by moving only 

one foot forward. However, belt slippage and power loss through the series of chains 

and sprockets made this design impractical.
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To eliminate belt slip, the chair was redesigned to incorporate plates in place of the 

belts. Using the same movement as in the belt design, the user slides the plates back 

and forth to generate forward movement. As with the belt design, the user slides either 

the left or right foot forward with the sole of the foot and the left and right slide mecha-

nisms are directly linked to the left and right wheel respectively, which allows the user 

to turn by moving only one foot forward. Unfortunately, as with the belt design, the 

power loss through the series of chains and sprockets made the design impractical.

The four-bar linkage design eliminates the need for the series of chains and 

sprockets. This design allows the user to propel the wheelchair through two four-bar 

linkages that can be activated independently by each foot. As the four-bar linkage 

swings forward, a cable attached to the footrest and to a ratcheting cam mechanism 

on the rear wheel rotates the wheel. When the footrest is rotated backward with the 

lower leg (knee fl exion) the brake on that side is activated. This allows the user to 

turn by extending one leg and fl exing the other leg. The power loss experienced in the 

two earlier designs was minimized in this design. A test of maneuverability indicated 

that the belt design and four-bar linkage design were the most maneuverable [6].

15.3.3 TRACK-BALL WHEELCHAIR

The concept for this design arose from the same need for as for the knee extension 

propelled wheelchairs just discussed. A new approach was utilized, resulting in the 

“track-ball” wheelchair shown in Figure 15.9. This design allows the user to move 
FIGURE 15.9 Track-ball wheelchair.
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the wheelchair in any direction simply by rolling the “track-ball” (a basketball with 

high coeffi cient of friction surface) with the feet. This design was preferred by the 

residents of the extended care facility in which the different devices were tested. 

A provisional patent has been requested.

15.3.4 HAND-CRANK PROPELLED WHEELCHAIR CARRIAGES

Users of wheelchairs frequently fi nd it necessary to traverse uneven surfaces or 

surfaces covered by snow or sand. This need surfaced at the 2002 Winter Olympics 

in Salt Lake City when the University of Utah was contacted by representatives of 

the Salt Lake Organizing Committee to develop a wheelchair carriage that would 

facilitate access to snow-covered venues by users of wheelchairs using their own 

personal wheelchairs. This need was met with two designs.

The fi rst design (model 1) was developed to be quite narrow to allow passage 

through doors (Figure 15.10). Using removable ramps, the user can propel his/her 

wheelchair onto the carriage and connect the wheelchair to the carriage. Field testing 

indicated that the narrow spacing of the tracks greatly limited turning ability.

The second confi guration (model 2), seen in Figure 15.11, was designed to incor-

porate an access “ramp” that is balanced so as to facilitate access to the carriage but 

then rotates up and locks into place when the user is appropriately situated. Also, this 

design incorporates an increased track spacing that greatly increased turning ability. 

The increased width, however, also limits access into most buildings.
FIGURE 15.10 Hand-crank wheelchair carriage (model 1).
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FIGURE 15.11 Hand-crank wheelchair carriage (model 2).
Six volunteer wheelchair users evaluated both wheelchair carriages at a snow-

covered venue. In general, they preferred model 2 because of the improved access 

ramps and increased turning performance. A provisional patent has been requested.

15.3.5 HAND-LEVER PROPELLED WHEELCHAIR

Users of wheelchairs may fi nd it necessary, more effi cient, or more convenient to use 

levers instead of the wheels to propel their wheelchair. In some cases, limited grip 

strength or mobility affects the ability to grasp and move the wheel. In addition the 

use of a lever eliminates the user’s need to make contact with a dirty wheel. To fulfi ll 

this need, a hand-lever propelled wheelchair was developed (Figure 15.12).

This design allows the user to “push” forward with the arms to propel the wheel-

chair forward or “pull” backward to propel the wheelchair backwards. The push 

movement requires only that the user contact the lever handle between the thumb 

and fi rst fi nger and does not require an actual hand grip. This means that users with 

limited hand strength can propel the wheelchair. This motion is also more effi cient 

than the forward and down movement required to rotate the wheels directly. The push 

motion is translated to the wheels through a disk brake that acts as a clutch. When 

the user pushes forward, the user rotates the forearms slightly to tighten a cable that 

forces the disk brake calipers to contact, grip the disk, and move the wheel. Since 

no ratchets are used, the user can easily rotate either wheel in either direction sim-

ply by rotating the forearms and pushing on the levers (to go forward) or pulling on 

the levers (to go backward). The use of the disk brake also provides a braking force 

proportional to the forearm rotation force, which allows the user to slow or stop the 

wheelchair gradually, without gripping the wheelchair’s wheels with their hands. 

A provisional patent has been requested.
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(a) (b)

FIGURE 15.12 Hand-lever propelled wheelchair.
15.4 CONCLUSIONS/RECOMMENDATIONS

Engineers, in collaboration with physicians and other health professionals, can 

be primary players in the design and development of new technologies to further 

enhance the lives of people with disabilities. Interdisciplinary research activities 

at the University of Utah involving the Department of Mechanical Engineering, 

Department of Physical Medicine and Rehabilitation, Department of Family and 

Preventive Medicine, Division of Physical Therapy, and Division of Occupational 

Therapy has resulted in several useful assistive technology devices that have 

improved the lives of many persons with disabilities. By aiding in their rehabilita-

tion, increasing their mobility and helping them to participate in activities that are 

encountered in everyday modern life, these devices assist these individuals in lead-

ing more fulfi lling lives.
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16.1 INTRODUCTION

In order to prevent occupationally related accidents, illnesses and injuries, you would 

be hard put to fi nd anyone who would argue against equipment in the workplace that 

was designed for users according to gender, age, body dimensions, and physical and 

mental capacities. Nor does anyone deny that one of the most stimulating challenges 

for modern design is to ensure a nondiscriminating approach to the design of prod-

ucts, services, environments, and artifacts, one that can be used by as many people 

as possible regardless of differences in their ability or situation. This chapter is about 

uniting the different approaches from the working life and design sectors to achieve 

an even more fruitful outcome than the one that already exists.

The roots of the expressed need to include a greater number of people as potential 

users of products, services, and environments can be found in political and ideo-

logical endeavors that promote a society for all, and that are seen as prerequisites 
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FIGURE 16.1 Elderly people no longer accept the absence of useworthy tools and vehicles.
for democracy. This development is advanced and stimulated by the demographical 

changes of an aging population [1].

Design involves both functional and emotional aspects. Esthetics includes 

impressions from all senses. Users with special requirements for personal equip-

ment deserve products of the same (or even higher) esthetic qualities as others. 

Appealing and pleasant tools and equipment can make people feel welcome, take 

pride in their work, and promote a positive employee self-image, while at the same 

time strengthening the company’s brand (Figure 16.1).

In many cases, technology developed for disabled people has made its way into 

the general population (faucets operated by one hand, remote control, low-fl oor buses, 

etc.) [2]. What is valuable for disabled persons is often good for the nondisabled 

majority, but this is not a universal truth. Even less of such a truth is the belief that 

what profi ts some disabled people, profi ts others with different disabilities as well.

In the following discussion, we will elaborate on how design can make a work-

place more useworthy [3] for all, including other aspects of daily living. The analysis 

describes how nondiscriminative design infl uences function and attitudes as well as 

control and esthetics. Ethical elements are also discussed.

16.2  NONDISCRIMINATING DESIGN 
AND INDUSTRIAL DESIGN

A key factor for disabled people to participate fully in society and have control over 

their presence there is not to be hindered by unnecessarily built-in obstacles in envi-

ronments and artifacts (Figure 16.2). The principles behind the nondiscriminating 

design (NDD) approaches—universal design, inclusive design, and design for all—

are extremely important for disabled people [4,5] and they are fairly well accepted 
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FIGURE 16.2 The ideas and solutions differ considerably if you consider a functional 

hindrance to be an individual disability or a characteristic of the surroundings.
as a desired goal in design. But to put the principles into practice is not without 

problems, to say the least. There is no standard disabled person with a standard set 

of wishes, but rather a multitude of individuals with different abilities, wishes, and 

personal standards. The concept of Design for Me [6] is introduced along with the 

other three to make NDD more evident, balance it, complement it, and challenge it.

16.2.1 UNIVERSAL DESIGN, INCLUSIVE DESIGN, AND DESIGN FOR ALL

The differences between universal design, inclusive design, and design for all are 

ideological, cultural, and historical. Even if they most often may yield similar 

results, the working approaches differ. At its inner core, Universal Design’s ambition 

is not to distinguish between disabled and able-bodied people or between old and 

young people [7]. As the American Society on Aging (ASA) elaborates, universal 

design should be viewed as “a process of ensuring that product and environmental 

design is compatible with the variation in human capabilities that result from differ-

ences among individuals of various ages, cultures, languages, cognitive skills, sizes, 

shapes, physical conditioning, races, and gender.” A product designed to be usable to 

the greatest extent possible by all ages and abilities, without the need of adaptation or 

specialized enabling design [8] can be defi ned as a universal design product.

The Center for Universal Design has developed seven general principles [8,9] 

used as guidelines when working with the universal design concept in practice as 
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an industrial designer. The principles are (1) equitable to use, (2) fl exibility in use, 

(3) simple and intuitive use, (4) perceptible information, (5) tolerance for error, (6) 

low physical effort, and (7) size and space for approach and use. There are also four 

to fi ve recommendations for each principle on how to fulfi ll the aim.

While the American universal design of the early 1980s, nowadays also 

 frequently used in Japan, aims at nondiscrimination by not explicitly focusing on 

disabilities, the British inclusive design does the opposite. The rationale behind 

the latter is one of user inclusion rather than exclusion when designing products, 

systems, and environments—“what if we design like this, then we would include 

these user groups as well, rather than exclude them” [1]. Steinfeid and Tauke [10] 

argue that the term “inclusive design” is preferable to “universal design” because 

there are no “ ‘universal solutions’ to problems, which meet the needs of all  people.” 

The inclusive design approach promotes products that are designed with consider-

ation to all members of society. In particular, the objective is to consider the needs 

of old and disabled people alongside the younger and able-bodied population to 

ensure that products are equally appealing and suited to all users, i.e., it could be 

said to be characterized as a “design for the disabled” approach [1]. Jordan [11] 

argues that in addition to being morally sensible, inclusive design may lead to mar-

ket opportunities and fi nancial benefi ts for companies adopting the concept. The 

BSI British Standards provides the following defi nition: “Inclusive Design consti-

tutes a strategic framework and associated processes by which business decision-

makers and design practitioner can understand and respond to the needs of diverse 

groups of users. The ultimate goal is to develop products and services that can meet 

the needs of the whole population.”

The design for all approach is similar to that of universal design but its back-

ground and its geographical area of application is European. The term is most often 

used in interactive design, striving to make computer program interfaces user-

friendly. The Network EIDD described design for all as a philosophy aiming to 

“improve the life of everyone through design.” In the Design for All Declaration 

(2004), EIDD defi nes it as design for human diversity, social inclusion, and equality. 

Design for all is more down-to-earth practice than universal design. Both move away 

from disability-related issues to largely mainstream issues in design [7].

16.2.2 DESIGN FOR ME AND DESIGN FOR ALL

From the perspective of the designer, design for all means accommodating for a 

great number of personal solutions. Where design for all is the societal, market, or 

designer perspective, Design for Me holds the user perspective (Figure 16.3). The 

user wants his/her functions to work as smoothly as possible and to have control over 

them themselves. Design for Me is already the predominant design solution when it 

comes to personal assistance, which is tailor-made to fi t the needs of the individual 

and where full personal control is seen as a prerequisite for high quality of assis-

tance. The same argument holds for technical assistance.

Design for all and Design for Me refer to the same problem complex—the desired 

functioning of the individual—and are complementary but differ on where the main 

technological solution is positioned. Design for Me is associated with “stand-alone 

AT” or “orphan technology” [12] but goes much further. Design for Me consequently 
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FIGURE 16.3 Design for Me is closely connected to one’s own control.
implies, but is not synonymous with, a high degree of individual adaptation. This 

does not imply that environmental adaptation is unwanted or unnecessary, quite the 

opposite. It merely points to the fact that greater control over functioning can be 

achieved in a system where assistance is more personalized, and that assistive tech-

nology with high functioning power that follows the individual makes them more 

independent of environmental changes.

Design for Me also implies a high level of participatory design efforts with a 

high degree of user involvement in the shaping of the whole support system of tech-

nological and personal assistance. In almost all cases, a good design for all facilitates 

Design for Me. Design for Me can also help in dealing with the design for all  paradox: 

Accommodating for all possible use by all people in a certain situation is impossible. 

All people do not require the same kind of solutions. The desired solutions are some-

times directly incompatible. Arguments can be raised against relying on individual 

technological solutions, seemingly associated with the individual model of disability, 

where the disability is positioned as a defect of the individual. The improvement 

in functioning of the individual has often been portrayed as promoting a negative, 

disempowered image of disabled people, rather than seeing the problem as political, 

social, and environmental.

Even if curb cuts, ramps, and accessible buses no doubt signal a welcoming 

attitude, and even if the lack of them can be perceived as hostility toward a person 

in a wheelchair, it could also be argued that in relying on the multitude of necessary 

adaptations of the environment, both humanmade and natural, disabled people lose 

control over where they want to go and when. Instead, the sporadic and occasion-

ally implemented adaptations in places decided by others determine where we are 
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allowed to go. With individual solutions the control lies with the individual. It may 

be argued as well that a high degree of individual control can be a positive attitude 

shaping element in itself. It is hard to maintain the image of helplessness when an 

individual has control over the situation. A wheelchair that can climb stairs and drive 

around in the countryside could prove to be a better solution than having to adapt all 

buildings and environments in the world. A cell phone is a much better solution than 

installing stationary telephones on every street corner. The closer to the individual 

and the more mobile and adaptable, the better the solution often is, at least if the 

emphasis is on control.

Rather than seeing the difference between Design for Me and design for all as 

a question of the individual versus the environmental model of disability, it could 

(somewhat simplifi ed) be seen as a question of weighing attitude versus control 

aspects of functioning. The question of where the line is drawn between desired use 

of Design for Me and design for all must be constantly negotiated and problematized 

in the situations where the assistance is needed. One should not allow design for 

all to blind oneself to the possibilities of Design for Me. Situated solutions (for Me) 

represent in themselves one of many possible ways of adapting environments, and 

it is not fruitful to be too dogmatic. For instance, if I cannot see the blackboard at a 

distance, I do not demand that it be brought closer to me and only me; I put on my 

glasses and so would others, while some do not need to. It is the multiple, parallel 

ways of performing a function that allow Design for Me, just as a selection from a 

smorgasbord is better than one single dish that contains all different fl avors.

16.2.3 INDUSTRIAL DESIGN

Industrial design means the creation/gestalting of useful products intended for mass 

production, with the aim of adapting them to humans and their environment [13]. 

“Gestalt” means the total apparition of the product, speaking to us through all our 

senses, what we hear, see, feel, smell—and even taste. A “gestalt” can be described 

as an arrangement of separate parts, appearing and working as an entirety (Monö, 

1992) [14]. The formulation “useful products” excludes many kinds of artifacts. 

Products for private as well as professional users are included. “Intended for mass 

production” means that knowledge is needed about the production system in order 

to design the product so that it is easy to assemble and economically feasible in the 

industrial system. “Adapting of products to man” requires knowledge of cognitive as 

well as physical ergonomics. Products should be esthetically attractive and contrib-

ute to user pride. Considering the environment in the design of products means that 

a life cycle perspective must be applied in industrial design.

Crilly [15] argues that industrial design is characterized not only by the impor-

tance of the visual element of the end product but also by the visual output from 

every phase of the design process when he tries to visualize the designer’s intent 

through consumers response (Figure 16.4). The ability to give form, to realize an 

idea as a concrete artifact is what distinguishes design from general problem solving 

[16]. Ilstedt-Hjelm [17] argues that “giving form” is an active process, which implies 

that there is something there that takes form. Something is expressed through the 

forms that meet our senses and mind. The product then becomes a sign for a number 

of denotative and connotative meanings that the users actively construct.
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FIGURE 16.4 Rehabilitations engineering and design relates not only to many individual 

needs, wishes, and dreams but also to many discipline areas.
There are industrial designers who are heavily involved in NDD—we consider 

ourselves to be members of (or siblings to; all of us are not industrial designers) that 

group. Many industrial designers have other driving forces than the market (cf. the 

master’s project by Anna Persson [18]) expressing an explicit need for the designer to 

also be proud of the solutions.

16.3 SITUATED PARTICIPATORY DESIGN

One cornerstone of fruitful design is the necessity of involving users in the design pro-

cess. This engagement requires not only activating users but also engaging developers 

themselves in gaining a better understanding of use contexts and situations [19,20].

There are many ways to involve users in a design process. The concept “user-

centered design” emerged in the mid-1980s. According to Gould and Lewis, the 

three main principles of user-centered design are early focus on users and tasks, 

empirical measurement, and iterative design [21]. Early focus on users and tasks 

incorporates various methods to examine characteristics of a user group through, 

for example, user mapping, task analysis, questionnaires, or direct observation. 

These surveying methods are described in the EU accessibility project Userfi t 

[22] or  standard human–computer interaction and human factors literature [23,24]. 
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 Empirical  measurement is the practice of letting future users use simulations and 

prototypes and measuring their performance through quantitative feedback includ-

ing measures of effi ciency, number of errors, time to complete tasks, etc. Good 

descriptions of such test methods may be found in Jeffrey Rubin’s Handbook of 
Usability Testing [25]. Iterative design is a standard component in design methods 

[26] and builds on a cycle of design, testing, and measurements that is repeated as 

often as needed, starting with early prototypes. Usability engineering [27] builds 

on the user-centered approach, but attempts to make the process easier to fi t into an 

engineering perspective by focusing on the usability goals as a measure of when the 

iterative design process may be stopped.

User-centered design may be defi ned as design for users, design by users, and 

“design for users with users” [28], depending on the degree of user participation. 

In design for users, there needs to be no user involvement (Figure 16.5). The strat-

egy “design with and by users” combines ergonomic knowledge with users’ expert 

knowledge in a benefi cial way and is part of participatory design.

The benefi ts and importance of involving users in the design process are many. 

One of the most important can also be seen as the most trivial. By involving the actual 

user of the designed product, system or environment, it is much easier to ensure that 

the design is solving the actual problem or task it is supposed to. The focus on the 
New system

Design process

User’s present activity Technological options

FIGURE 16.5 No element should be withdrawn.
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desired function of the user means the person is central and that the technology used 

is problematized from the individual’s wishes concerning the function.

This corresponds to hitting a nail—it is true that you hold the hammer, true 

that you hit with it, but it is the driving in of the nail that is so central that you 

hardly notice the hammer. Similarly, both the computer mouse and the cursor are 

subordinate—it is what is done and what is achieved that matters. The focus is on 

the action [29]. That is why, in most cases, it is meaningless to measure a person’s 

physical functions without including the use of their available technical aids. This 

is an area in which the International Classifi cation of Functioning (ICF) needs to be 

modifi ed [30].

According to Claiborn, there is a “multiplicity of possibilities that go beyond 

any separation of human and machine. A Paralympian shot-putter, in this view, is 

not an individual person helped by high-tensile carbon-fi ber legs, or a hybrid defi ned 

by dual constituent parts, but an athlete capable of multiple boundary-shifting 

performances” [31].

The quality and height of a pole-vaulter’s jump is judged on the height they 

manage to clear with the pole, not without it. It is of little interest to fi nd out how 

fast a race car driver is able to walk or run the length of the track because it is the 

system made up of the driver, the car, and the support team that is the relevant unit 

to optimize.

Participatory design is closely related to participatory ergonomics. Wilson, a 

leading researcher and practitioner in this fi eld, described and classifi ed the level 

of user participation in terms of methods, participants, and process frequency [32]. 

In “The Swedish Hand Tool Project,” a large-scale product development program, 

interorganizational participation took place in order to increase the knowledge base 

of hand tool production, distribution, and use [33]. A common understanding was 

needed in order to bridge information gaps in the chain of central actors: user com-

panies/production units including users of a company providing development oppor-

tunities for people with disabilities (assembly workers, production engineers, and 

purchasers), distributors (salesmen and purchasers), and manufacturers (designers 

and salesmen), supported by a group of researchers. Participatory approaches to the 

design of work equipment were compiled and analyzed by Morris et al. [34] in order 

to promote participation by users and trade unions.

16.4 ETHICS IN DESIGN

Since design is a creative activity, the aim of which is to establish the multifaceted 

qualities of objects, processes, services, and their systems in entire life cycles, it 

is also central to the innovative humanization of technologies and to cultural and 

economic exchange. Design seeks to discover and assess structural, organizational, 

functional, expressive, and economic relationships, with the task of (Figure 16.6)

E• nhancing global sustainability and environmental protection (global ethics)

P• romoting a win–win situation for fi nal users and market-oriented produc-

ers (social ethics), and

S• upporting cultural diversity in a globalizing world (cultural ethics)
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FIGURE 16.6 Ethical considerations have local as well as global sources and impacts.
Most obvious, there are strong elements of ethics in design, both in process and 

production and in how artifacts later become “actants” in our lives, which means 

that they infl uence our lives more or less to the same extent as human beings do. The 

following is, for the most part, an excerpt from an article by Jönsson et al. entitled 

“Ethics in the Making” and published in its entirety in Design Philosophy Papers [35].

16.4.1 ETHICS, ALSO OUTSIDE THE MEDICAL FIELD

Applied ethics in research is no longer regarded as a concern exclusive to the  medical 

fi eld. Exemplars in ethics from other fi elds such as design are, however, meager, as 

are relevant practical and design applied guidelines. The more ethically grounded 

a given area of research is, the greater the chance it can contribute to long-term, 

meaningful breakthroughs in knowledge. An improved ethics in design can enable a 

critical questioning that in turn leads to entirely new research questions.

The mere involvement of human subjects and the application of safety provisions 

in design research do not guarantee it will meet ethical considerations, best practices, 

or standards. The entire complex interaction with users offers intriguing possibilities, 

risks, or can result in mediocrity in areas such as: preparation and implementation 

that is worth the research person’s time; respect for their contributions; dignifi ed 

treatment; feedback in an iterative and interactive process with mutual information 

and inspiration; and products and processes that are truly infl uenced by the users. 
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This reasoning applies to all, but with special distinction to people who are disabled 

and elderly people. Starting with specifi c needs as opposed to more general ones 

(the latter of which result in the necessity for more abstract specifi cations for the 

multitudes) can, above, and beyond the ethical dimension, also result in increased 

innovation and effectiveness for society on the whole. Proceeding from the particu-

lar to the general is of considerable value, for ethical reasons as well as for sheer 

effectiveness.

Involving persons with a variety of disabilities in product development helps 

to ensure innovative and useworthy products [3]. One of many prerequisites for an 

ethically sound user involvement is that all participants are aware of the interference 

taking place in an iterative design process.

An elaboration of ethical aspects in design can be valuable for different stake-

holders (user organizations, nongovernmental organizations [NGOs], and the design 

community) and, of course, for the relevance of resulting products and processes. 

A more considerate ethical approach could have substantial economical value due to 

the higher relevance of the results. There has been a considerable increase in the ethical 

expectations placed on businesses and professions in recent years. Scores of organiza-

tions have reacted by developing ethical codes of conduct and professional guidelines 

to explicitly state their values and principles [36]. Moreover, the drafting of a code of 

ethics can be seen as an indication of professionalism in an emerging profession [37].

16.4.2 NEED FOR SITUATED ETHICS

Traditionally, medical research and clinically practicing professionals have been in 

the vanguard of ethical guideline creation, with other research fi elds involving human 

subjects and human well-being close behind. Today, the medical disciplines are also 

frontrunners in combining their work on general ethical principles (autonomy, justice 

and benefi cence, for instance) with research on situated ethics, which is less mecha-

nistic and closer to the context of real people in actual situations and work practices.

Situatedness urges different approaches for different disciplines. The engineering 

and design sciences with safety, accessibility, and universal design of artifacts and 

the built environment high on the agenda, cannot lean toward medical exemplars but 

need to develop their own. An initial diffi culty is that the existing key ethical prin-

ciples, however “universal” they appear to be, originate from medicine. The spirit 

of the Nuremberg Code, the Helsinki Declaration, and The European Convention 

(with its explanatory report) is not particularly vitalized in design, to say the least 

[38–40]. The reason for this is obvious: None of them have been formulated based 

on experiences from design of civil products for everyday life. Nonetheless, ethical 

aspects are defi nitely present in test usages as well as in the infl uence of the result-

ing technology in later, everyday use [3]. Ethical design perspectives can also be 

deduced from The Charter of Fundamental Rights of the European Union (“the right 

to freedom of expression and information”) [41], the Convention on the Rights of the 

Child [42], and from Citizens Rights and New Technologies: A European Challenge 

in which the European Group on Ethics in Science and Technologies (EGE) stresses 

the two basic concepts of dignity and freedom [43]. Accessibility and “design for all” 

are such fundamental perspectives that they should not be treated separately. They 

have societal implications for education, information, and participation in social 
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and political processes. The Principles of Universal Design, with the approach that 

 environments, services, and products should be designed for use by as many people as 

possible regardless of situation or ability, is an example of this perspective [44].

You have to have options to make a choice

Hanna was born with a nerve-muscle disease that severely restricts her mobility. At 

1½ years of age, she received her fi rst standing support device in order to exercise her 

muscles and put pressure on her skeleton. In the process of standing, however, she 

discovered that there was a lot to see from this upright vantage point. Objects in other 

parts of the room caught her attention. Without the support of her mother’s arms, she 

was suddenly on her own in the world. She wanted to come closer to the objects that 

she could see at the edge of her upright horizon. Her mother had to move the station-

ary supporter to the thing that attracted Hanna’s attention. “There! There!” she said 

and pointed. She quickly focused on something else and wanted to move on to it and 

then the next object and the next. Her mother soon realized that this was not so much 

about Hanna’s wish to interact with different objects: What she actually was out after 

was the enjoyable feeling of moving around in an upright position. This resulted 

in the construction of a motorized standing support device that offered Hanna the 

opportunity to move around in an upright position on her own.

One such device after the other has seen the light of day and enabled Hanna, now 

a young adult, to gain the identity of a standing—not a sitting—person, including 

all the existential, physical, and practical effects and side effects involved. One such 

side effect (that was foreseen) is that Hanna will never master the ability to sit—she 

will remain a standing or a lying person for the rest of her life. The critical moment 

is to be found in her early childhood when the people in her surroundings were open-

minded enough to start questioning whether a future position as a seated person 

would be right for Hanna with her “stand-up” ambitions [45,46].

This exemplar might serve as a revelation: What are the ethics (if any) behind 

the dominating “wheel-chair-for-all” attitude that in no way questions the underly-

ing assumption that somebody who cannot stand up and walk on her own has to live 

her life primarily as a seated person? In design terms: What are the ethical issues 

involved in not offering motorized standing supports as an option for mobility injured 

people? It is easy to understand that an aid in the best of cases does not only fulfi ll 

the function it is meant to (to stand up in the example of Hanna); it can also reshape 

the person’s existence and existential terms (Hanna achieved an autonomous, upright 

mobility). This aspect should be involved in future body technology [47].

16.4.3 DESIDERATA AND “WHERE THE ACTION IS”

In design, the focus might be on “that-which-ought-to-be” (desiderata) versus “that-

which-is” (description and explanation) [48]. The concept of desiderata is an  inclusive 

whole of esthetics, ethics, and reason. Desiderata is about what we intend the world 

to be, which is more or less the voice of design. The greater the difference between 

the designer’s and the user’s worlds of concepts, the greater is the need for a user-

adjoining and situated design process. You need to immerse yourself in concrete 

experiences—not only base your understanding on abstract ones. You need to accept 

and acknowledge the existence of different communities of practice [49]. You need 
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to accept desire as an initiator of change. You need to allow disturbances and not 

only inform and be informed, but also inspire and be inspired. Designers may be 

informed and inspired by the users, at the same time as the users are informed and 

inspired by the designers. Utilizing this two-way information and inspiration in both 

groups to its full extent has profound ethical implications, while at the same time 

making the process more effi cient and situated.

Still, it is not just a matter of being there, of being situated, but also of grasping 

the action in its context; not to immediately intellectualize it [50,51]. This is how 

ethnologists work as well [52]. The question is not really, “What is the situation?” 

rather, “What do we have to do in order to fi nd out?” By acting, you can capture at 

an early point many of the factors that you would otherwise have missed [53]. The 

technology itself can serve as a catalyst and can provoke refl ection, answer existing 

questions while at the same time raising new ones [54].

Example 1

Technology as a challenger/teaser. One reason for choosing to have a robot arm 
on your wheelchair can be that you know that just by having it there, you will 
come up with new ways of using it. That is the moment of triumph [3].

Example 2

Learning potential. An “hour rule” time-telling device (measures time in physical 
length: one row of small lights corresponds to an hour and the lights extinguish as 
time passes) is more challenging than a door opener. A door opener can be used 
for opening doors.

But an hour rule can have all kinds of imagined and unimagined uses: structuring, 

planning, sequencing, etc. Edwin Hutchins started to use the expression “distributed 

cognition” in the mid-1980s to indicate that the thinking of individuals arises out of 

an interaction with other people and objects. He had extensive experience in labora-

tory studies. That was why he could so clearly see that what happened in cockpits 

and on navigation bridges could not be discovered by observing individuals in a 

laboratory. Cognitive processes are so strongly infl uenced by cultural and social phe-

nomena that they neither can nor should be studied under artifi cial conditions. This 

is explored extensively in his book, Cognition in the Wild [55].

Example 3

Media as mediator. People often learn the best by meeting others with similar 
problems. When you can identify with someone else, you do not feel alone. 
If in addition you can meet others who have similar problems but who have 
come further—good role models—you gain hope in the possibility of achiev-
ing a good quality of life yourself. The Internet is a superb meeting place for 
this. The discussions that arise are often more refl ective than conventional ones, 
which by defi nition occur in the same place and at the same time [56,57]. 
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A phenomenologically based  contribution in the interaction design area is 
Paul Dourish’s book Where the Action is: The Foundations of  Embodied Interac-
tion [29]. Dourish comes from a computer science background but contributes 
new perspectives to the philosophy of science and methodological approaches 
for interaction design. It is based on the acting person and her tools, rather than on 
rational and disconnected actions. Dourish turns away from the narrow cognitive 
perspective and abstract representations of the world and to the situated and the 
embodied interaction between humans and computer systems [ibid., p. 18]. That 
his approach is phenomenological is clear when he states that our experience of 
the world is closely tied to the reality of our bodily presence in the world. The 
same argument holds for our social actions: A conversation between two people 
is dynamically constructed in response to the present action rather than being 
abstractly planned in advance. Dourish clearly delineates his idea of embodi-
ment. It should not be understood as the commonplace, physical reality that we 
exist separately as individuals on this earth, but that we are embodied in a world 
of artifacts that are constantly interacting [ibid., p. 18]. He maintains that we 
have to understand that interaction is closely connected to the context in which it 
occurs, that we need to develop sensitivity to settings and understand how inter-
action is embodied within these settings (Figure 16.7).

Example 4

Technology in context increases precision. A woman thought her  wheelchair-
mounted robot arm was too slow. But what exactly does that mean? “Too slow” can 
refer to speed as well as to acceleration. She thought it was “too slow” when she 
tried to fry meatballs: They slipped away when she attempted to turn them. In this 
case, it was the acceleration that was too low. But when she was irritated because 
GURE 16.7 Hand tools. Capturing female users’ expert knowledge revealed their 

oblems in handling a hammer with poor balance.
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the arm was “too slow” at pouring sugar in her teacup, it was speed she was 
 referring to. Neither of these needed to be remedied with a  stronger motor, which 
you could have easily concluded if you had not looked at the  context. Improving 
the construction of the grip device technically solved these two problems.

Example 5

Technology as an eye-opener. During a fi re drill in a group home, one of the 
residents explained what he would do if the alarm went off. He would wave a news-
paper under the smoke detector. Why? It turned out that every time they toasted 
bread and the smoke detector went off, that is exactly what the staff member did.

Example 6

Visibility as a tool for empowerment. In the same chapter, you can also read about 
the man who by moving the photo of Axel from the daily schedule to the staff holi-
day list could show that he was not particularly fond of Axel. For the personnel, 
the use of pictures was primarily a way of providing information; for the resident 
in question, it also became a way to make a point and a wish.

Example 7

Being there without being there. At the Pictorium, a day activity center for adults 
with cognitive limitation, there was a participant who no one thought could under-
stand pictures. There had many opportunities for him to react to them in the picture-
rich setting the center provided, but he had never revealed by facial expression if he 
was interested or not, or if he understood anything. One day, they were showing a 
homemade video of the participants involved in a variety of activities. There were 
two short scenes in which the man in question appeared: one where he was wash-
ing dishes, and another in where was showing off his wallet and keys. On both occa-
sions, he demonstrated by gestures, mime, and sounds that these scenes affected 
him in an entirely different way than anything else on the video. It was apparent that 
he indeed could identify himself and what he was doing in visual images, which was 
of great signifi cance for continued work.

16.4.4 INFLUENCE OF USERS ON A PROTOTYPE AND A PROCESS

As already mentioned, the mere involvement of users is not the sole criterion for deter-

mining if a design process is ethical or not—it all depends on the spirit and quality of 

the involvement, the open-mindedness, and eager listening of the participants and, not 

least of all, the ethics of the result. The resulting artifacts, in turn, are also carriers of 

ethics and they infl uence other human beings in a more or less ethical manner.

The tacit knowledge of users can lead to innovative product design. In the 

 Swedish Hand Tool Project [33], users’ problems and needs were a common fea-

ture of the whole process. The project can be described as a “design for users with 

users”  process [28] since both scientifi c knowledge about and implicit knowledge 

of the users were applied. The project started with a kick-off meeting at which all 

the groups of actors together defi ned negative values of hand tools that should be 
� 2008 by Taylor & Francis Group, LLC.



FIGURE 16.8 Interaction design.
avoided in the development of improved products. Aspects of visual esthetics were 

also included. Questionnaires were sent out to representative workshops of the par-

ticipating companies: ABB, SAAB Automobile, Samhall, Scania, Volvo Car Cor-

poration, Volvo Car Uddevallaverken AB, Volvo Truck Corporation, and about 30 

small- and medium-sized enterprises (SMEs). In the questionnaire, users were asked 

to describe their worst hand tools in terms of the negative values mentioned and to 

comment on them (Figure 16.8). They were also asked to describe the use of the 

tools in terms of body posture, arm positions, and time factors and to estimate how 

many operators use the tool (e.g., 5 out of 27) as well as to describe the approximate 

distribution of age and gender. Finally, users were asked to take pictures of the tool 

and a typical use situation.

Four hundred completed questionnaires were returned. A wide variety of hand 

tools were represented and classifi ed according to frequency in the participating 

companies, daily frequency of use and degree of problem. Based on this data, the 

ten “worst” tools were identifi ed. The representative workshops where these tools 

were used were then visited. Typical use situations were fi lmed. The users rated 

use symptoms on a perceived exertion and pain scale [58] and were interviewed 

with a customer satisfaction scale. They also provided qualitative comments on their 

ratings. At the end of each visit, there was a brainstorming session where users 

and other key people in the workshop wrote down their ideas for improvements. 

These ideas were then categorized and discussed by the whole group. On the basis of 

these fi eld studies, user requirements were formulated in qualitative terms for both 

the selection of products already on the market and for the design and ergonomic 

evaluation of prototypes. The user requirements for the 10 selected hand tools were 

accompanied by ergonomic specifi cations.
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The tool identifi ed as causing the most frequent problems was the  engineering 

hammer, an all-round hammer with a wooden handle. The photos as well as the 

video recordings showed that some female users held the hammer close to its 

head. When asked why, they replied that in precision work it is effi cient to hold the 

hammer that way and that holding it in its distal part caused wrist pain because 

of the tool’s poor balance. Furthermore, the hammer’s professional image was 

regarded as being rather weak. These were highly important keywords and the 

starting point for innovation. A well-balanced prototype was designed to be eval-

uated, along with the original hammer, in an ergonomics laboratory by expert 

users from industry.

Muscular activity and wrist movements were measured. The eventual symptoms 

were rated and localized on body and hand maps. The qualities of the product were 

evaluated with the customer satisfaction scale. The hammer was modifi ed and could 

then be commercially launched with the user requirements as “ergoments,” as were 

the ergonomic arguments marketed within the project. The hammer is designed at a 

modular tool. It is possible to assemble parts and handles of various shapes and/or 

sizes to suit different uses and users. Characteristic qualities of the hammer are opti-

mized distribution of weight, a handle with a diameter that makes it possible to grab 

in different ways, and grip surfaces that provide comfort and reduce grip force by 

means of adequate friction. Finally, the hammer is visually appealing. It is a physical 

representation of the initial user requirements and thus it is no wonder that it is still 

available at the market.

16.5 FUNCTIONING

Functions are situated in a context, as are obstacles to functions. Functions are 

located in the space between the individual and his/her surrounding.  Functions exist 

in concrete and well-defi ned situations but are not a property of the  individual. 

Individuals neither can nor should be classifi ed by the function concept. Thomas 

[59] makes a distinction between disability and what she calls “impairment effects.” 

Impairment effects are, for example, that blind people (with today’s technology) 

are unable to safely drive a car or that someone in a wheelchair cannot play ice 

hockey on the local team. This becomes a disability, though, only if driving a car 

is a condition for obtaining paid employment [60], or if a person in a wheelchair 

wants to pursue a carrier as a professional hockey player. According to the defi nition 

of functions in this chapter, they deal with the effects of impairments in order to 

reduce disabilities. The interest is in identifying and analyzing the situations where 

an impairment can lead to a disability and  discovering how technology can affect 

this situation.

It is the experience of function, by the individual in the environment in which 

technology has been introduced, that is the measure of the function. Functions are 

thus assessed by how well they correspond to the desired action from the perspective 

of the individual and not relative to a preconceived norm. It is through long chains of 

functions that a day and a life are built. From the technological perspective used in 

this article, it is important to remove the concept of function from a purely mechanistic 

perspective and put it in a larger context with more variables.
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FIGURE 16.9 The function here is more about playing than about sitting.
A focus on functions could bring together the situated and relative perspective of 

disabilities found in the social model with the more individual and absolute perspec-

tive found in rehabilitation and rehabilitation engineering (Figure 16.9).

Sometimes there is a need to problematize space and to discuss functions from 

an environmental perspective rather than from an individual one. For example, to 

make sure a building is as accessible for as many people as possible, it can be of 

interest to discuss functions from a number of hypothetical cases. For each and every 

one of these, a number of functions are enabled. Together they constitute the function 

opportunities of the environment.

An important factor to establish is that it is the person involved in the function, 

the owner of the function, who decides what a good function is. This is referred to as 

“ownership of the function.”

There is a concept in the ICF called “functioning.” This is not to be confused 

with the environmental and situated concept of function described here. Functioning 

in the ICF is defi ned as “an umbrella term for body functions, structures, activi-

ties, and participation. It denotes the positive aspects of the interaction between an 

individual (with a health condition) and that individual’s contextual factors.” Body 

functions in the ICF defi nition are the “physiological functions of body systems 

(including psychological functions).”

The important difference is that function, as described in this article, never 

refers to bodily functions, but only to the realization of a desired action. Function 

cannot be assessed as an absolute measure, but only relative to the desired action, 

and situated in a context with appropriate function support. Functioning in the 

ICF includes body functions and structures; function as described here is fi rmly 

placed in the space between.
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FIGURE 16.10 A line down the middle of the road is a function support for drivers.
16.5.1 FUNCTION SUPPORT

An important concept to understand when discussing function is the concept of func-

tion support. Function support refers to what is needed to perform a function. It can 

refer to technology or to a person and it is made up of those requirements necessary 

to perform a function according to the wishes of the function owner. Function sup-

port always corresponds to a given function, but a function does not necessarily have 

dedicated function supports (Figure 16.10).

There are two main categories of function support: technological and human. 

These two can be combined in a number of ways for the execution of a function. 

Human function support refers to when another person is a part of the execution. 

All other supports are classifi ed as technological function supports, including 

the use of one’s own body to perform a function. The difference between using 

human or technological function support is that the former has a will of its own. 

This can be a very concrete and tangible problem, something well known to all 

users of personal assistance. Technology has no will of its own, but is an exten-

sion of the user’s will. In principle (and in this context), there is no difference 

between using a wrench or the hand to fasten a screw nut, but having an assistant 

do it does constitute a difference. There is no difference between walking and 

driving your own wheelchair, but if your personal assistant (PA) pushes your 

wheelchair it constitutes a difference in terms of attitude, control, and enabling. 

In this context, using one’s own body is considered to be more similar to using a 

technical aid, since it is an extension of individual will.

It is inevitable that the use of human function support in the form of personal 

assistance constitutes a fi lter to the surrounding world, amplifying or reducing 

it. Still, the use of human function support is often an unsurpassable system for 

enabling a function, since the possibilities for adjustment and adaptation to the 
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environment are very high. One big problem with human function support is the 

loss of control for the user. In a system with technological function support, there is 

a high level of control, but less fl exibility, and thus a lower enabling capacity. The 

concept of function support is used to ensure that the function involved is looked 

upon as situated.

16.5.2 DISABILITY “ACE”

Functions and function support can be analyzed by using the disability ACE 

(Attitude, Control, Enabling). These aspects can be seen as an attempt to integrate 

important perspectives on functioning into one concept. These factors are derived 

from and have their base in one of the author’s (Peter Anderberg) personal and 

professional experiences as a rehabilitation engineering professional and personal 

assistance user.

Attitude concerns how the function is perceived, framed, and socially con-

structed by others and by oneself in the context where it is used, i.e., to what extent is 

the function free from or affected by disablist and discrimination attitudes? Attitude 

is associated with the social model perspectives.

Control focuses on the extent to which the user, the owner of the function, has 

the power and right to defi ne and execute the function (its choice, development, 

execution, and fi nancing). Control aspects are closely related to independent living 

perspectives. It is necessary to clarify that this control must include the right to 

decline any use of assistive technology or function solutions that for some reason do 

not fi t the needs of the individual user.

Enabling validates how well the constructed implementation of the design, its 

technology, fi nancing, fl exibility, physiognomy, etc., matches the individual’s wish 

to perform the desired actions. Enabling is the traditional approach in rehabilitation 

technology and design.

16.6 USERS’ EMOTIONAL EXPERIENCES OF PRODUCTS

Although functionality always has been, and will remain, an essential precondition 

for product satisfaction and market success, emotional experiences infl uence how 

a product is received. In today’s culture, there is evidence of the increasing impor-

tance of a product’s emotional experience as a driving force of product acquisition 

and use. Methods for capturing the emotional needs of consumers, incorporating 

them into the design process and measuring consumer’s emotional response are not 

yet properly developed, and certainly not standardized [61]. Norman [62] argued 

that if the design does not make sense to users it can cause considerable frustration 

and there are many artifacts that in Norman’s view can be defi ned as being poorly 

designed in that sense. One way for the designer to avoid frustration in response 

to a product is to use a salutogenic approach in design practice. The designer then 

tries to identify and strengthen those aspects in the artifacts that help the user 

to cope with  adversities (Figure 16.11). The concept salutogenic [63] builds upon 

a sense of coherence to optimize one’s chance of handling a situation or prob-

lem and can be divided into three categories: (1) comprehensible—understanding 

the  problem; (2) manageable—having suffi cient resources at ones disposal; and 
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FIGURE 16.11 Who decides? Whose identity is strengthened or threatened?
(3) meaningful—the wish to cope with the problem (which is the most impor-

tant category). Ilstedt-Hjelm [17] translated Antonovsky’s concept into products. 

How do you successfully interact with an object? Here “meaningful” stands for the 

user’s motivation to connect with the object; its degree of emotional signifi cance. If 

the user feels meaninglessness when interacting with a product, the feeling might 

spread to other parts of life and in the long run hurt the user emotionally, which 

can result in burnout or depression. A product that the user does not wish to interact 

with will not be considered meaningful for that person, and such a product will 

elicit emotions, which will be expressed as unpleasant feelings.

Products that are initially designed to meet both functional and emotional needs 

will be experienced positively by the users, contribute to their pride, and even a 

strengthened self-concept. Today, assistive products have a low market share com-

pared to ordinary products. Most manufacturing companies do not deal directly with 

persons with disability as customers since it is most often other actors who prescribe 

and order assistive products for the end user. A person who needs a specifi c assis-

tive product will have to be satisfi ed regardless of how they experience its esthetic 

or semiotic qualities and simply take what is offered in order to manage the day. 

In many cases, younger and able-bodied members of the population benefi t from 

products that were originally designed for people with some kind of disability. 

Examples are the ballpoint pen and the television remote control [11]. In some cases 

this effect can work in reverse, with products particularly designed for the able-bod-

ied bringing benefi ts to disabled users [11]. Jordan mentions the hands-free telephone 

and speech technology as examples.
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When a user interacts with a product, they will have an experience, a sensation 

of that interaction through all her senses. Such an experience can last over time, 

and takes place on both physical and cognitive levels. The boundaries of an experi-

ence can be expansive and include the sensorial, the symbolic, the temporal, and the 

meaningful. A product’s sensual values can be divided into how the senses interpret 

them, i.e., through the visual, audio, or tactile channels. The dominant sense is the 

visual; what we see frequently refl ects our feeling about products. Combined with 

the tactile sense, they often determine if we like a product or not [13].

It is important to note that human perception is selective. According to Vihma 

[64], when a person looks at a three-dimensional product the interpretation begins 

from a detail and proceeds to other details as the person gazes at it (Figure 16.12). 

The interpretation does not start from a predictable part of the product. The detail 

may be referred to as an iconic sign. The product’s details are then thematized 

with the help of one’s references to the iconic signs. Vihma defi nes iconic signs as 

the recognition of similarities between the representational form and the actual 

object. An iconic sign is bound to culture and to subjective impressions, and 

can be explained and discussed with other people by relating the interpretation. 

Different signs merge in a person’s experience of a product. Signs do not function 

separately and individually, but form multilayered references. The complexity 

of the sign is increased because the references are not stable or fi xed qualities of 

the product.

In a product–user relationship, users may appreciate different product values. 

Ottosson [65] divides these values into three categories: functional, sensual (percep-

tual), and image. They are all related to one another. Functional values go hand in 

hand with good function of products and are, in general, hidden within the product. 

Sensual values come to us from the surfaces of the product through our senses. 

Image values represent the appearance we have in our minds of the virtual product. 
FIGURE 16.12 One single fl ower yields a manifold of associations.
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These values represent characteristics that should present the product to the user at 

the stage where a potential buyer becomes an owner. Consumers acknowledge soft 

values—sensual and image values—to a higher degree than only considering the 

fulfi llment of functional values [65] when they are faced with the decision of buying 

or not buying a product. This is in agreement with Hasdogan [66] who stated that 

consumers only consider cost, appearance, and brand image, for example, and do not 

include usability or functionality since they are only potential and not necessarily 

actual users.

Norman [62] argues that in order to be truly beautiful, wondrous, and plea-

surable, a product has to fulfi ll a useful function, work well, and be usable and 

understandable. An object that is genuinely beautiful is no better than one that is 

only pretty if they both lack usability. The design challenge is to make usability 

and beauty go hand in hand. When dealing with product design, desirable product 

values can be defi ned as those qualities within a product that attract the user or 

make him wish to own the product; qualities that make the user feel a passionate 

relationship to the product. Avoidable product values will then be such qualities 

that affect that relationship negatively, break it off, or prevent it from even being 

established.

For a user to make a long-term attachment to a product, functionality and usability 

come before esthetics and identity (taste and value). When two products have 

exactly the same function and usability, the user’s taste and value can be more eas-

ily expressed. Eikelenberg et al. [67] conclude that comfort and satisfaction can-

not be discussed in isolation; they should always be seen as part of an integrative 

approach. Translated to feelings, these arguments could be expressed as follows: 

pleasant feelings are associated with both emotional and physical aspects of prod-

ucts and unpleasant feelings with the absence of physical aspects. An unpleasant 

feeling never stands alone; it is always integrated with a product’s functionality. 

Aboulafi a and Bannon [68] distinguish between three feelings related to the time the 

customer interacts with a product: (1) Affection (short time). This is the immediate 

response to a design and is therefore especially important in the purchasing situation. 

(2)  Emotion (medium time). (3) Sentiment (long time). This is experienced on a 

longer term (months/years). Esthetics and emotions are of signifi cant importance 

in consumers’ interaction with any designed artifact. In fact, Norman claims that 

an attractive appearance, which creates positive emotions and feelings, can help to 

improve the experience of function and usability [69,70].

A product can be defi ned by its properties. Properties can be either formal 

or experiential [11]. Formal product properties are those that can be objectively 

measured or that have a clear and fairly unambiguous defi nition within the context 

of design. Experiential properties, meanwhile, are those that are defi ned in the 

context in which the product exists and of the views, attitudes, and expectations of 

the people experiencing the product. Aspects of a product can be referred to as the 

product elements. They can be seen as building blocks, which form a product. For-

mal properties are then manipulations of these elements. Jordan [11] defi ned six 

different elements a product can consist of: color, form, product graphics, mate-

rial, sound, and interaction design. Each of these can be expressed as both formal 

and experiencing properties, e.g., a form which is sharp and low is considered 
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to make a product faster. The formal property is “pointed” and the experiencing 

property “speedy.”

A product sends out messages formulated in a “language” that we see, hear, 

or feel. The language consists of signs, product semiotics such as forms, colors, 

sounds—elements that we associate with esthetics [13]. Product semiotics involves 

studying the way in which elements relate to one another, how they are organized 

into wholes, how they are arranged to create harmony, contrast, or dynamism. 

We use our senses to understand and interpret products. Design semiotics focuses 

on the artifact as carrier of signs and its capacity to carry and convey a message. 

From a design semiotic theory perspective, products may be analyzed and explained 

as a sign. A product should, through its design, convey the intended message to its 

user. If the user does not understand the product’s meaning or function through the 

design, it becomes inconceivable and may thus produce a negative response in a user 

situation [71].

Jordan [11] introduced design of pleasurable products as a part of the new human 

factors by using a product application of Tiger’s [72] four categories of pleasure: 

physio-pleasure, socio-pleasure, psycho-pleasure, and ideo-pleasure. Physio-pleasure 

has to do with the human body; it covers physical aspects of usability and also the 

tactile qualities of products. Socio-pleasure refers to the role that the product or 

service plays in relationships. Psycho-pleasure deals with the cognitive demands of 

usage as well as the emotional response that a product or service generates. Ideo-

pleasure is about our taste and values. If the products and services that we use refl ect 

our taste and values, we will tend to be much more positive about them than if they 

violate them. When a design team is creating a new product or service they should 

consider each of the four pleasures.

There is no guarantee that you have access to all your senses. Some people 

have to manage life without one or more, such as those who have vision and hear-

ing impairments. But most products are designed to be perceived by all the human 

senses. How will this affect the ability of people with impairments to understand 

the designer’s intent with a product? When designing for users with disabilities, the 

designer must offer the opportunity to interpret and perceive a product’s meaning 

with different senses on an equal level. One way the designer can achieve this is 

to consciously use an emotional approach when practicing design. The statement 

is contradictory since design for emotions and for the user’s response to a  product 

seems to be an obvious task for industrial designers. If you design a product, you 

would like it to be received as a product that most people like and use. You would 

like the user to respond positively to the product. It is more diffi cult to under-

stand what it is in the product and the user that results in a specifi c response. 

Design for Emotion comprises studying the emotional experiences of users with 

 products, as well as the emotional meanings assigned by users in relation to 

experience and interaction with products,  assessing how emotions vary with 

different user  characteristics and integrating users’ emotional expectations into 

the product development. It acknowledges the fact that the emotion is not a feature 

of the design, but a subjective experience of the user, owner, or observer of the 

product [61]. To sum up, products benefi ts from the designer having a conscious 

strategy and awareness that emotions are a complex interaction between body and 
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mind, that there are different aspects of a product that may elicit emotions in users, 

such as esthetics, functionality, brand, and personal associations, that emotions are 

personal and individual experiences, and different persons express different 

emotions toward the same situation, event, or physical objects. When you are in 

a vulnerable situation, like a user of assistive products, the emotional response to 

those products affects you as a person (identity) and society (norms and values). 

This makes design for emotion an evident choice of design strategy.

16.7 SPECIAL NEEDS, ENGINEERING, AND DESIGN

We would like to stress that the term “special needs” can be misleading. There 

are only human needs, more or less possible to satisfy by the individual herself, 

i.e., more or less in need of tools for their fulfi llment. It is not the needs of people 

with disabilities that are special—but their aids may need to be special. The aids 

are most often a combination of personal assistance and technological assistance, 

i.e., cognitive processes are distributed over people, time, and artifacts. As a result, 

they should not be studied in isolation but in actual interactive situations. Those 

who assist a person play a key role in the design processes, and the way in which 

their involvement and knowledge is put to use can make a major difference for the 

immediate results [73]. They also play a key role in the long run. When a high-

tech idea is introduced to a no-tech environment (without even passing through 

a low-tech one) and fi nds its place there, almost anything can happen. But there 

is an ongoing need for a “computer doorman” and a sounding board for evolving 

ideas. Things start happening when empowerment works and technology always 

develops more quickly than you imagine. At the same time, it turns out to have 

unforeseen effects. When, for instance, differently abled people are able to man-

age long chains of thought themselves through picture representation, one step at a 

time—many times over, new internal relationship perceptions and whole worlds of 

concepts are revealed, sometimes causing a revolution for all the persons involved 

(Figure 16.13).

“One cannot know until one has tried” is the fi rst of the lessons learned 

over and over again in different contexts [74,75]. We all have an urgent need for 

guiding principles in order to know how to attempt or at least initiate a complex 

design process. In addition to the FACE model, we would like to introduce the 

Security, conText, Experience/memory, and Precision (STEP) method for how 

to work with and evaluate design for special needs in its context. For an artifact 

or occurrence to be accessible to a person with cognitive disabilities, it should 

support the person’s awareness of Security, conText, Experience/memory, and 

Precision (STEP) [76].

The second lesson: “You cannot rely on needs to be formulated by themselves 

just because they exist. By providing a solution, technology can be a very good way 

of showing that a problem exists and what it consists of” [77].

The third lesson: To a high degree we are controlled by inner pictures: the end 

result often turns out to be amazingly like the original picture. Consequently, one has 

to make one’s inner pictures visible, for example, in the form of a mock-up, so that 

others can see it too, and provide constructive criticism as early as possible.
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FIGURE 16.13 All reactions, whether expected or surprising, deserve refl ection from the 

practitioners as well as the users.
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16.8  ENABLING DESIGN AND REHABILITATION 
ERGONOMICS AS A WHOLE

Our aim has been to illuminate how a nondiscriminating approach in design may 

contribute to products that meet users’ functional and emotional needs. Innova-

tions often promote the needs of majority groups, while those of underrepresented 

groups of users, such as women in car assembly and men in nursing or persons with 

disabilities, are often over looked. Taking their functional and emotional require-

ments into consideration in design and in the purchasing and supply of equipment 

will make them feel welcome at work and able to perform their jobs with pride 

and dignity. The visual design of products is important for the personal identity 

of employees, and also effects how underrepresented persons are approached by 

 managers and coworkers. Visual design also contributes to the communicated 

image of the  company. Participatory design means involving not only users but 

other stakeholders such as designers, manufacturers, distributors, and purchasers to 

learn about user requirements.

The expert knowledge of physical and occupational therapists is most important 

when designing for users, but these actors can hardly replace users. The contribution 

to the industrial design process from users is complementary that of professionals. 
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Both deserve to learn methods that are sensitive to differences in contents, structures, 

and environments. Taking the needs of a broad range of users into consideration in 

early phases of design will result in tolerant products that continue to support users 

in different circumstances and over a long lifetime, thus contributing to a sustainable 

society. The needs for specifi c solutions could be reduced as well. Design of system 

products including a large family of parts with different functional and esthetic char-

acteristics would make it possible to, within the same system, customize solutions for 

both able-bodied users and persons with disabilities, improving possibilities to meet 

a variety of functional and emotional needs.
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This chapter will examine the typical content and purposes of functional capacity eval-

uation (FCE), examine the characteristics of useful tests, and evaluate three widely 

used FCE test batteries. The focus will be on the clinical applicability of the tests and 

the valid inferences that can be made from testing. More than 800 tests and measures 

have been identifi ed that have been used to evaluate work-related disability [1]. These 

tests range from simple single-question rating scales to measure pain intensity, through 

to comprehensive test batteries made up of a large number of individual tests. A com-

mon criticism of the fi eld has been the proliferation of tests without rigorous testing of 

the measurement properties of the tests and batteries of tests [2–5].

FCE is generally described as a systematic, comprehensive, and “objective” 

approach to measurement of a person’s ability to perform work-related tasks safely 

and dependably [6–8]. Isernhagen [9] expands the meaning of the component terms: 

functional indicating meaningful or useful, capacity meaning maximum ability 

and evaluation meaning “a systematic approach including observation, reasoning, 

and conclusion.” This recognizes that the FCE is neither value-free nor entirely 

“objective,” but involves clinical reasoning and expertise as part of the process. The 

FCE may well be made up of a number of measurement procedures, but the resulting 

evaluation is “a judgement based on a measurement” and is a “judgement of the value 

or worth of something” [10].

Rather than being solely an evaluation of physical capacity, it may be more helpful 

to conceptualize FCE as a behavioral assessment in which performance is infl uenced 

by multiple factors including a person’s beliefs and perceptions [11,12].

FCE is generally considered to have a number of components (Table 17.1) [4–7]. 

Safety is considered an overriding concern and guidelines for conducting FCE 

on persons with medical conditions have been published [6]. The fi nal step in the 

FCE is the report writing in which the evaluator interprets the data and information 

collected in the preceding steps. The evaluator generally makes recommendations 

and judgments relating to the purpose of the FCE; for example to determine rehabili-

tation needs or to make return to work recommendations.

17.1 PURPOSES OF FUNCTIONAL CAPACITY EVALUATIONS

The purpose of the FCE will dictate the extent of effort or cost that is justifi ed. 

Matheson [1] proposed fi ve types of FCE of increasing complexity requiring increas-

ing time and expense to perform. The briefest FCE evaluates a person’s ability to 

perform specifi c tasks for the purpose of functional goal setting. Next is FCE for 
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TABLE 17.1
Typical Components of an FCE

Component Information Collected

Client/patient interview Past and current medical history

Social and vocational history

Psychological screening

Patient self-reports of function, quality of life, well-being

Physical examination Specifi c to diagnosis (neurological, musculoskeletal, respiratory, etc.)

Data collected are mainly in impairment domain (strength, fl exibility, 

aerobic capacity, sensory defi cits, balance, vision, hearing)

Functional performance Performance of relevant activities (e.g., lifting, climbing, 

manual handling)

Interpretation Comparison of results with normative data, with specifi c or general 

occupational demands
disability rating purposes that compares individual performance against normal 

values and quantifi es the person’s loss of work capacity. FCE for goal setting or 

disability rating may take less than 1.5 h. A longer FCE (3–8 h) is required for job 

matching and occupation matching where the person’s adequacy for a particular job 

or occupation is assessed. The most comprehensive use of FCE is the work capacity 

evaluation, which may take place over a number of days, and seeks to determine the 

person’s maximum ability for any or all occupations.

The FCE examiner must therefore select tests and measures of specifi c variables 

relevant to the particular purpose of the FCE. Given the diversity of purposes for 

which a FCE is performed, a single lengthy battery of tests applied to all clients is 

not an effi cient approach.

The application of tests in a clinical framework can be performed with three 

basic purposes in mind: to evaluate an aspect of health status, to predict a future 

event, or to diagnose a health condition. FCE is used for all three purposes as 

outlined in Table 17.2.

Testing for evaluative purposes relates to clinical decision-making in that the 

results of tests may inform rehabilitation decisions by determining the need for 

a particular type and level of treatment and can be used to monitor response to 

treatment by quantifying the changes that have occurred during the rehabilitation 

process. Test results may show a person’s condition has stabilized and act as an 

indicator of a therapy end point if no further improvement is expected. Tests used 

for evaluative purposes are often called “outcome measures” as they measure the 

outcomes of health care. Evaluative testing may also inform decision-making about 

return-to-work recommendations including identifying necessary modifi cations or 

adaptations to the working role or environment.

Diagnostic tests are used to determine the probability that a particular disease or 

condition is present or absent. The correct classifi cation rates determine the utility of 

a diagnostic test. FCE may be used diagnostically when the intention is to determine 

the presence or absence of invalidating variables such as submaximal or insincere 

effort or illness distress [7].
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TABLE 17.2
Purposes of FCE

Goal Objective Purpose

i.  Determine if physical capacity meets or exceeds work 

demands

Predictive

Clinical 

decision-making

i. Justify treatment Evaluative

ii. Plan treatment Evaluative

iii. Set goals Evaluative

iv. Establish baseline status Evaluative

v. Monitor progress Evaluative

vi.  Determine when maximum improvement has been 

achieved

Evaluative

vii. Identify persons at risk of poor outcome Predictive

Patient motivation i.  Alert worker to difference between perceived 

and actual capacity

Evaluative

ii. Challenge self-effi cacy or fear-avoidance beliefs Evaluative

Return to work 

decisions

i. Determine readiness to return to work safely after injury Predictive

ii.  Determine if physical capacity meets or exceeds work 

demands

Predictive

iii. Predict 8-h day endurance Predictive

iv. Recommend work restrictions Evaluative

v. Identify necessary work modifi cations Evaluative

vi. Determine barriers to return to work Evaluative

Legal determinations i. Quantify functional capacities in cases of litigation Evaluative

Disability 

determinations

i. Quantify functional capacity in cases of disability Evaluative

ii. Identify need for workplace accommodation Evaluative

Detection of invalidating 

variables

i. Detection of submaximal or insincere effort Diagnostic

ii. Detection of illness distress (e.g., nonorganic signs) Diagnostic
The characteristics of diagnostic tests and their interpretation is shown in Figure 

17.1 and Table 17.3 [13]. Misclassifi cation may have serious consequences, for exam-

ple, a person incorrectly diagnosed as making an insincere effort may be judged as 

malingering.
FIGURE 17.1 A two by two “truth” table.

Target condition
Present

Positive  
a

True positives
b 

False positives a + b 

Te
st 

re
su

lt 

Negative   
c

False negatives
d 

True negatives c + d 

a + b + c + d b + da + c

Absent
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TABLE 17.3
Defi nition and Calculation of Test Characteristics

Test Characteristic Defi nition Calculation

Sensitivity The proportion of people who have the target 

condition who test positive

a/(a + c)

Specifi city The proportion of people who do not have the target 

condition who test negative

d/(b + d)

Positive predictive 

value (PPV)

The proportion of people who test positive who have the 

target condition

a/(a + b)

Negative predictive 

value (NPV)

The proportion of people who test negative who 

do not have the target condition

d/(c + d)

Positive 

likelihood ratio

Likelihood of a positive test result in a person with the 

target condition, compared to the likelihood in a person 

without the target disorder

Sensitivity/

(1 – specifi city)

Negative 

likelihood ratio

Likelihood of a negative test result in a person with the 

target condition, compared to the likelihood in a person 

without the target disorder

(1 – sensitivity)/

specifi city

Accuracy The proportion of people who were correctly identifi ed 

as having or not having the target condition

a + d/
(a + b + c + d)

Prevalence The proportion of people in the sample who had the 

target condition

(a + c)/
(a + b + c + d)

Note:  Sensitivity and specifi city are read down the columns of the 2 × 2 table, while PPV and NPV are 

across rows.
When tests are made for a predictive purpose, test results in the present are used 

to predict a future event. The future event may be framed as a negative event (risk 

of injury, failure to return to work, sick days, disability) or positive event (sustained 

return to work, work capacity). The extent to which the test correctly predicts the 

future event dictates its utility. Screening for risk of some future event (e.g., not return-

ing to work or chronic disability) may be used to determine the type and level of 

rehabilitation required. The characteristics of predictive tests are the same as for diag-

nostic tests, with the future event being the “condition” being diagnosed.

FCE tests are predictive when used to determine readiness to return to work or 

suitability for a particular level of work. The prediction may turn out to be correct: 

a person judged to be able to return to work successfully does so (true-positive) or 

a person judged to be unable to return to work does not (true-negative). The predic-

tion may also turn out to be incorrect: a person judged able to return to work fails to 

successfully do so (false-positive), or the personal judged to be unable to return to 

work makes a successful return to work (false-negative). Incorrect predictions may 

have serious consequences for individuals.

Classifi cation of a person as being ready to return to work at a certain level is pre-

dicting that they are able to safely undertake the job requirements with a low risk of rein-

jury. In this case we need to know, given a positive test result (e.g., classifi ed as safe to 

return to work), the probability that this person will actually achieve a sustained and safe 
� 2008 by Taylor & Francis Group, LLC.



return to work. A test with high sensitivity would ensure that false-negatives were mini-

mized. A test with high specifi city would ensure that false-positives were minimized.

17.2 MEASUREMENT ISSUES

A test is “a procedure or set of procedures that is used to obtain measurements 

(data); the procedures may require the use of instruments” [10]. The terms “test” and 

“measure” are both used to indicate the procedure used to obtain a measurement.

It is not uncommon for therapists to label a test or measure as “objective” (usu-

ally indicating that the therapists are making the observation such as  measuring 

a joint angle) or “subjective” (usually indicating a self-report test such as a pain 

intensity rating) and to believe that the former is inherently more reliable and 

valid than the latter. This assumption is misleading as many tests administered 

by a trained observer, such as tests that require the observer to make categorical 

 judgments, involve arguably subjective judgments.

It is more helpful to consider whether the variable being measured is objective or 

subjective, rather than the test itself. Objective phenomena—such as weight, height, 

and range of motion—are directly observable and measurable. Other phenomena that 

cannot be directly observed, such as pain intensity, quality of life, or depression or 

anxiety or self-effi cacy, may be deemed subjective. Galleleo Gallelei famously said 

that we should measure what is measurable and make measurable what is not. With 

subjective phenomena the instruments developed to detect and measure the variables 

of interest are attempts to make measurable what is not directly measurable. The 

safety, reliability, validity, and practicality are the characteristics of tests that are 

pertinent, not whether the variable being measured is subjective or objective.

To judge the clinical utility of any test or measure we need to know the answers 

to two questions: how close is the observed measurement to the truth? and what valid 

inferences can be made from the measurement? The fi rst question relates to test reli-

ability, the amount of variability, error or “noise” in the measurement. The second 

question is about the validity of the test.

Tests are often described as having “excellent reliability,” or being “reliable and 

valid.” However, it is misleading to conceptualize tests as having intrinsic qualities 

of reliability and validity. The reliability and validity of a test relate to the purpose of 

the test. A test that has suffi cient reliability for a particular purpose may not be suit-

able for another purpose and a test that is valid for making one particular inference 

may not be valid for making another inference. A test with relatively poor reliability 

may be suffi cient for describing gross differences in function between groups, but 

would be insuffi ciently reliable for quantifying a score for an individual that could 

be compared to norms or to detect meaningful change over time in the variable of 

interest. In FCE, one may be able to make a valid inference about the change in per-

formance on a lifting task, but it may not be valid to predict workplace performance 

or future reinjury from that same test.

17.2.1 RELIABILITY

Test reliability is the extent to which different administrations of the test agree 

between raters or between testing occasions (or between equivalent forms of the 
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same test or parts of a test, although we will not be concerned with this aspect of 

reliability in this chapter). When a person is tested by different raters or on two 

occasions (assuming no change in the variable being measured), test results should 

ideally be identical. In the less than ideal real world, test results should be close 

enough to ensure that the decision made on the basis of test results would be the same 

at each test occasion. The reliability of a test is represented by the true variance in 

a score divided by the true variance plus error. Variance is the standard deviation 

squared and is a measure of the spread of the scores around the mean. As the only 

difference in the numerator and denominator is the error variance in the denomina-

tor, tests with a large amount of error will yield relatively low reliability coeffi cients, 

while those with a small amount of error will yield relative high reliability coeffi -

cients. A test with zero error would have a perfect reliability coeffi cient of 1.00. The 

closer the coeffi cient to 1 the smaller the amount of error in the measurement relative 

to the variability in scores. If there is a very small variability in scores, however, 

even a small amount of error variance can yield a relatively “poor” correlation coef-

fi cient because it represents a higher proportion of the total variance. For this reason 

researchers usually avoid samples for reliability studies that have a “truncated” or 

narrow range of scores.

The sources of error in measurement are the test itself, the rater, and the ratee. 

Even if a test has been reported to have a certain amount of measurement error, this 

can only be generalized to a clinical setting that utilizes the same instrument in the 

same standardized manner on similar subjects. Reliability studies on a particular 

population cannot necessarily be generalized to another population as the variability 

of scores and error in the new population may be quite different. For this reason, 

reliability studies on “normal” subjects can usually not be generalized to popula-

tions with disease or dysfunction. Measurement error can be minimized clinically 

by ensuring standardization of all aspects of the test (equipment, time of day, train-

ing of raters, instructions to subjects) and by strategies such as averaging multiple 

administrations of a test.

Commonly reported reliability statistics are percent agreement, kappa, and 

Spearman’s rank-order coeffi cient for ordinal or “nonparametric” data and Pearson’s 

Product-Moment coeffi cient, and variants of the intraclass correlation coeffi cient 

(ICC) for continuous or “parametric” data. Percent agreement is an overestimate of 

reliability as many of the agreements may be “chance” agreements. Kappa adjusts 

for chance agreement. Spearman’s rho and Pearson’s r are analogous statistics used 

for ordinal and continuous variables, respectively. Pearson’s r and ICCs are used 

when data are continuous and normally distributed (although the statistics are quite 

insensitive to violations of the assumption of data type and normality [14]). Where 

two datasets are systematically different (e.g., when all scores change in the same 

direction between tests) Pearson’s r will overestimate reliability. For this reason, 

and because it can be used for more than a single pair of observations, the ICC is 

generally considered the preferred statistic [15,16]. The ICC2,1 (the two-way random 

effects model, where each subject is tested by each rater) should be used when gen-

eralizations to other, similar raters is intended [15].

It is common for test reliability to be classifi ed as “weak” and “strong”; or “low,” 

“moderate,” and “high”; or “poor,” “good,” and “excellent” (or even smaller discrim-

inations) based on the magnitude of the reliability coeffi cient. Further, some authors 
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have proposed cut-points on which to judge whether a test is suffi ciently reliable 

for group or individual data purposes [16]. There is no universal agreement on the 

cut-points and for the purpose of this chapter, we will take the cut-points of Portney 

and Watkins [15] that a correlation coeffi cient or ICC or ≥0.90, or a kappa ≥0.80 is 

required for making decisions about individual subject scores.

The use of the reliability coeffi cient to determine if reliability is suffi cient for a 

particular purpose is limited. The coeffi cient does not express the amount of error in 

the same unit of measurement as the test and therefore the test user cannot determine 

whether the magnitude is tolerable for their particular purpose [16]. Rather, the test 

user needs to know, for a particular measurement, the range within which the true 

value will fall. In determining change in a variable over time the test user needs to 

know the magnitude of change in the observed score they would need to measure to 

be confi dent that the change is not due to error in the measurement.

A clinically useful expression of measurement error is the standard error of 

measurement (SEM). The SEM denotes the range within which the observed mea-

surement will actually fall with 68% confi dence. When a change score is calculated, 

the most useful expression of measurement error is the minimum detectable change 

(MDC), which denotes the magnitude of change that needs to be observed before it 

can, with a defi ned level of confi dence, be said to exceed measurement error. The 

confi dence level of 90% (MDC90) is has been suggested as an appropriate level 

for clinical decision-making [17]. In this chapter, the SEM and MDC90, when not 

reported, have been calculated from studies that report a reliability coeffi cient and 

standard deviation of scores by means of Equations 17.1 and 17.2.

 = −SEM sd 1 r  (17.1)

where sd is the standard deviation of the scores, and r is the reliability coeffi cient:

 = ±
90

MDC 1.64(SEM 2) 
(17.2)

Test responsiveness or sensitivity to change is said to be the ability of a test to detect 

small but meaningful changes over time. This proposed measurement property is 

problematic in that there is no agreed statistic that can consistently be used to judge 

responsiveness [18]. The ability of a test to detect change over time can be judged 

by the MDC (the magnitude of change to be confi dent that the observed change 

is greater than measurement error). Whether or not the amount of change is clini-

cally important can be judged against the minimum clinically important difference 

(MCID), which is the smallest amount of change that would be considered impor-

tant by patients or other stakeholders [19]. In this chapter, the MCID is estimated, 

when not reported in the studies, by one-half of a standard deviation of baseline 

scores [20].

When test scores are used to make a decision with serious consequences for the 

subject (such as whether or not the person is or is not ready to return to work) or on 

which compensation decisions are to be made, the reliability of the test is paramount. 

A test with good reliability will minimize the chance that a different decision would 

be made by different raters or at different testing occasions.
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17.2.2 VALIDITY

Validity is “the degree to which evidence and theory support the interpretations 

of test scores” [21]. It is important to avoid conceptualizing validity as something 

inherent to the test and keep in mind that validity relates to the inferences that 

can be made from the test results. Validity is therefore not something that can be 

demonstrated “once and for all,” but evidence for the validity of particular infer-

ences is provided by a range of study designs that support a logical argument for the 

intended use of test scores [21].

Evidence for the validity of inferences that can be made from a test score can be 

derived from many sources. Expert judgments are often used as evidence for face 

validity and content validity of a test. Evidence for criterion or concurrent validity 

involves comparison of the test scores with scores on a “gold standard” test. When a 

test purports to measure a readily observable phenomenon for which a gold standard 

test exists, evidence for validity is demonstrated in a relatively straightforward man-

ner. For example, the use of results from the modifi ed Schober method (or any other 

method) to make inferences about lumbar fl exion would be supported by a study that 

demonstrates a strong relationship between test scores with measurements of lumbar 

fl exion taken from plain x-rays.

When the test and gold standard are administered at about the same time it is 

called criterion validity, and when a test result is used to predict a future event it is 

called predictive validity. Tests that are used to predict a future event or health state 

require evidence of predictive validity.

Evidence for construct validity is particularly relevant when the variable or 

construct of interest cannot be directly observed (such as pain, depression or qual-

ity of life). Study designs that provide evidence for construct validity are those that 

test the expected relationships between test scores to scores on other tests of the 

same or similar constructs (convergent validity) and tests of different constructs 

(discriminant validity). Known-groups validity is demonstrated when test scores 

from groups known or believed to differ on the construct of interest are signifi -

cantly different.

The measurement property that is termed “responsiveness” is best considered as 

a form of construct validity that tests the hypothesis that mean scores will change 

in an expected direction or by a particular magnitude. It is now understood that the 

many responsiveness indices or “longitudinal validity coeffi cients” [22] do not yield 

consistent results and are therefore of limited utility in describing the measurement 

properties of tests [18,23].

FCE tests are variously defi ned as measuring “maximum work abilities” [7], the 

“ability to perform work-related tasks” [6], “current physical abilities in work-related 

tasks” [24], and the “ability to perform meaningful tasks on a safe and dependable 

basis” [1]. The positive construct of “ability” can be alternatively framed negatively 

as “disability.”

There is no independent, objective gold standard test of functional capacity. 

Evaluations of capacity or limitations made by the patient, the doctor, or an FCE 

evaluator, yield different results and there is no way of knowing which is clos-

est to the “truth.” Broewer and colleagues [25] had patients, physicians, and FCE 
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 evaluators rate capacity on a consistent scale and found that self-reported disability 

was worse than physician-rated disability, which was in turn worse than the level 

of disability estimated by the FCE evaluator. Biases (sources of error) operate in 

each case and there is no “value-free” method of quantifying a construct in which 

 complex biopsychosocial and behavioral factors are operating.

A body of evidence relating to the construct validity of a test may be available 

that supports the use of a test as a measure of change in physical performance. At 

the same time there may be evidence that it cannot validly predict a future event and 

therefore the use of the test results to make inferences about whether or not a person 

can return to work without risk of reinjury is not supported.

Validity of tests used for diagnostic and predictive purposes is demonstrated in a 

properly designed study that quantifi es the extent to which test scores correctly clas-

sify the persons tested as either having or not having the condition of interest, or as 

experiencing or not experiencing some future event. As no tests are 100% accurate 

in their ability to classify correctly, statistics such as sensitivity,  specifi city, positive 

and negative predictive values are required to allow quantifi cation of the probability 

of being correct. Clinical decisions are therefore made on the balance of probabilities 

that the test result correctly classifi es the individual on the variable of interest. “High 

stakes” tests, where incorrect classifi cation has serious consequences, will generally 

need very high sensitivity and specifi city so that false-positives and false-negatives 

are minimized. Credible studies of diagnostic test accuracy will assemble an appro-

priate spectrum of patients, will have blinded and independent persons apply the two 

tests, and will ensure that all persons have both the index text and the gold standard 

test [26]. Credible studies of predictive tests will assemble a suitable cohort, will 

have blinded and independent persons collect the predictor and outcome variables, 

and will have complete follow-up. For predictive models using multivariate analysis, 

the utility of the predictive model should be confi rmed on a new sample.

17.3 EVIDENCE-BASED FCE

Like all contemporary health care activities, FCE should be based on the best avail-

able research evidence. Evidence-based practice has been defi ned as the “integration 

of best research evidence with clinical expertise and patient values” [27]. The type of 

research evidence that is best able to provide answers for specifi c clinical questions 

varies with the type of question. The best research evidence is that which seeks to 

provide the least biased answer (closest to the truth) to the particular research ques-

tion. Research designs are therefore ranked in a hierarchy of evidence where higher 

levels of evidence are considered more convincing. In hierarchies of evidence, the 

highest level of evidence is the systematic review. A systematic review is a rigorous 

approach to appraising all available primary evidence to answer a specifi c question. 

A systematic review differs from a narrative review in that it is itself a research 

design that seeks to minimize bias. An unbiased review method involves a systematic 

search for available studies, the application of inclusion and exclusion criteria and 

critical appraisal of the quality of the included studies by at least two independent 

reviewers [28].

Few systematic reviews have so far been published in the area of FCE (Table 17.4). 

Systematic reviewing of research evidence relating to treatment effectiveness has 
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TABLE 17.4
Systematic Reviews of FCE

Authors Title

Innes and Straker [2] Validity of work-related assessments

Innes and Straker [3] Reliability of work-related assessments

Geusser et al. [29] Psychosocial factors and FCE among persons with chronic pain

Gouttebarge et al. [24] Reliability and validity of FCE methods: A systematic review with 

reference to Blankenship system, Ergos work simulator, Ergo-Kit 

and Isernhagen work system

Wind et al. [30] Assessment of functional capacity of the musculoskeletal system in 

the context of work, daily living, and sport: A systematic review

Shechtman et al. [31] The use of the coeffi cient of variation in detecting sincerity of effort: 

A meta-analysis
had a longer history than systematic reviewing for other types of clinical questions. 

The Cochrane Occupational Health Field, which aims to gather evidence on the 

effectiveness of occupational health interventions, at the time of writing (early 2007) 

listed 40 completed Cochrane systematic reviews and 12 reviews in process that had 

relevance to the occupational health fi eld.

Earlier in the chapter the purposes of FCE testing were classifi ed as evaluative, 

predictive, or diagnostic. Because we are interested in a test or set of tests, ques-

tions about the reliability and validity of the particular test or tests are relevant. For 

predictive purposes our question is whether FCE can accurately predict the event of 

interest (who will/will not return to work successfully, who will/will not experience 

reinjury). For diagnostic purposes, we could ask if observers can accurately detect 

maximum patient effort in FCE tasks or if the FCE can correctly determine the level 

of disability.

It seems that the most valued purpose of the FCE is predictive, i.e., a judgment is 

made on the basis of testing as to the extent to which the person’s capacity exceeds 

the job demands and, therefore, whether or not the person can return to work in a 

controlled and safe manner [6].

17.3.1 WHAT PREDICTS RETURN TO WORK AND SICK LEAVE OUTCOMES?

A number of systematic reviews of prognostic factors have been published since 2000 

in the fi eld of occupational disability in low back pain (Table 17.5) or that have a 

component relating to occupational disability [32]. In these reviews, a large number 

of demographic, social, psychological, and physical variables are identifi ed as prog-

nostic indicators of sickness absence and return to work. The review by Waddell et al. 

[33] reported strong evidence for age, psychological distress, job satisfaction, duration 

of sick leave, employment status, fi nancial incentives, and expectations about return 

to work as strong predictors of future incapacity for work. A worker’s own expecta-

tions about returning to work have frequently been identifi ed as a predictor of return 

to work and duration of sick leave [32–35].
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TABLE 17.5
Systematic Reviews of Prediction or Prognosis 
in Low Back Related Occupational Disability

Authors Title

Truchon and Fillion [35] Biopsychosocial determinants of chronic disability and 

low back pain: A review

Mondloch et al. [32] Does how you do depend on how you think you’ll do? A systematic 

review of the evidence for a relation between patients’ recovery 

expectations and health outcomes

Linton [37] Occupational psychological factors increase the risk of back pain: 

A systematic review

Borge et al. [38] Prognostic values of physical examination fi ndings in patients with 

chronic low back pain treated conservatively: A systematic literature 

review

Crook et al. [39] Determinants of occupational disability following a low back injury: 

A critical review of the literature

Pincus et al. [40] A systematic review of psychological factors as predictors of 

chronicity/disability in prospective cohorts of low back pain

Waddell et al. [33] Screening to identify people at risk of long-term incapacity for work

Hartvigsen et al. [41] Psychosocial factors at work in relation to low back pain and 

consequences of low back pain; A systematic, critical review of 

prospective cohort studies

Steenstra et al. [42] Prognostic factors for duration of sick leave in patients sick listed with 

acute low back pain: A systematic review of the literature

Kuijer et al. [34] Prediction of sickness absence in patients with chronic low back pain: 

A systematic review
The physical demands of work appear to be only a weak predictor of chronic 

pain and disability [33] and lifting capacity appears to have no predictive value 

for future low back pain, disability, or return to work [34,36]. There is limited 

and contradictory evidence that matching physical capacity to job demands 

reduces future low back pain or work absence [36]. At this point in time, there-

fore, it appears that the use of the functional capacity component of the FCE for 

prediction purposes should be made cautiously, if at all. The number of variables 

operating in the process of injury, rehabilitation, and return to work suggests that 

a single or even small number of variables will not be found to accurately predict 

outcomes.

17.3.2 CAN INSINCERE EFFORT BE DETECTED?

A judgment of the sincerity of effort, or maximal effort, or full cooperation of the 

testee is included in many FCE approaches on the basis that less than maximal effort 

invalidates the testing process. This is particularly the case where lifting capacity 

tests are used to classify the level of lifting that will be recommended as suitable 
� 2008 by Taylor & Francis Group, LLC.



for the individual. As the construct of “sincere or maximal effort” is not directly 

observable methods have been proposed that purport to “diagnose” the underlying 

presence or absence of the variable. However, there is no good evidence that any of 

the methods in use are suffi ciently accurate to use with confi dence [31,43]. Incorrect 

classifi cation may have such negative consequences for the individual unless a test is 

available that has a very low rate of false-positives. Individuals who are incorrectly 

classifi ed as “insincere” or not making a maximal effort may be wrongly denied 

employment or compensation.

As we have already identifi ed, a large number of biological, psychological, and 

social variables may impact on the outcome of occupational injuries and rehabili-

tation. Conceptualizing the FCE process as a behavioral assessment [11,12] and 

attention to the specifi c factors that may be delaying a successful outcome for the 

individual is thought to be a clinically defensible practice [43].

17.4 EVALUATION OF FCE BATTERIES AND TESTS

Table 17.6 lists a number of named test batteries and tests specifi cally intended to be 

used to evaluate work capacity. Tests may be administered by a trained observer, or 

by the person being tested in the form of a self-report questionnaire or test. Pictorial 

Activity and Task Sort (PATS) instruments are one type of self-report test of work-

related functioning [44]. Matheson [44] suggests that PATS instruments may be used 

to identify inconsistencies between self-report and observed performance on FCE, 

to target and select FCE tests rather than administer an entire FCE battery, and to 

monitor response to treatment. PATS tests appear to have a number of advantages 

over more general activity-limitation questionnaires: they are work-focused and 

because of the use of pictures can be used more readily than text-based question-

naires for persons with low levels of literacy in English. The latter feature also means 

a larger number of activities can be rated in a more time-effi cient manner than test-

based instruments. Importantly, the inclusion of a self-report measure of function 

provides the individual’s perspective on their functional abilities.

Matheson [1] reported a thorough search located over 800 tests and measures 

relevant to FCE. Reviewers in this fi eld have frequently noted that many tests have 

little published information available with regard to their measurement properties or 

the evidence is inadequate [1–5,24,45]. It is therefore no simple matter for the prac-

titioner to select appropriate tests for measuring variables of interest for a particular 

purpose. The user must decide whether the cost of testing, which can be considerable 

in FCE, is justifi ed given the inferences that can be made. Low-cost and low-tech 

tests may be preferred over high-cost and high-tech testing when the  purpose is 

rehabilitation goal-setting and outcome evaluation. A higher cost and higher tech 

approach may be justifi ed when the purpose of testing is to match a  person’s ability 

with critical job demands.

Standards for tests are well established [10,21] so any test being considered for 

clinical use should be judged against widely accepted criteria (Table 17.7).

It is beyond the scope of this chapter to attempt any comprehensive evaluation 

of the measurement properties of the large number of tests that have been or are 

being used for FCE. Three widely used test batteries have been chosen to evaluate 
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TABLE 17.6
Some FCE Batteries and Tests

FCE Batteries/Tests

Acceptable Maximum Effort (AME)

Accessibility

ARCON

Baltimore (BTE) Work Simulator

Blankenship System

California Functional Capacity Protocol (Cal-FCP)

DOT Residual Functional Capacity Battery

ERGOS Work Simulator

Ergo-Kit FCE

Gibson Approach to Functional Capacity Evaluation (GAPP FCE)

Isernhagen Work Systems (IWS) FCE (now WorkWell FCE)

Key Method Functional Capacity Assessment

LIDO WorkSET Work Simulator

Matheson Work Capacity Evaluation

Pictorial Activity and Task Sorts (perceived capacity)

• RISC Tool Sort (RTS)

• WEST Tool Sort (WTS)

• Loma Linda Activity Sort (LLAS)

• Spinal Function Sort (SFS)

• Hand Function Sort (HFS)

• Activity Card Sort (ACS)

• Generalized Work Function Questionnaire (GWFQ)

• Multidimensional Task Ability Profi le (MTAP)

Physio-Tek

Polinsky FCE

Qualitative FCE

PWPE

Singer/New Concepts VES

Smith PCE

Sweat

Valpar Component Work Sample System

WorkAbility Mark III

Work Box

Work-Related Upper Limb Disorders FCE (WRULD-FCE)

WorkHab
in detail: the Isernhagen Work System or WorkWell FCE, the Physical Work 

 Performance Evaluation (PWPE), and the California FCP. This is not to say that 

these particular tests have measurement properties signifi cantly better or worse than 

other tests or each other: a head-to-head comparison study would be required to 

make such a judgment.
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TABLE 17.7
Criteria for Assessment of Tests

Criteria Determination

Safety When correctly administered, what are the risks of adverse events or injury?

Reliability To what extent do test results agree when the test is administered:

• By two raters? (interrater reliability)

• By the same rater on two occasions? (intrarater or test–retest reliability)

• At different times of the day?

What is the impact of testing on subsequent test results? (test reactivity)

Are results affected by test order?

To what extent does the test comprehensively sample the construct of interest? 

(content validity)

To what extent does the test yield results that:

• Are consistent with a “gold standard” test? (criterion validity)

• Correctly predict a future event? (predictive validity)

•  Are consistent with results of other measures of the same construct? 

(concurrent validity)

•  Discriminate between groups known to differ on the construct? (known 

groups validity)

Validity

Practicality Are the costs (equipment, training, time of testing and reporting, licensing fees) 

justifi ed by the purpose of testing?
A comparison of the test content is made in Table 17.8, and a comparison of the 

equipment and time requirements in Table 17.9. All test systems require a substantial 

outlay for purchase of equipment, manuals, and training. Cost outlay depends on the 

particular package purchased from the provider.

17.5  ISERNHAGEN WORK SYSTEMS FCE 
(WORKWELL SYSTEMS FCE V2)

The Isernhagen Work Systems Functional Capacity Evaluation (IWS-FCE), now 

called the WorkWell FCE,* was originally developed by Susan Isernhagen two 

decades ago. It is used in many countries, including the United States, Canada 

[12,46], and Australia [3]. Testing options are a 1 day protocol that takes 3–4 h, and 

a 2 day protocol that requires 1 h on the second day. Test administrators must be 

trained by a WorkWell Systems-approved faculty member.

For the lifting tests, weights are progressively increased with fi ve repetitions 

at each weight level [47]. Some of the tests (elevated work, kneeling, crouching, 

sitting, standing) require a position or activity to be maintained for a set time that is 

considered to be normal. Some tests measure the time taken to perform a number of 

movement repetitions [48].

* WorkWell Systems, 11E Superior Street, Ste 370, Duluth, MN 55802.
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TABLE 17.8
Comparison of Content of the IWS, PWPE, and Cal-FCE

Strength Sustained Positions Mobility Repetitive Movement Other

IWS FCE ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

PWPE ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Cal-FCP ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Note: IWS also screens balance and hand coordination.

S
ta

ir
s

C
ar

ry
in

g
 

b
il

at
er

al

C
ar

ry
in

g
 

u
n
il

at
er

al

P
u
sh

in
g

P
u
ll

in
g

S
it

ti
n
g

S
ta

n
d
in

g

E
le

v
at

ed
 

w
o
rk

 i
n
 

st
an

d
in

g

L
o
w

er
ed

 

w
o
rk

 i
n
 

st
an

d
in

g

L
o
w

er
ed

 

w
o
rk

 i
n
 

si
tt

in
g

R
ec

li
n
in

g
 

w
o
rk

K
n
ee

li
n
g

S
q
u
at

ti
n
g

W
al

k
in

g

L
ad

d
er

C
ra

w
li

n
g

S
ta

n
d
in

g
 

b
en

d

S
it

ti
n
g
 

b
en

d

S
ta

n
d
in

g
 

ro
ta

ti
o
n

S
it

ti
n
g
 

ro
ta

ti
o
n

S
q
u
at

ti
n
g

H
an

d
 

fu
n
ct

io
n

S
el

f-
re

p
o
rt

ed
 

ca
p
ac

it
y

E
ff

o
rt

L
if

ti
n
g
 l

o
w

L
if

ti
n
g
 h

ig
h

�
2008

by
T
aylor

&
Francis

G
roup,LLC

.



TABLE 17.9
Comparison of Equipment, Time, and Cost

Battery name Equipment Time Taken Cost

IWS FCE Weight crate, unilateral carry box, 

free weights and cuff weights, 

height-adjustable shelving, ladder, 

stairs, table and chair, overhead 

work wall system, force 

dynamometer and adjustable

track, heart rate monitor, 

sphygmomanometer, hand 

dynamometer, pinch meter,

hand coordination test, spinal 

function sort, foam, stop watch

Testing:

1 day option 

3–4 h

2 day option plus 

1 h on day 2

Report writing: 

20–45 min

Equipment~$2500

Training etc.~$3000–

5000 (depending on 

number of persons 

being trained)

PWPE Adjustable-height shelving, 

various boxes and containers, 

free weights, weight sled, step 

ladder, heart-rate monitor

Testing: 3.5–4.5 h

Report: 30 min

Packages start at 

~US$5000

Cal-FCP EPIC lift capacity test: lifting crate 

and weights, heart monitor, shelves, 

hand dynamometer, pinch gauge

Testing: 90–120 min

Av 84 (sd 17)

Total time including 

 report <2 h

Protocol starter set 

US$500

Equipment~US$4500

EPIC training $350
The level of effort on the lifting and carrying items is judged by the observer as 

light, moderate, heavy, or maximal on the basis of observations of accessory muscle 

recruitment, body mechanics, base of support, posture, control, and safety of move-

ment [47,49]. Testing is stopped by the observer if it is determined that maximum 

effort has been reached, or if further testing is judged to be unsafe [47].

The IWS-FCE battery has approximately 30 test items with the majority having 

been developed for the battery. Several preexisting tests have been incorporated: 

hand coordination is measured using the Purdue Peg Board or Minnesota Rate of 

Manipulation test, walking with the Shuttle Walk Test, and more recently the Spinal 

Function Sort (SFS) has been added to the WorkWell Systems FCE V2. Only the 18 

tests that form the core of the FCE will be evaluated in this chapter.

17.5.1 SAFETY

Test termination in the IWS-FCE occurs if heart rate limits are exceeded of if the 

 tester considers further testing is unsafe, or if the patient is unwilling to continue. 

One study has reported that a temporary increase in symptoms in people with 

chronic low back pain is common following a 2.5–3.0 h IWS-FCE protocol, but that 

exacerbations are short term and a return to pre-FCE levels can be expected [50]. An 

earlier study reported that when testing lifting and carrying tasks on consecutive 
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days, three of 28 subjects with work-related back pain failed to attend the second 

day and another three attended but said they could not perform any manual handling 

testing due to their low back pain [51].

17.5.2 RELIABILITY

In the ISW-FCE the observer makes a judgment, based on criteria, as to the level of 

effort being made by the person being tested and when a safe maximum lifting level 

has been reached. Three studies have examined the reliability of raters’ judgments 

of level of effort [49,52,53] and three have examined judgments of safe maximum 

lifting capacity [51,54,55].

17.5.3 RELIABILITY OF LEVEL OF EFFORT

Isernhagen [47] examined reliability of 12 raters’ observations of the video-

taped performances of the three lifting tasks. Subjects were three males cur-

rently receiving workers compensation benefi ts. The agreement coeffi cient 

(kappa) for intrarater reliability of effort categorization as light, moderate, or 

heavy was 0.68. In the second study [53], fi ve raters tested the lifting and carry-

ing tasks on four healthy subjects. No agreement coeffi cients were reported and 

although absolute agreement was 87%–96% between raters and 93%–97% within 

raters there is no adjustment for chance agreement in these values. In a later study 

by Reneman et al. [49], nine observers rating the videotaped performance of fl oor-

to-waist lift of 16 patients with chronic low back pain and 15 healthy subjects, 

reported kappa values of 0.50 and 0.58, respectively, for interrater classifi cation 

of lift effort as light, moderate, heavy, and maximal. Although all three stud-

ies concluded that trained observers can reliably categorize the level of effort 

in the lifting and carrying tasks, the extent to which this is transferable to other 

raters in real clinical situations is not clear as all studies used videotaped perfor-

mances and some used healthy subjects. The kappa coeffi cients do not exceed 

the minimum level of .80, which is the minimum for making judgments about an 

 individual’s results [15].

17.5.4 RELIABILITY OF SAFE MAXIMUM LIFT

Two studies have explored the extent to which trained observers can reliably deter-

mine safe maximum lifting on the fl oor-to-waist lifting task from videotaped 

performances [54,55]. In a study of interrater reliability [54], fi ve raters judged as 

either safe or unsafe the lifting performance of 30 healthy volunteers. Kappa agree-

ment coeffi cients ranged from .47 to .74 for ratings made without defi ned criteria for 

the categories, and .56 to .82 when criteria were defi ned, demonstrating the impor-

tance of explicit criteria in making categorical judgments. In another study [55] fi ve 

raters judged as either safe or unsafe the lifting performance of 21 patients with 

chronic low back pain. The kappa value for interrater reliability was .62 in one ses-

sion and .64 for ratings a day later. Intrarater reliability was .73. Kappa values gener-

ally did not exceed the minimum level of .80 and the clinical generalizability of these 

studies is unclear given the use of videotaped performances and healthy subjects.
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A third study (of interrater and test–retest reliability) used a realistic clinical 

observation by fi ve trained observers to determine safe maximum lifting  capacity 

(in kilograms) of 28 subjects with low back pain performing three lifting and three 

 carrying tasks of the IWS-FCE [51]. Raters observed real-time testing and docu-

mented the point at which they would stop the testing due to maximum lift being 

reached.  Subjects were rated on two occasions 2–4 days apart. Intraclass correlation 

 coeffi cients for interrater reliability ranged from .95 to .98, and test–retest reliability 

from .78 to .91. Using the minimum acceptable value of .90 for the ICC, the interrater 

reliability would be judged as acceptable, but the test–retest reliability as marginal 

at best. The SEM could not be estimated from the data reported in the study. There 

was a large variation between raters’ agreement on the factors limiting lifting, which 

ranged from kappa .47 to 1.00.

The SEM and the MDC could be calculated from three other studies that have 

examined the test–retest reliability of the IWS-FCE [56–58] and Reneman et al. [57] 

who administered 28 IWS-FCE tests to healthy subjects with a 2–3 week interval. 

The authors considered acceptable reliability as an ICC of at least .75. For the pur-

poses of making judgments for individual patients, we have taken a more stringent 

cut-point of .90. From this standpoint, only four tests reached these levels of reli-

ability: the fl oor-to-waist lift (ICC = .95), the two-handed carry (ICC = .90), right-

handed carry (ICC = .98), forward bending in standing test (ICC = .93). This study 

deviated from the usual protocol in that grip strength, hand coordination tests, and 

sitting and standing tolerance tests were not administered and modifi cations were 

made to nine tests. Brouwer et al. [56] used an identical modifi ed testing protocol on 

30 patients with low back pain but with a 2-week interval between testing 28 tasks. 

They reported ICC values between .75 and .87, and kappa values between .25 and 

1.00. No tasks had an ICC greater than .90, while four tasks (crawling, crouching, 

squatting, and rotation to the right in sitting) had a kappa value of least .80. A third 

study [58] tested two lifting and one carrying tasks on 50 patients with low back pain 

on two consecutive days and reported ICC values from .77 to .87.

Using the minimum ICC value of .90 as a cut-point does not allow the user to 

determine if the amount of error is tolerable for a particular purpose. Table 17.10 

provides calculations of the SEM, MDC90, and MCID derived from the studies. The 

SEM and MDC90 provide an indication of the amount of error in kilograms. The 

MCID, which is estimated as half the baseline standard deviation, provides an indi-

cation of the smallest amount of change (in kilograms) that would be considered 

clinically important.

From the table, it can be seen that for the fl oor-to-waist lifting task, the ICC 

ranged from 0.81 to 0.95. The best estimate of the SEM indicates that the actual 

value for the test will (with 68% confi dence) lie within ±3 kg or at worst ±7 kg. When 

retesting, a change of at least 8 kg and possibly as much as 16 kg needs to be observed 

to be 90% confi dent that this is beyond error in the measurement. The MCID may be 

as little as 4.7 kg or as much as 9.5 kg.

The differences in estimates of these values are due to the differences in the size 

of the correlation coeffi cient, the variability (standard deviation) of scores, and the 

sample sizes. The greater error in the Brouwer study may at least partly be explained 

by the 2-week retest period, over which time real changes in capacity may have 
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TABLE 17.10
Test–Retest Reliability of the IWS FCE Tasks

ICC SEM MDC90 MCID

Task 1 2 3 1 2 3 1 2 3 1 2 3

Floor-to-waist lift (kg) 0.87 0.81 0.95 3.4 6.8 4.3 7.9 15.7 9.9 4.7 7.8 9.5

Waist-to-crown lift (kg) 0.87 0.87 0.89 1.8 2.6 2.0 4.1 6.0 4.6 2.4 3.6 3.0

Short carry 2 hands (kg) 0.77 0.81 0.90 4.3 7.3 6.2 10.1 17.0 14.4 4.5 8.4 9.8

Long carry 2 hands (kg) 0.81 0.84 6.7 6.1 15.5 14.2 7.7 7.6

Long carry R hand (kg) 0.81 0.98 4.9 1.6 11.4 3.8 5.6 5.8

Long carry L hand (kg) 0.81 0.86 4.9 3.8 11.3 8.8 5.6 5.1

Pushing static (kg) 0.75 0.68 5.4 8.4 12.5 19.4 5.4 7.4

Pulling static (kg) 0.78 0.89 6.9 6.2 16.1 14.3 7.4 9.3

Shuttle walk (m) 0.84 0.64 54.6 70.6 126.7 163.9 68.3 58.9

Working overhead (s) 0.36 0.58 71.2 98.1 165.0 227.5 44.5 75.7

Forward bend standing (s) 0.96 0.93 20.8 49.1 48.2 113.9 51.9 92.8

Forward bend sitting (s) 0.72 33.9 78.7 32.1

Dynamic bending (s) 0.72 0.45 6.2 4.64 14.5 10.8 5.9 3.1

Squatting (s) 0.82 0.54 4.5 2.8 10.4 6.6 5.3 2.1

Rotation standing R (s) 0.60 0.66 5.1 5.3 11.8 12.3 4.0 4.6

Rotation standing L (s) 0.39 0.73 5.4 4.0 12.6 9.2 3.5 3.8

Rotation sitting R (s) 0.64 0.54 5.5 7.2 12.7 17.2 4.6 5.4

Rotation standing L (s) 0.45 0.72 7.8 4.8 18.1 11.1 5.2 4.5

Notes: ICC = Intraclass Correlation Coeffi cient, SEM = Standard Error of Measurement, MDC90 = Minimum Detectable Change (90% confi dence), MCID = Minimum 

Clinically Important Difference.

Study 1 = Reneman et al. (2002), Study 2 = Brouwer et al. (2003), Study 3 = Reneman et al. (2004). Study 1 and 2 sample was chronic low back pain, study 3 were healthy 

volunteers. The retest periods were study 1: 24 h, study 2: 2 weeks, study 3: 2–3 weeks.
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taken place. Two studies have also noted that lifting capacity tends to increase with 

repeated testing. One study [51] noted that subjects lifting capacity improved signifi -

cantly between test occasions 2–4 days apart: an average 3.9 kg for the fl oor-to-waist 

lift, and 2.5 on the front carrying task. Another study [58] noted an average increase 

of 1.2–3.1 kg or 6%–9% increase on maximum weight lifted or carried on consecu-

tive days. So it seems that at least some of the increase in lifting capacity on repeated 

testing is due to a practice or training effect.

A study that considered an immediate test–retest of the forward bend in standing, 

and the overhead work test in 44 healthy young adults reported Pearson correlations 

of 0.81 and 0.72 for the two tests, respectively [59]. With such a short retest period 

and using healthy subjects, this result does not have any direct clinical applicability.

17.5.5 VALIDITY

17.5.5.1 Content Validity

Evidence for the content validity of the ISW-FCE is provided by a comparison of test 

items with the U.S. Department of Labor’s 20 physical demands of work. The ISW-

FCE covers 16 of the 20 work demands (the items not covered are feeling, talking, 

hearing and seeing) [45].

17.5.5.2 Predictive Validity

The predictive validity of the ISW-FCE has been explored in six studies. Three  studies 

have found little or no relationship between IWS FCE test results and future recur-

rence in people with upper extremity disorders [12] and chronic back pain [60,61]. 

There is some evidence that better FCE performance, and in particular a higher 

lifting capacity, is associated with faster recovery in people with upper extremity 

disorders [12], chronic back pain [61,62], and other, unspecifi ed disorders [63]. How-

ever, many of these studies are retrospective and unblinded and provide no usable 

information as to the clinical applicability of these predictive fi ndings.

17.5.5.3 Diagnostic Validity

The ability of nine observers to determine the presence of submaximal effort in the 

fl oor-to-waist lifting task was correct for 85% to 90% of 15 healthy subjects, and 

100% of 16 subjects with chronic low back pain [49]. Correct rating of maximal 

performance was low: 46%–53% in healthy subjects and only 5%–7% of back pain 

patients. Ratings were of videotaped performances and the “gold standard” of effort 

were “duration, heart rate and self-rating of performance intensity.” The generaliz-

ability of the fi ndings to the clinical setting are doubtful given the use of videotaped 

performances, healthy subjects, and the use of pooled observer data.

17.5.5.4 Construct Validity

Correlations of test results on various aspects of the ISW FCE with self-reported 

 levels of pain and disability have been shown to be weak to moderate [64,65]. Scores 

on a measure of kinesiophobia showed no signifi cant association with ISW-FCE 
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 lifting ability [66]. Performance of the fl oor-to-waist lift task has been shown to be 

infl uenced by self-perceived disability, pain intensity, age and gender, and measures 

of physical functioning (by observed performance) and self-reported pain and dis-

ability appear to provide related, but not strongly correlated, information on physical 

functioning [11,25]. Weak associations between self-reported pain, disability, and 

FCE are consistent with other research that has noted the lack of a strong relationship 

between pain, impairment, and activity limitation [67]. A head-to-head concurrent 

comparison of the lifting tests in IWS-FCE and the Ergo-Kit FCE in healthy subjects 

[68] concluded that the two protocols for testing lifting capacity were not suffi ciently 

associated to be used interchangeably. The correlation between the two methods was 

moderate (r = .72), but the difference in maximum average amount of weight lifted 

was 6.2 kg, which was signifi cant (p = .000).

A cross-sectional study [69] examined the “ecological validity” of the static 

endurance tests of the IWS-FCE (overhead work, crouching, and kneeling) by test-

ing healthy subjects in environments with various levels of noise and requirement 

to work quickly. They found that the different test conditions that are aspects of a 

normal work environment did not infl uence the holding times on the tests.

Performance of the lifting and carrying tests by chronic low back pain patients 

in The Netherlands, Canada and Switzerland showed substantial differences in 

 maximum weights handled [46]. Patients in the Dutch sample on average lifted the 

 highest weights: 17 kg more than the Canadian sample and 14 kg more than the Swiss. 

The authors speculated that the differences were due to differences in the  testing 

protocols, patient characteristics, or the context of FCE.

A study of the IWS-FCE [25] found little agreement among estimates made of 

work-related limitations by patient self-report, clinical examination by a  physician, 

and IWS FCE. The highest levels of limitation were by self-report and lowest 

 levels by FCE. The authors emphasize that in the absence of any “gold standard” 

tests of limitation, we have no way of knowing which of these methods is clos-

est to the truth. Possible explanations for the differences are a desire to please 

(to do well when a health professional is testing) or underestimating  capacity on 

the self-report. This is consistent with the phenomenon that self-reports of activ-

ity limitation are higher when completed independently than when completed 

by face-to-face to interview [70,71]. Again, we have no way of knowing which 

should be considered the gold standard. The different perspectives on function-

ing provided by observational and self-report methods supports the inclusion in 

the latest version of the WorkWell FCE of the SFS, a self-report measure of work 

capacity.

17.6 PHYSICAL WORK PERFORMANCE EVALUATION

The PWPE was developed in the early 1990s by Lechner and colleagues [72] and is 

available from ErgoScience Inc.* The system is said to be used widely in a number 

of countries, including the United States, Canada, and Australia [73]. The PWPE 

comprises 36 tests arranged in six sections evaluating dynamic strength, position 

* ErgoScience Inc. 15 Offi ce Park Circle, suite 214, Birmingham, AL 35223.
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tolerance, mobility, fi ne motor skills, coordination, balance, and endurance. On the 

basis of number of repetitions, heart rate, duration of tasks, and observed physical 

signs, a “safe level of work” is determined for each task. For the strength, position 

tolerance and mobility sections (21 tests) the worker is categorized into one of six 

levels of work ability: unable to work, sedentary, light, medium, heavy, and very 

heavy work. An overall level of physical work ability is also made. Balance and coor-

dination are screened, not comprehensively evaluated. Endurance is projected from 

changes in heart rate response and performance. The rater also makes a judgment of 

the level of participation or cooperation of the person being tested as “self-limiting,” 

“full participation,” or “overextending.” This judgment is made by comparing the 

subject’s perception of maximum effort with observed physical signs such as use 

of accessory muscles and trunk alignment. Physical signs are also used to evaluate 

when maximum function is reached. Testing is terminated when the examiner judges 

a maximal safe effort has been reached [72].

17.6.1 SAFETY

The PWPE protocol requires screening for cardiovascular problems and instruction 

on “correct” lifting technique prior to testing [72]. No studies of safety have been 

published in the peer-reviewed literature.

17.6.2 RELIABILITY

Two published studies have examined interrater reliability of the PWPE [72,73] and 

two test–retest reliability [74,75]. Lechner et al. [72] examined interrater reliabil-

ity for pairs of physical therapists (from a total of 11) simultaneously assessing 50 

patients with musculoskeletal disorders. Durand et al. [73] had fi ve experienced rat-

ers and 41 patients with low back pain. Tuckwell et al. [75] had a single rater admin-

ister three tests from each section, with a 2-week interval between testing, on 24 

subjects with stable musculoskeletal conditions. Brassard et al. [74] tested 30 healthy 

workers. Table 17.11 shows the kappa statistics for ordinal data (agreement on the 

level of work and cooperation).

The study by Lechner et al. [72] yielded interrater agreement of 0.80 or more for 

judgments of subject cooperation for all items in the mobility section, for three of the 

position tolerance items and only waist-to-eye level lift and unilateral carrying in the 

dynamic strength section. These fi ndings were not replicated in the study by Durand 

et al. [73] who reported much lower kappa values for most of the tasks. In that study 

only three tasks, all in the position tolerance section, reached the 0.80 minimum: 

sitting, elevated work in standing, and kneeling. Interrater reliability for rating level 

of work reached 0.80 in the Lechner study for only the unilateral carry task, while in 

the Durand study kappa values of at least 0.80 were reported for 9 of the 21 tests.

The raters in both studies were trained and experienced therapists. In neither 

study were the raters absolutely independent as both were present at testing with 

one performing the testing and the other as a “silent observer” and kappa values 

may therefore have been overestimated. It is important to note that a slightly 

different kappa statistic was used in each study, confounding a direct comparison 

between the studies.
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TABLE 17.11
Comparison of Reliability Studies for the PWPE (Kappa Statistics)

Interrater

Cooperation Level of Work Test–Retest

Lechner Durand Lechner Durand Tuckwell Brassard

Dynamic Strength

Floor-to-waist lift 0.79 0.62 0.78 0.72 0.77

Waist-to-eye level lift 0.83 0.36 0.77 0.66

Bilateral carry 0.67 0.32 0.75 0.84 0.75

Unilateral carry 0.80 0.42 0.88 0.73

Push 0.67 0.25 0.62 0.82 0.75

Pull 0.56 0.60 0.68 0.79

LOW rating for section 0.74 0.81 0.49

Position Tolerance
Sitting 1.00 0.76 0.38 0.35

Standing 0.66 0.84 0.60 0.50

Elevated work—standing 0.71 0.82 0.67 0.80 0.44

Lowered work—standing 0.71 0.68 0.69 0.83 0.45

Kneeling 0.77 0.81 0.56 0.83 0.70 0.05

Lowered work—sitting 0.82 0.34 0.60 0.72 0.09

Squatting 0.84 0.55 0.59 0.65 0.20

Reclining reach 0.87 0.64 0.66 0.76 0.36

LOW rating for section 0.54 0.72 0.48

Mobility
Walking 0.97 0.66 0.50 0.84 0.37 0.67

Crawling 0.83 0.64 0.75 0.78 0.83
Climbing ladder 0.95 0.38 0.63 0.47 0.83
Climbing stairs 0.81 0.66 0.70 0.80 0.19 0.63

Repetitive squatting 0.87 0.63 0.33 0.70 0.60 0.67

Repetitive trunk 

rotation—standing

0.90 0.48 0.64 0.54 0.34

Repetitive trunk 

rotation—sitting

0.87 0.65 0.58 0.37 0.44

LOW rating for section 0.58 0.54 0.52

Overall LOW 0.76 0.43

Note: Lechner n = 50, musculoskeletal disorders, Durand n = 41 low back pain, Tuckwell n = 24 

musculoskeletal disorders, Brassard n = 30 healthy workers. Lechner used free-marginal kappa, 

Durand unweighted kappa, Tuckwell weighted kappa. Values of 0.80 or greater are shown in 

bold type.
The inter and intrarater reliability of the maximum lifting capacity on the fl oor-

to-waist lift from two pilot studies of 10 subjects each were reported as ICC3,1 

0.97 and 0.94, respectively, in a report on the effect of lumbosacral supports on 

abdominal muscle strength [76]. These values may not be generalizable to other 

raters [15].
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TABLE 17.12
Test–Retest Reliability PWPE Dynamic Strength Section

Task ICC Lower Upper SEM Lower Upper MDC90 Lower Upper MCID

Floor-to-

waist lift (kg)

.88 .76 .94 6.74 4.76 9.53 15.63 11.05 22.10 9.73

Waist-to-eye 

level lift (kg)

.81 .64 .90 6.32 4.59 8.70 14.66 10.63 20.18 7.25

Bilateral 

carry (kg)

.81 .63 .90 8.72 6.32 12.17 20.22 14.67 28.22 10.00

Unilateral 

carry (kg)

.79 .61 .89 6.76 4.89 9.21 15.68 11.35 21.36 7.38

Push (kg) .82 .66 .91 5.75 4.07 7.90 13.33 9.43 18.32 6.78

Pull (kg) .91 .83 .96 5.25 3.50 7.22 12.18 8.12 16.73 8.75

Source: Brassard, B., et al., Can. J. Occup. Ther.—Revue Canadienne d Ergotherapie, 73, 206, 2006.

Note: Lower and upper bounds of SEM and MDC90 are calculated from the lower and upper bounds

of the ICC.
In a study of test–retest reliability of level of work ratings, [75] none of the coef-

fi cients reached 0.80 and three of the nine tasks examined (stair climbing, sitting, and 

walking) had values less than 0.40. In the Brassard study, only two tasks had kappa 

values higher than 0.80. The use of observed physical signs in the judgment criteria 

has been proposed as a factor contributing to poor interrater reliability [72,73] and use 

of fl uctuations in pain and self-limiting behavior to poor test–retest variability [75].

Calculations of the SEM, MDC90, and MCID from the Brassard study (Table 

17.12) show that for the fl oor-to-waist lift, the true score may be within ± 6.74 kg of 

the observed score, an improvement of 15.6 kg would be needed to be 90% confi dent 

of exceeding measurement error, and a change of around 10 kg would typically be 

considered clinically important. The reader should keep in mind, however, that the 

subjects in the Brassard study were healthy and these values may not necessarily be 

generalizable to a clinical population.

17.6.3 VALIDITY

17.6.3.1 Content Validity

The PWPE battery includes the 20 physical work demands of the Dictionary of 
Occupational Titles [72].

17.6.3.2 Predictive Validity

In the fi rst report of the PWPE, Spearman rho correlations between actual and pre-

dicted levels of work were reported as ranging from 0.41 (p = .002) to 0.55 (p < .01) 

[72]. While 14%–18% were reported as working above the level predicted by the 

PWPE, it is not stated what proportion was working at or below the predicted level of 

work. This study was cross-sectional and can only loosely be considered as predic-

tive. It is more usefully an indicator of convergent validity.
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A later study by the test developers, reported only as an abstract [77],  predictive 

validity of the PWPE evaluated in 30 subjects undertaking a work-hardening pro-

gram. Baseline PWPE results were used to tailor the work-hardening program to the 

individual, and at the end of the program the participants were retested only on those 

tasks that were targeted by the intervention. Return to work predictions were made at 

the conclusion of the program and workers were followed up 3 and 6 months later to 

determine their work status. Agreement between predictions at program completion 

and work status at both follow-up points was 87%. The authors noted that external 

factors had prevented return to work for all the individuals who had not returned to 

work, but who had been predicted to do so.

The sensitivity, specifi city and positive and negative predictive values have not 

yet been reported for the PWPE. Without this information derived from a property 

designed study, it is not possible to determine the extent to which RTW predictions 

based on the PWPE can accurately predict return to work or any other outcome of 

interest.

17.6.3.3 Diagnostic Validity

In the PWPE, the evaluator makes a judgment of subject participation or coopera-

tion by comparing the subject’s self-perception of maximum ability to the rater’s 

observations of physical signs [72]. No studies have yet demonstrated the diagnostic 

validity of the judgment of subject cooperation in the PWPE.

17.6.3.4 Construct Validity

Little published evidence exists to support the construct validity of the PWPE. The 

therapist’s judgment of overall level of work is moderately associated with actual 

work level (rho = .41 to .55) [72]. Isokinetic strength and anthropometric variables 

have been shown to be strongly predictive (R2 = .61 to .88) of safe lifting maximum 

lifting capacity in the fl oor-to-waist task [78].

17.7 CAL-FCP

The Cal-FCP* was developed for the Industrial Medical Council in California [79] 

and is intended to “measure the work consequences of soft tissue  musculoskeletal 

injury” specifi cally within the California disability determination model [80]. The 

evaluation is conducted 30 days postinjury in cases where the worker remains off 

work or continues in active treatment. The protocol, which takes on average 84 

(sd 17) min to complete [80], evaluates pain, self-perceived functional capacity, 

and observed functional capacity (Table 17.13). The sequence of testing allows 

sitting and standing tolerance to be evaluated.

When testing lifting capacity the subject is asked after each lift cycle whether 

or not they would be able to perform the lifting task on a “safe and dependable basis 

eight to twelve times per day” [81]. The evaluator makes a rating of effort on the 

* Available from EPIC, 188 Woodlands Place Court, St. Charles, MO 63303.
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TABLE 17.13
Tests in the Cal-FCP Battery

Test Description

Structured interview Current functional abilities compared to premorbid ability

Health Questionnaire 

and physical exam

Screening for cardiovascular risk factors, resting blood 

pressure and heart rate

Spinal Function Sort 

(SFS) or

Self-reported ability to perform work activities. SFS has 

50 cards with pictured tasks. Person indicates on 5-point 

rating scale their current ability to perform the task: able, 

only slightly restriction, restricted, very restricted, almost 

unable and unable. Total summed score is the Rating of 

Perceived Capacity (RPC). RPC scores range 0–200.

Hand Function Sort (HFS) HFS has 62 items. Rating scale is as for SFS

Pain drawing 0–10 cm VAS pain ratings Information concerning symptoms: ocation and type of 

pain; intensity and frequency of worst pain; intensity 

and frequency of usual pain

Job Demands Questionnaire Self-reported job demands

Lateral Pinch Test Pinch strength using B&L Pinch Gauge

Power Grip Test Grip strength using JAMAR hand dynamometer

Standing range of motion 

(Static Position Tolerance Tests)

Observed ability to assume and maintain postures for 

15 s each (stand and reach to shoulder and eye level, 

stoop and reach to knee level, crouch and reach to 

knee level, kneel and reach to knee level). Rated as 

able, slightly, moderately or very restricted, or unable.

EPIC Lift Capacity 

Test (ELC)

Isoinertial, progressive test of lift capacity. 3 tests: 

knuckle-to-shoulder, fl oor-to-knuckle, fl oor-to-

shoulder each tested for infrequent lift capacity 

(1 rep per cycle) and frequent lift capacity 

(4 reps per cycle). Relative Acceptable Weight is 

calculated for Test 3 (max weight divided by body 

weight). % Normal lift capacity from tables by age.

Carry 100 ft Ability to carry weight 100 ft at 3 miles per hour. Weight 

increased in 10 lb increments until maximum load used in 

ELC Test 3 is reached. Rated as no restriction, slight, 

moderately or very restricted, or unable.

Climbing 10 ft Step up/down 8 in. step for 15 cycles, 1 step per second, 

while carrying maximum load able to lift in ELC Test 3. 

Rated as no restriction, slight, moderately or very 

restricted, or unable.
ELC tests, as “reliable,” “questionable,” or “unreliable” on the basis of  observable 

behaviors during lifting [80]. An overall rating of test effort as “sincere” or 

“insincere” is made for the Cal-FCP as a whole.

Interpretation of Cal-FCP results is via a decision algorithm that results 

in classifi cation of the worker as having no disability or one of eight categories 

of  disability with a corresponding recommendation of the recommended level of 
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work. Category A has 10% lost work capacity and no very heavy lifting is recom-

mended, through to 70% lost work capacity for Category H for which sedentary 

work is recommended [79].

Testing of the measurement properties has not occurred for all components of 

the Cal-FCP (Table 17.14) and in this chapter only the ELC and Function Sort com-

ponents will be considered in detail.

17.7.1 SAFETY

Lifting capacity is not tested on persons using heart-rate limiting medications, or 

who have a resting heart rate of more than 90 bpm, or resting blood pressure greater 
TABLE 17.14
Overview of Key Reliability and Validity Studies 
for each Test in the Cal-FCP

Test Reliability Validity

Structured interview No studies located No studies located

Health Questionnaire and 

physical exam

No studies located No studies located

Spinal Function Sort (SFS), or Gibson and Strong [82] Gibson and Strong [82]

Matheson et al. [83]

Hand Function Sort (HFS) No studies located Matheson et al. [84]

Sufka et al. [85]

Robinson et al. [86]

Pain drawing No studies locateda No studies locateda

VAS pain ratings No studies locatedb No studies locatedb

Job Demands Questionnaire No studies located No studies located

Lateral Pinch Test: B&L 

Pinch Gauge

Mathiowetz et al. [87] Mathiowetz et al. [87]

Mathiowetz et al. [88]

Harth and Vetter [89]

Power Grip Test JAMAR 

hand dynamometer

Nitschke et al. [90]

Mathiowetz [91]

Harth and Vetter [89]

Mathiowetz [91]

Boadella et al. [92]

Smith et al. [93]

Standing range of motion No studies located No studies located

EPIC Lift Capacity test (ELC) Matheson [94]

Matheson et al. [81]

Matheson et al. [95]

Jay et al. [96]

Carry 100 ft No studies located No studies located

Climbing 10 ft No studies located No studies located

Note: Only studies published in peer-reviewed journals were considered.
a See Carnes and colleagues’ systematic review on the use of pain drawings as a psychological screening 

tool [97].
b For this particular set of pain rating scales. For studies of VAS scales see Downie et al. [98] 

Ogon et al. [99].
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than 159/100 mmHg, or who have other risk factors [81]. Lift testing is terminated 

if any one of seven end points is reached, including exceeding heart rate limits, 

reaching 8 on the 10-level perceived load scale (i.e., a rating of the load as “very 

heavy”), achievement of load guideline or target load, or poor lifting technique. 

The end point of each test may therefore be terminated by either the evaluator or 

the subject [81].

An absence of new injuries or exacerbations has been reported after administer-

ing the ELC test to healthy and disabled persons [81] and the whole Cal-FCP proto-

col to workers with soft-tissue musculoskeletal injuries [80].

17.7.2 VALIDITY: ENTIRE TEST BATTERY

17.7.2.1 Content Validity

Test battery content was selected on the basis of criteria related to safety,  reliability, 

validity, practicality and utility, and to allow categorization using the California 

Schedule for Rating Permanent Disabilities [79].

17.7.2.2 Predictive Validity

No studies of the predictive validity were found for any component of the Cal-FCP 

test battery.

17.8 EPIC LIFT CAPACITY TEST

17.8.1 RELIABILITY

Only one study has reported the interrater reliability of the rating of sincere effort 

(ICC = 0.83, ICC model not stated) for two evaluators’ ratings of six subjects with 

musculoskeletal problems [96].

Two articles, both by the test developers, have been published on the test–

retest reliability of the Maximum Acceptable Weight achieved in the ELC tests. 

The fi rst article [81] reported three studies: one of 26 healthy male adults, one of 

318 healthy adults, and one of 14 adults with chronic disability following spinal 

and lower  extremity injuries. Raters in the larger study were 65 professionals 

undertaking  certifi cation for the ELC testing. The retest period was 5–14 days 

and in the sample of disabled individuals, a different rater was used on the two 

test occasions. The second article [94] reported the results of 110 professionals 

rating 531 healthy adults during their certifi cation training. The retest period was 

5–17 days.

The test–retest reliability coeffi cients and corresponding SEM, MDC90, and 

MCID have been calculated from data provided in the report (Tables 17.15 and 

17.16). These values are an expression of the measurement error of the tests in kilo-

grams. The SEM indicates the range within which a person’s true score will fall 

(i.e., the observed value plus or minus the SEM) with 68% confi dence. The MDC90 

indicates the magnitude of change in kilograms that would need to be observed 
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TABLE 17.15
ELC Test–Retest Reliability of Mean Maximum Acceptable Weight (kg) in Healthy Adults

Reliability Coeffi cient SEM MDC90 MCID

Task 1 2 3 1 2 3 1 2 3 1 2 3

1. Knuckle-to-shoulder 1/cycle .90 .93 .94 2.59 1.88 1.76 6.01 4.36 4.09 4.10 3.55 3.60

2. Floor-to-knuckle 1/cycle .92 .88 .91 2.18 2.98 2.55 5.05 6.91 5.91 3.85 4.30 4.25

3. Floor-to-shoulder 1/cycle .92 .93 .94 2.28 1.88 1.75 5.28 4.36 4.06 4.03 3.55 3.58

4. Knuckle-to-shoulder 4/cycle .86 .91 .92 2.39 1.88 1.74 5.55 4.35 4.03 3.20 3.13 3.08

5. Floor-to-knuckle 4/cycle .88 .91 .89 2.48 2.30 2.45 5.74 5.32 5.69 3.58 3.83 3.70

6. Floor-to-shoulder 4/cycle .92 .91 .84 1.92 1.92 2.64 4.46 4.45 6.12 3.40 3.20 3.30

Notes: ICC = Intraclass Correlation Coeffi cient, SEM = Standard Error of Measurement, MDC90 = Minimum Detectable Change (90% confi dence), MCID = Minimum 

Clinically Important Difference.

Study 1 = Matheson et al. [81], n = 26 healthy males, retest 5–17 days, reliability coeffi cient is Pearson’ r.

Study 2 = Matheson et al. [81], n = 290 healthy adults, retest 5–17 days, reliability coeffi cient is ICC1,1.

Study 3 = Matheson [1], n = 531 healthy adults, retest 5–14 days, reliability coeffi cient is ICC (model not stated).
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TABLE 17.16
ELC Test–Retest Reliability of Mean Maximum Acceptable 
Weight (kg) in Adults with a Chronic Musculoskeletal Disorder

Task Pearson r SEM MDC90 MCID

1. Knuckle-to-shoulder 1/cycle .95 1.30 3.01 2.90

2. Floor-to-knuckle 1/cycle .93 1.93 4.48 3.65

3. Floor-to-shoulder 1/cycle .94 1.69 3.92 3.45

4. Knuckle-to-shoulder 4/cycle .86 1.87 4.34 2.50

5. Floor-to-knuckle 4/cycle .82 2.46 5.71 2.90

6. Floor-to-shoulder 4/cycle .82 1.36 3.15 1.60

Note:  Sample was 14 paid volunteers unemployed due to chronic disability (8 spine and 6 lower extrem-

ity) [81].
before one could be 90% confi dent that the change exceeded  measurement error. 

The MCID is an estimate of the smallest amount of change that would be  considered 

clinically important.

For example, for test 3 (fl oor-to-shoulder lift, 1 rep per cycle), the observed value 

will be correct within a range either side of the value equivalent to the SEM. When 

measured across time, for example when using the ELC to determine outcomes of a 

rehabilitation or work-hardening program, once the change exceeds the MDC90 the 

therapist can be 90% confi dent that this represents change beyond error in the mea-

surement. So an individual whose maximum acceptable weight on test 3 was 10 kg 

would need to improve this by at least 4 or 5 kg at follow-up before this could, with 

90% confi dence, be said to be actual improvement and not just measurement error. 

Improvements less than the MDC90 cannot be dismissed as being explained entirely 

by measurement error, however, the more the magnitude of change falls short of the 

MDC90 the lower the confi dence that it is real change. A change of about 3.5–4 kg 

would typically be considered to be clinically  important. The reader should keep 

in mind that the values for healthy subjects cannot  necessarily be generalized to a 

clinical population, and the values for the disabled group is drawn from a very small 

sample.

The test developers have also explored the ELC test reactivity—the extent to 

which practice with the test infl uences the apparent improvement in performance 

[95]. Fifty-fi ve people with low back problems were randomized into two groups 

and underwent the same rehabilitation program. One group was tested before and 

after, while the other group was tested only at the end of the program. While 

the pre–post group improved signifi cantly on the ELC test, there were no differ-

ences between the ELC test results of the two groups. This suggests that there is 

no detectable learning effect of a single ELC test administered 8 weeks before a 

second test. The issue of test reactivity is an important one where improvements 

may be attributable to a learning effect rather than to actual improvements in the 

variable being measured.
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17.8.2 VALIDITY

17.8.2.1 Diagnostic Validity

To test the accuracy of judgments of effort rating by fi ve experienced evaluators, 41 

adults with musculoskeletal disorders were instructed to make a sincere maximal 

effort, or to give an insincere effort of 50% of maximum [96]. Raters used physical 

responses (blood pressure and heart rate), observed behaviors (postures, movements) 

and the results of the SFS or Hand Function Sort (HFS; which have inbuilt reliability 

checks) to arrive at an overall test effort rating of “sincere” or “insincere.” Partici-

pants were randomized to the submaximal effort (n = 20) or full effort (n = 28) group 

and the evaluators were said to be blind to group membership, although the success 

of blinding was not reported.

The study reported overall accuracy of 86.8% for the raters’ ability to 

 correctly identify maximal and submaximal effort. The positive and negative 

predictive  values reported were 94.4% and 80%. The corresponding prevalence 

(53%),  sensitivity (80%), specifi city (94%), positive likelihood ratio (13), and 

negative likelihood ratio (0.2) could be calculated from the information provided 

in the study. The consequences of incorrectly judging a person as making an 

 insincere effort are probably greater then incorrectly judging a person as making 

a  sincere effort. In this study only one person was incorrectly judged as insincere, 

while four persons were incorrectly judged as sincere. Figure 17.2 shows the num-

bers being correctly and incorrectly identifi ed as sincere or insincere effort. Of the 

17 persons judged as insincere only one was incorrectly judged. Of the 21 persons 

judged as sincere four were incorrectly judged. The results of this study can be 

clinically interpreted as meaning that, when the prevalence of insincere effort is 

53%, the post-test probability that a person who is rated as making an insincere 

maximal effort is actually making an insincere effort is 94% and the post-test 

probability that a person who is rated as making a sincere effort is actually making 

a sincere effort is 80%.

Clinicians must be aware that as the prevalence of insincere effort cannot be 

known these post-test probabilities cannot be extrapolated to clinical practice. For 

example, if the real prevalence (pretest probability) of insincere effort was 10%, then 

a positive test result (person judged to be making an insincere effort), the post-test 

probability of the person actually being insincere would be only 60%.
FIGURE 17.2 Diagnostic validity of the rating of effort during the ELC test from Jay 

et al. [96].

Rater judgment Truth

Insincere effort 17 
Submaximal effort 16 (true-positive)

Subjects tested 38
Maximal effort 1 (false-positive) 

Sincere effort 21 
Submaximal effort 4 (false-negative)

Maximal effort 17 (true-negative)
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In another study [100] 90 subjects with chronic low back pain were  randomized 

to a 100% or 60% effort group. The PILE lifting protocol was used, which is similar 

to the ELC, and overall rating of effort was based on 17 signs. A single-blinded eval-

uator conducted the FCE, although the success of blinding was not reported. In this 

study, the tester judged 53 subjects to be making a submaximal effort and of these, 

16 were incorrectly classifi ed. This means that 30% of people who were judged as 

not making a maximal effort were incorrectly classifi ed, and 19% of people judged to 

be making a maximal effort were incorrectly classifi ed. Until suffi cient, quality stud-

ies of the diagnostic validity of tests are available clinicians should be very cautious 

about making judgments of sincerity of effort.

17.8.2.2 Construct Validity: ELC

Expected gender and age differences on lift capacity have been reported on 64 adults 

with work-related musculoskeletal disorders [80]. The same study reported no signif-

icant differences between males and females on the percentage loss of lift capacity, 

nor did gender or age affect the disability rating. Those rated as making “question-

able” effort had lower scores on the SFS and greater percentage loss of lift capacity 

than those rated as making a “reliable” effort.

In a sample of 530 healthy adults age, resting heart rate and body weight were 

signifi cantly associated with lift capacity, and body weight had the strongest cor-

relation (ICC = .84 to .94) [94]. This was seen as evidence for the calculation of 

relative acceptable weight by dividing maximum acceptable weight lifted by body 

weight. Associations were also found between variables expected to be related: 

pinch and grip strength were signifi cantly and moderately correlated (r = .63 and .67 

on the right and left, p < .0001), the SFS was moderately correlated with ELC test 

# 3 (r = .58), relative acceptable weight (r = .59) and the lost work capacity rating 

(r = .67).

17.9 SPINAL FUNCTION SORT

17.9.1 RELIABILITY

Two studies have appeared in the peer-reviewed literature on the reliability of the 

SFS [82,83]. The split-half reliability (r = 0.98) and 3-day test–retest reliability 

(r = .85) for the SFS was reported in a sample of 180 people with back pain [83]. 

Test reactivity was identifi ed in the same study with subjects’ SFS scores improv-

ing signifi cantly when tested before and after FCE. Subjects with chronic disability 

(more than 360 days) improved 2%, while those with injury of less than 90 days 

duration improved by 14%. This systematic increase in workers’ self-evaluated 

work capacity following FCE may indicate a change in self-effi cacy that occurs 

after the person performs the various work-related tasks, but this has not been 

tested.

In a sample of 42 people with chronic back pain the internal consistency of the 

test was 0.98, test–retest reliability (ICC) on a subset of 14 subjects over 4–14 days 

was 0.89 [82]. The SEM could be calculated as 13 points, the MDC90 31 points and 

the MCID 20 points. The score range of the SFS is 0 to 200 points.
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17.9.2 VALIDITY

The study by Gibson and Strong [82] also tested the construct validity of the SFS. 

Expected correlations were demonstrated between SFS and measures of pain, 

 perceived disability, self-effi cacy, and expectations of return to work. SFS scores 

were not related to chronicity of back pain. Evidence for known groups validity is 

found in a study where back pain patients who exhibited a centralization of pain 

phenomenon had better SFS scores than those who did not [85] and in another study 

[86] scores for people with back pain were on average worse in the group who had 

undergone back surgery.

17.10 HAND FUNCTION SORT

Only one report of the measurement properties of the HFS has been published 

and this is a retrospective data review of 126 cases of adults with musculoskeletal 

impairments [84]. Principal components analysis of the 62-item test show one major 

factor explaining more than 50% of variance and two minor factors [84]. Scores on 

the HFS were signifi cantly different for groups with and without upper extremity 

impairments [84]. Total HFS score and some category scores were signifi cantly and 

moderately to strongly related to grip strength of the dominant hand [84]. There is 

no published evidence for the reliability of the HFS.

17.11 CONCLUSIONS

The large number of tests and batteries of tests that are available for FCE pose a chal-

lenge to the clinician to select tests and measures that are appropriate for a  particular 

purpose. For even long-established and widely used FCE protocols gaps in the  evidence 

relating to reliability and validity persist. At present, there is limited evidence that 

accurate predictions about future events can be made on the basis of FCE. It is also 

doubtful that judgments made about a person’s sincerity of effort during testing can be 

made with acceptable accuracy. The consequences of testing should be kept in mind 

when making inferences from FCE test results. Where the consequences of decisions 

made on the basis of test results are “high stakes” then test accuracy is paramount. 

Testing of ability to perform work-related activities should be seen only as part of a 

comprehensive evaluation of the range of biopsychosocial variables that are relevant 

for the specifi c purpose for which the FCE is being conducted.
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18.1 INTRODUCTION

Often we think of accommodation as an effort aimed at helping someone overcome 

legally defi ned physical, sensory, or mental impairments by modifying the design of 

physical layouts, tools, equipment, or job task(s). In other cases one attempts to enable 

an individual to perform activities of daily living to meet the requisite occupational 

responsibilities. Reasonable accommodation is a material component in legislation that 

aims to help impaired individuals to integrate into the mainstream of society as fully 

functional and integrated citizens. What constitutes impairment and how reasonable 

accommodation efforts may be are continuing processes that are typically resolved 

through societal processes. All of us have some degree of impairment when compared 

against a more capable individual, and we are all impaired, to some extent, by less than 

ideal layouts, equipment, tools, or task designs that have been poorly conceived.

The thesis of this chapter is that design-induced impairments are often elimi-

nated, or suffi ciently mitigated, by application of appropriate ergonomic design prin-

ciples. A corollary is that poorly designed jobs, equipment, tools, or environments 

often result in accidents and injuries that impair individuals and force return-to-work 

efforts (i.e., accommodation for those who have permanent job-induced impair-

ments). If good design is used, not only do we enhance the accommodative nature of 

the workplace, but we act to prevent future accidents, injuries, and impairments that 

often lead to additional accommodation effort.
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18.2 BACKGROUND

18.2.1 MAGNITUDE OF CHALLENGE

Approximately 43 million adults (age 18 years and older), or 20.9% of the adult 

population, in the noninstitutionalized U.S. population were found to possess dis-

abilities. This estimate was reduced to 27 million persons, or 18.8% of the population 

for individuals between 18 and 64 years of age (Harris et al., 2005). Workers with 

less education and lower incomes (Chirikos and Nestel, 1989; Harris et al., 2005) or 

who are older than 45 years are more likely to experience or possess impairments 

that result in disability.

Approximately, 23% of legally defi ned disabled people reported that their 

impairments resulted from injuries or accidents on the job, and 13% attributed their 

disabilities to poor working conditions (U.S. Department of Health and Human Ser-

vices, 1980). Musculoskeletal and cardiovascular conditions, which included impair-

ments due to bad backs, arthritis, heart ailments, and hypertension, were the most 

common problems among people reporting disability (Lando et al., 1982).

18.2.1.1 Consequences of Poor Design

The Americans with Disabilities Act of 1990 and the World Health Organization’s 

classifi cation of impairments, disabilities, and handicaps (WHO, 1980) posit the 

argument that impairment or disability is not a necessary consequence of physi-

ological impairment or functional limitation. Employment and disability benefi ts 

are, thus, based upon impact of the impairment on functioning rather than existence 

of a quantifi able physiologically-based loss.

In addition employers must comply with statutes prohibiting employment dis-

crimination on the basis of disability. Employers must consider on an individual basis 

whether a job applicant with a disability can perform the job with reasonable accom-

modation. Job standards that exclude all people with any impairment, or that exclude 

people with a specifi c impairment, cannot be set unless those standards are crucial 

to the performance of the job. Accommodation aims to enable impaired individuals 

to perform essential functions of the job. Reasonable accommodations are intended to 

ensure that the worker is capable of performing a particular job and that they are 

not denied that job because of design impediments that are unrelated to performance 

(e.g., the inability to pass through a doorway that is not compliant with building codes). 

To do this, an employer is expected to determine when accommodation that preserves 

the applicant’s or worker’s employability is reasonable and when such accommodation 

is not possible. Failure to accommodate may constitute discrimination.

Employers also face issues with returning workers to their jobs after workplace 

injuries or illnesses. Typically, rehabilitation efforts are focused upon restoration of 

job-related abilities and are fi nanced through a variety of sources such as state and 

federal vocational rehabilitation, workers compensation, social security death index 

(SSDI), and private health insurance. In most cases following a signifi cant injury, work-

ers will be attempting to return to work with some degree of permanent impairment. 

The probability that individuals that have impairments are at greater risk of future 

injury in hazardous jobs is material. Successful return to work by workers with severe 

impairments is low (Mudrick, 1987), resulting in greater costs for the employer.
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Employers of workers or job applicants with impairments face accommodation 

concerns in terms of direct or immediate costs of reasonable accommodation. How-

ever, poor design imposes far greater insidious costs associated with compromised 

productivity, quality, and increased risk of safety and health hazard consequences.

18.2.2 DESIGN-INDUCED ACCOMMODATION CHALLENGES

Often poor design of jobs, equipment or workplaces, impair performance, safety, and 

health of all workers. If that is the case, improved design can increase productivity 

and quality of work for all workers, including those who are impaired. Accommo-

dation requirements are often eliminated or mitigated if designs follow ergonomic 

design principles.

Pheasant (1988) cataloged fi ve engineering design fallacies associated with use 

of anthropometric data. Designers often suffer from one or more of the following 

fallacies:

This design is satisfactory for me; thus, it will therefore be satisfactory for • 

everybody else.

This design is satisfactory for the average person—it will therefore be sat-• 

isfactory for everybody else.

The variability in human beings is so great that it cannot possibly be catered • 

for in any design; however, since people are so wonderfully adaptable, it 

does not matter anyway.

Ergonomics is expensive and since products are actually purchased on appear-• 

ance and styling, ergonomics considerations may be conveniently ignored.

Ergonomics is an excellent idea. I always design with ergonomics in mind—• 

but I do it intuitively and rely on my common sense so I do not need tables of 

data.

Until designers understand the impact of their design errors, it will be diffi cult to 

materially improve accommodation across the board. In most respects, problems 

created by inadequate consideration of human engineering design principles lead 

to insidious impairments in the general population and exacerbates the effects of 

impairments of individuals that are labeled as “disabled.”

Overcoming design fl aws typically requires focal attention to human require-

ments for

Ability to lift, carry or otherwise move everyday objects• 

Eyesight (even when wearing glasses or contact lenses), speech, or hearing• 

Manual dexterity• 

Memory, learning, concentration, understanding• 

Mobility• 

Perception of the risk of physical danger• 

Physical coordination• 

Hydration, sustenance, and continence issues• 

Environmental tolerance• 

Others• 
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Efforts that lead to accommodation through proper engineering design are  essentially 

the same as those that are used to address accommodation of humans with material 

impairments. Rigorous application of the accommodation process at the beginning 

and throughout the design process not only reduces the frequency and intensity of 

individual accommodation efforts, but also serves to promote both an expansion of 

the labor pool and market share of usable products and services.

18.2.3 WHY DESIGNERS OFTEN MAKE ACCOMMODATION MORE DIFFICULT

From the problems of designer philosophies described in the preceding discussion, 

there are a number of studies that have shown that multiple population stereotypes 

exist for any given design and that minority perspectives can be held by large segments 

of the human population (see Sanders and McCormick, 1993 for examples of these 

problems). Thus, one cannot presume that one’s personal view of “common sense” 

matches that of the majority of individuals who are intended users of the design.

In fact, designers and engineers who create new, or modify existing designs 

are adept at thinking “outside of the box” and achieve breakthroughs because they 

use approaches, analyses, or resources in a manner that are unusual in nature. Unique 

education, training, experience, and skills, by their nature, are not likely to operate 

entirely within what is deemed the realm of “common sense.”

If product designs rely upon an individual designer’s intuitive “common sense,” 

then we are likely to encounter accidents and related problems due to a mismatch 

between the designer’s and user’s mental models, expectations, and performance 

capabilities. To overcome this problem, one must accept that individuals vary in 

their knowledge, belief systems, training, experience, skills, and physical and men-

tal capacities to use designs or to use them without signifi cant error and frustration. 

Essentially, the need for accommodative design is broad and should be addressed in 

all design processes and considerations.

Integrating human engineering requirements for any design should be deter-

mined at the outset and throughout the design development process. Integrating 

good human engineering design in the early stages of design reduces costs, the 

likelihood that post hoc modifi cations will have to be made, and the breadth of user 

populations or market share of products that will be restricted. When early involve-

ment of ergonomists in the design process does not occur, usability, functionality, 

safety, and accommodation feasibility are compromised.

Other problems develop when “quick fi xes” are made to designs for a variety 

of reasons. Typically neither the original designers nor ergonomists are involved in 

such design modifi cations, and unintended problems arise. For example, it may be 

less expensive to use a different colored dye in polymers that are used to construct a 

product. The color of the product is changed. The color for labels on the product may 

no longer offer the contrast sensitivity needed, and operators may confuse controls, 

reducing functionality and potentially introducing a safety hazard.

Sometimes designers forget to consider the capabilities and limitations of their 

intended and unintended user populations when they are making decisions about 

design parameters. For example, direction of reading symbols or icons cannot be 

assured if a product is to be used internationally. Some cultures read from  right-to-left, 

top-to-bottom, left-to-right, and so forth. Reliance upon single coding paradigms that 
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rely upon visual detection and recognition of labels, instructions, or other visually 

dependent coding systems are likely to pose problems. This clearly is a problem when 

individuals with low vision, or who are blind, must use designs that rely solely upon 

visual perception for information transmittal. Failure to understand impaired popula-

tion capabilities and limitations makes designs diffi cult to use and often unsafe.

Designers often forget that they are not designing a single product, piece of 

equipment, task method, or working or living environment; instead, they are design-

ing a component that functions within a larger system. This situation can result in 

abrupt mismatches or transitional problems that can impose signifi cant burdens upon 

those with material impairments. For example, a well-designed full-sized automo-

bile becomes a problem when the community allocates and designs parking spaces 

and stalls for small vehicles with few exceptions. Hours may be required each week 

to fi nd parking for the vehicle, and to complete longer walk distances to a facility 

of interest. Moreover, carrying heavy loads for longer distances can pose additional 

risks. While the vehicle may be properly designed as a unit, within the community 

context, it degrades user effi ciency and increases risk of musculoskeletal injury.

Project managers often misjudge the initial amount of effort that may or may not 

be required to engineer equipment, products, processes, and environments that are 

functional and safe when they require interaction with humans. Nearly all engineer-

ing curricula do not require engineers or other professions to take coursework that 

facilitates integration of ergonomic design principles in the design process. Good 

ergonomic design can only be achieved through rigorous analysis, and comprehen-

sive manipulation of appropriate design principles early in design phases. This effort 

takes time, incurs cost, and if not used wisely, can result in production of signifi -

cant upstream fl aws that cannot be overcome without signifi cant cost and rework. 

If design problems cannot be overcome, the performance goals or usability of the 

design will be constrained.

Simply providing textbooks, design handbooks, and focused ergonomic design 

standards for use by the design team is not always helpful. The leading design guid-

ance is often too general, and does not specifi cally address populations with material 

single or combined sensory, cognitive, and motor impairments. Research used to 

create “normative” data sets has only received scant funding and the knowledge-

base for designers interested in meeting the needs of impaired populations is sparse. 

Ergonomists, vocational rehabilitation specialists, and relevant scientifi c and clinical 

specialists have much to do to provide enhanced guidance to the design community. 

At present, the best predictor of design effectiveness is through valid testing and 

evaluation with appropriate diversity in the test population.

18.3 SCOPE

It would be pretentious to assume that a short chapter can fully address all theo-

retical foundations, methodologies, and tactics that are used by human engineering 

professionals in promoting universal and safe designs. No attempt has been made to 

comprehensively summarize a wealth of knowledge, methodologies, or approaches 

to ergonomic design. There are many excellent sources of such information that the 

reader can pursue for detailed information or to learn of such methods—including 
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many of the chapters in this book. Additional reference and specifi c design guidance 

is provided in the bibliography section of this chapter.

The intent of this chapter is to illustrate the ergonomic design process and to 

highlight basic design issues that have material impact upon in preventing or mitigat-

ing the need for specifi c accommodation. A general approach is recommended to help 

tackle major problems that are likely to be encountered. One cannot rely solely on 

recommendations, guidelines, checklists, or standards to eliminate accommodation 

problems or hazards. Guidelines are often too broad or too specifi c within the context 

of a particular human–machine–task–environment system to provide material sup-

port. A systems approach to design and evaluation is proposed to enhance the uni-

versal characteristics of design and soften challenges facing accommodation efforts. 

Any specifi c accommodation efforts should follow the same general design process 

with greater specifi c focus upon the individual user’s capabilities and limitations.

18.4  ACCOMMODATION THROUGH ERGONOMIC 
DESIGN PROCESS

Ergonomic design, development, and implementation of accommodating systems 

follow a standard process. Designers typically need to

Understand the objectives and goals of the system and their impact upon the • 

human’s roles and performance requirements

Understand human performance capabilities or limitations that are relevant • 

for shaping of the particular system’s design, functional allocation between 

humans and machines, and identifi cation of potential risks for system fail-

ure, safety and health problems

Evaluate prototype human–machine–task–environment system performance• 

Determine if human–machine system performance meets design criteria• 

Determine if other relevant ergonomic design standards are complied with• 

Designs in complex systems are fl uid and one usually follows the above steps in 

an iterative and sometimes a heuristic manner. Often one may capitalize on pre-

vious designs, documentation, and test results. At each step of the process, judg-

ment is highly dependent on the skill and expertise of the analyst or analysts. Use 

of handbooks, standards, and design guidelines will help guide many design deci-

sions. However, testing of designs is obligatory to insure that design requirements 

and objectives are met when a variety of users with a variety of impairments are 

included within the intended design population.

Ergonomists tend to follow a systematic process for design development, review, 

and validation. The general process followed is outlined in the following sections.

18.4.1 UNDERSTAND SYSTEM PERFORMANCE OBJECTIVES AND CONSTRAINTS

Without a clear understanding of the system’s objectives and design constraints, one 

cannot determine which designs or design options are appropriate for anticipated 

user populations, desired staffi ng levels, training and skills of the user population, 
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performance envelopes, safety and health considerations, and other useful informa-

tion for the design team.

Performance specifi cations delineate the goals and performance requirements for 

a design or a system. Specifi cations are typically prepared by a team that is involved 

in the development of a system. They itemize functions, defi ne parameters, and spell-

out design constraints. The design team creates or responds to a “design-to” specifi ca-

tion that states system performance requirements and user capability requirements.

If performance objectives and constraints are not clear at the outset of the project, 

this usually results in diffi culties in meeting project time and cost milestones and avoid-

ing design-induced usability constraints. Time constraints promote cutting corners, 

increasing the risk of inadvertent design fl aws and greater accommodation problems.

The specifi cation typically translates the user’s operational needs into system 

functions and requirements, allocates those requirements to subsystems, and allo-

cates general functions to operators and service personnel. Beyond expected or 

required functional allocations, the specifi cations do not address specifi c require-

ments in terms of human performance beyond gross statements about personnel 

requirements (e.g., to be used by airline pilots, fi refi ghters, general public, etc.).

System requirements must be project-specifi c, and requirements should be writ-

ten in a verifi able form. If the requirements are too broad, the design team will face 

great diffi culty proving that they have met their goals. Establishing requirements 

in operationally defi ned and verifi able manner provides a common perspective and 

basis of understanding among the design team and its sponsors or customers.

The objective at this stage of design is to determine how the system design specifi ca-

tions map onto human performance requirements or demands. Here the designer should 

determine what the user population’s performance envelopes are, and provide feedback 

on these aspects to the design team; particularly if the requirements are unreasonable.

18.4.2 DETERMINING HUMAN INTERFACE REQUIREMENTS

Once the ergonomic and team understands the functional fl ow of work performed within 

or by the system, a greater understanding is required of the actual tasks performed by 

the human and how they interact with tools, equipment, other humans, their environ-

ment, and so forth. This information is a prerequisite to begin mapping functional 

demands upon human perceptual, cognitive, and motor performance requirements.

Human activity analysis may include a variety of analytical tools to help defi ne 

human performance requirements for an existing or future system design using

Function allocation• 

Function and operational fl ow analysis• 

Decision action analysis• 

Action information analysis• 

Task analysis• 

Timeline analysis• 

Link analysis• 

Simulation• 

Controlled experimentation• 

Workload assessment• 
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18.4.3 FUNCTIONAL FLOW ANALYSIS

Functional fl ow analysis is a procedure for decomposing a system design into func-

tional elements and for identifying the sequences of functions or actions that must be 

performed by a system. Starting with system objectives, functions are identifi ed and 

described iteratively with higher top-level functions being progressively expanded 

into lower levels containing more and more detailed information. As demonstrated 

in Figure 18.1, functions or actions are individually and hierarchically numbered in 

a way that clarifi es their relationship to one another and permits traceability of func-

tions throughout the entire system. This information helps the design team under-

stand the phases and sequence or fl ow of activities within each phase.

Functional fl ow diagrams help design teams understand where nodes, or transi-

tion of work from one node to the next, can pose diffi culties for individuals who have 

impaired performance capacities. For example, if an individual can fl y an airplane but 

suffers an impairment that prohibits their ability to perform the aircraft fueling opera-

tion, the pilot will have to rely upon airport workers to complete that operation. The 

pilot may be able to fl y an aircraft without diffi culty, but would not be able to fl y into 

and takeoff from fi elds that require pilots to fuel their planes without assistance.

Higher level functions are carried out to such additional levels of detail as 

required. The entire spatial and organizational fl ow of the worker is easy to under-

stand. Moreover, the need for individuals or teams to move with or respond to the fl ow 

becomes apparent. Some teams prefer to identify the function’s output on the con-

necting arrow to the next function, and add additional inputs to the next function.

Connector blocks are used to link functional fl ows from one page to the next and 

arrows enter function blocks from the left, and exit from the right. Thus, the fl ow is 

from top to bottom, then left to right on the diagram. Functions that are subordinate to 

the general function are placed below it as shown, and so show the normal sequence of 

system functions, left to right, and, if necessary, down. Whenever arrows join or split, 

their junctions are shown with “and,” “or,” and “and/or” gates in circles. The “and” gate 

requires that all the following or preceding functions must be performed fi rst. The “or” 

gate requires that only one of preceding functions must be performed to move forward.

For each of the functions, the team can add the need for decisions phrased as 

questions with binary choices. Each function is a short verb–noun combination with 

occasional adjectives or other modifi ers. For example, one decision in setting up 

audiovisual apparatus might be “Projector status OK?” This can be decomposed into 

lower-level decisions such as “Power On?”, “Projection Mode Properly Set?”, and 

“Projector Connected to Computer?”

Each decision is placed in a diamond symbol and is phrased as a question that 

may be answered with a binary, yes/no response. Function blocks and decision dia-

monds are given reference numbers as is done with functional fl ow diagrams.

18.4.4 OPERATIONAL ANALYSIS

An operational analysis is another analytical model that is used by industrial engi-

neers to describe the sequential fl ow of tasks or work over time. This method is 

designed to obtain information about situations or events that will confront workers in 

a linear manner. If conditional changes occur, one can bend the operational  analysis 
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somewhat to handle that problem. However, if conditionally-mediated sequences are 

encountered, the functional fl ow diagram is a better model for describing work.

Scenarios and anticipated operations are created and assumptions and operating 

environments are documented. Scenarios should be suffi ciently detailed to convey 

an understanding of all anticipated operations and should cover all essential system 

functions (e.g., failures, both hard and soft, and emergencies).

Operational analyses are typically driven by the system performance objectives 

and requirements. Scenarios are usually developed by knowledgeable experts that 

include procedures, equipment use, environmental constraints, and potential rare 

or unanticipated outcomes. The scenarios are delineated to suffi cient detail to allow 

designers and analysts to work together on design formulation or assessment.

From an accommodation standpoint, the operational analysis provides an interac-

tive description of the human constraints and requirements. For example, Figure 18.2 
Operation

Page 1

Chemical transfer operation chart

Check valve label

Open supply valve

Walk to receving tank

Open receiving valve

Monitor receiving tank
fill to goal

Close receiving valve

Walk to supply tank

Close supply valve

Check valve closure

DelayStorageTransferInspect

FIGURE 18.2 Operational analysis diagram symbology. (From Wiker, S.F., Importance of 

Human Factors Engineering in Promotion of Safety, in Haight, J. (Ed.) Safety Professional’s 
Handbook, 2008. With permission.)
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shows how often one must walk from point to point, and when delays will occur (e.g., 

 environmental conditions, skill and training requirements, etc.), performance envelopes 

that can affect system performance, and failure modes and effects that have to be consid-

ered when specifying ergonomic design requirements. Thus, the team that produces the 

operational analysis should be experienced with the technology, the operations addressed, 

and content experts should be participants—including human engineering experts.

Typically workers with impairments encounter problems with operations, inspec-

tions, and worker-accompanied transfers or storage activities. Delays often allow 

catch-up or work-ahead times for workers who fall behind or who need extra time to 

complete their work due to impairments.

18.4.5 TASK ANALYSIS

Task analysis is the fi rst step in taking a systematic approach to design. Task analysis 

can focus on both what actually happens in the workplace now, or can be used as a tool 

to specify the design of a new system. It provides a detailed description of how goals are 

accomplished so that designers can provide means of enhancing human performance.

Analysis involves a systematic breakdown of a function into its underlying tasks, 

and tasks into subtasks or elements. The process creates a detailed task description of 

both manual and mental activities, task and element durations, task frequency, task 

allocation, task complexity, environmental conditions, necessary clothing and equip-

ment, and any other unique factors involved in or required for one or more humans to 

perform a given task. Estimates are made of the time and effort required to perform 

tasks; perceptual, cognitive, and motor performance demands, training requirements, 

and other information that is needed to support other system development activities.

To decide what type of information should be collected and how it should be 

gathered, it is necessary to identify the focus of the analysis, and what the results will 

be used for. One cannot collect all task information, but just suffi cient information to 

allow you to address your specifi c objectives (see Tables 18.1 and 18.2). For example, 

if one is designing a new job, modifying an existing job, or developing job training 

requirements, information that is relevant to task design usually becomes apparent 

and should be used to structure the task analysis.

Like functional diagrams, task analyses use hierarchical number systems to help 

the analyst understand the organizational relationships among subtasks, tasks, and 

jobs. Once a task or subtask is numbered, it holds that number for the remainder of 

the design project.

18.4.6 LINK TASKS TOGETHER

Link analysis is a method for arranging the physical layout of instrument panels, 

control panels, workstations, or work areas to meet certain objectives. For example, 

to reduce total amount of movement, increase accessibility, time to complete a task, 

or to recognize when simultaneous access to equipment becomes infeasible. A link 

is any useful connection between a person and a machine or part, two persons, or 

two parts of a machine.

Different types of links can be noted. For example, if an operator must walk to a 

supervisor to obtain permission to initiate an operation, or to consult with regarding 
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TABLE 18.1
Tasks Analysis Information That Is Typically Gathered

Task Information Description

Task and subtask structure An organized, often hierarchical listing of the 

activities involved in a task with tasks and subtasks 

numbered accordingly

Importance or priorities of subtasks Assessment of the criticality of subtasks from a 

performance or safety perspective

Frequency of subtasks Frequency of occurrence of subtasks under different 

conditions

Sequencing of subtasks Order of occurrence of subtasks under different 

conditions

Decisions required Part of the sequencing may be based on a decision 

needed to choose the branch of activity and thus a 

given set of subtasks

Trigger conditions for subtask execution Execution of a subtask may depend upon the 

occurrence of a particular event or a decision made 

in during a previous task or subtask

Objectives Performance objectives are provided including the 

importance to the overall mission

Performance criteria Human performance criteria are delineated such as 

perceptual requirements, psychomotor 

performance, accuracy constraints, etc.

Information required Information that must be provided at each level of 

task or subtask that must be attended or used by 

the operator

Outputs Information, products or other results of human 

effort that result from the subtask

Knowledge and skills required Information and skills that the user utilizes in 

decision making and task performance
a problem, that activity represents a person–person link. If the operator returns to 

actuate the machine tool’s cycle lever to press a metal part that represents a person–

machine link. When the pressed part is automatically transferred to a conveyor, that 

event represents a machine–machine link.

The steps involved in a link analysis are the following:

List all personnel and items to be linked• 

Determine frequencies of linkages among operators, tools, machines, etc.• 

Classify the importance of each link• 

Calculate frequency-importance values for each link• 

Sort link frequency-importance product values to focus on links with great-• 

est cost

Fit the layout into the allocated space minimizing linkage values• 

Evaluate the new layout against the original objectives• 
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TABLE 18.2
Potential Methods or Data Collection Required for Task Analysis

Data Collection Method Description

Direct and videotape observations Use of time study or work sampling methods to develop job 

descriptions and psychomotor demands.

Interviews and questionnaires Interview workers or operators to determine the sequence of 

operations, tasks, subtasks, and hazards and diffi culties they 

encounter in the performance of their job or task.

Focus group Discussion with a group of typically 8 to 12 people, away from 

work site. A moderator is used to focus the discussion on a 

series of topics or issues. Useful for collecting exploratory or 

preliminary information that can be used to determine the 

questions needed for a subsequent structured survey or 

interview.

Interface surveys A group of methods used for task and interface design to identify 

specifi c human factors problems or defi ciencies, such as labeling 

of controls and displays. These methods require an analyst to 

systematically conduct an evaluation of the operator–machine 

interface and record specifi c features. Examples of these methods 

include control/display analysis, labeling surveys, and coding 

consistency surveys.

Existing documentation Review any existing standard datasets from production 

engineering departments or other industries, operating 

manuals, training manuals, safety reports, and previous task 

analyses.

Link analysis A method for arranging the physical layout of instrument panels, 

control panels, workstations, or work areas to meet certain 

objectives, for example, to reduce total amount of movement or 

increase accessibility. The primary inputs required for a link 

analysis are data from activity analyses and task analyses and 

observations of functional or simulated systems.

Work sampling analysis A method for measuring and quantifying how operators 

spend their time. Random or uniform sampling of activities are 

then aggregated over some appropriate time period, 

for example, a day, and activity-frequency tables or graphs are 

constructed, showing the percentage of time spent in various 

activities.

Checklists Use a structured checklist to identify particular components or 

issues associated with the job. Available for a range of ergonomic 

issues, including workplace concerns, human–machine interfaces, 

environmental concerns.

Job Safety Analysis (JSA) Using JSA one can identify what behaviors in an operation are safe 

and correct. This analysis can be performed during task analysis. 

For each task or subtask, the analyst determines how the task 

should be performed and potential unsafe or hazardous methods. 

See chapters providing greater detail on JSA methods and 

benefi ts.
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TABLE 18.2 (continued)
Potential Methods or Data Collection Required for Task Analysis

Data Collection Method Description

Critical incident analysis Critical incidents can lead to accidents or system failures. This 

information is typically gained from human operators who supply 

fi rst-hand accounts of critical incidents which are accidents, 

near-accidents, mistakes, and near-mistakes they have made when 

carrying out some operation. The critical incident technique only 

identifi es problems—not solutions. The percentages of errors 

found in a critical incident study do not necessarily refl ect their 

true proportions in operational situations, because the incidents 

are dependent on human memory and some incidents may be 

more impressive, or more likely to be remembered than others.

To be useful, the incidents must be detailed enough (a) to allow the 

investigator to make inferences and predictions about the behavior 

of the person involved, and (b) leave little doubt about the 

consequences of the behavior and the effects of the incident.

The ergonomic then groups incidents into categories that have 

operational relevance:

Mistakes and near-mistakes in reading an indicator,

Mistakes and near-mistakes in using a control,

Mistakes and near-mistakes in interpreting a label,

Mistakes and near-mistakes in navigating to a hospital room.

The analyst then uses human-factors knowledge and experience to 

hypothesize sources of diffi culty and how each one could be 

further studied, attacked, or redesigned to eliminate it. Studies are 

usually necessary to fi nd ways of mitigating or eliminating those 

problems where elimination cannot be achieved based upon fi rst 

principles alone.

Fault tree analysis Some analysts use fault tree analysis in conjunction with critical 

incident, task analysis or job safety analysis or failure modes and 

effects analyses. Event Trees, starting from a problem root such as 

equipment or other form of failure, follow through a path of 

subsequent system events to a series of fi nal outcomes. This is 

also a probabilistic analysis that gives rise to likely failures and 

consequences that should be considered in the design of 

equipment, layouts, human capability demands, and so forth.

Failure modes and effects analysis 

(FMEA)

FMEA is a method used to understand the consequences resulting 

from a failure within a system. Humans can be considered 

components that can fail for various reasons, and following 

FMEA methods, outlined in other chapters of this text, one can 

examine opportunities for eliminating or softening failure 

impacts. Typically, FMEA is used during functional fl ow, task, 

workload, linkage, and other ergonomic analyses. It helps in 

ergonomic analyses to determine what scenarios need to be 

interrupted by increasing the reliability of human–machine 

system performance.
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Evaluation of various workplace or equipment arrangements can be made to assess 

move distances traversed during typical or unusual operations, the crowding of activ-

ities, and opportunities to cluster equipment to expedite operation. The evaluation 

should also consider adjustment or operation of multiple machines, or the need for 

concurrent or rapid sequential inspection of operational states. Linkage analysis also 

concentrates focus upon human interactions with one another and hardware. This 

information is often critical in identifying unnecessary hurdles that confront those 

with and without physical impairments (Figure 18.3).

18.4.7 WORKLOAD ASSESSMENT

General workload assessment can also be performed at this point using timeline 

analysis. Timeline analysis follows naturally from task and linkage analysis. 

Here one is concerned with the scheduling and loading of activities upon indi-

vidual operators. Charts are produced showing sequences of operator actions, 

the times required for each action, and the time at which each action should 

occur. The method produces plots of the temporal relationships among tasks, the 

durations of individual tasks, and the times at which each task is, or should be, 

performed.
Mail room Copier 

Fax

Work table 

Existing design 

50%20%
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Mail room 

All-in-one (Scanner, fax, copier)
on work table
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FIGURE 18.3 Example of linkage analysis showing relationships among offi ce equipment 

placement and movement of the individual among offi ce machines with a poorly laid out 

offi ce.
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FIGURE 18.4 Example of workload timeline analysis in which simultaneous activities are 

counted as the workload metric.
Figure 18.4 shows that one can integrate times from separate task analyses to 

show overlapping activities of two or more persons. The greatest estimated concur-

rent workload occurs during the driving on highway phase. This information serves 

to focus upon activities that can challenge the physical or cognitive capacities of 

individuals with impairments.

18.4.8 FUNCTIONAL ALLOCATION

Results from task analyses and workload timelines are often considered when mak-

ing functional allocation decisions among workers, workers and machines, and 

machines. Functional allocation is a procedure for assigning each system function, 

action, and decision to hardware, software, and humans. There are many approaches 

one can take to allocation decisions. They can range from “Fitts’ Lists” of machine 
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versus human performance capacities, to “line balancing” algorithms, and results 

from expert, worker, and other inputs.

Professional judgment is involved in selecting criteria to be considered, and in 

determining the weights to be assigned to allocation criteria. In general, nearly all 

allocation decisions will have to address at least the following decision criteria:

Implementation constraints• 

Maintainability and support logistics• 

Number of personnel required• 

Performance capability• 

Personnel selection and training costs• 

Political considerations• 

Power requirements• 

Predicted reliability• 

Safety• 

Technological feasibility• 

18.4.9 ANALYSIS OF SIMILAR SYSTEMS

If possible, consider designs and analyses of like systems to help you understand 

important design issues that have been considered in the past, and which may be 

quite satisfactory for your current problem. If you can gain access to reports, tests 

and evaluations, interviews of users of such designs, and any history of accidents or 

accident investigation reports, you will be able to capitalize on the work of previous 

design teams.

One should be careful that they do not blindly accept the previous design without 

considering the differences between your current design requirements and those of 

the previous project. Antecedent systems often provide better initial insights into 

operation and maintenance of the proposed design, skills and training, and a history 

of usability or safety problems. If you are intending to use the design in different envi-

ronments, with expanded user populations, under more stressful operating environ-

ments, then previous designs may not be adequate and will require modifi cation.

18.4.10 PRELIMINARY FOCUS GROUPS

Focus groups can help one to assess user needs, perspectives and concerns early in 

the design process. This is particularly true when one is designing for populations 

that possess individuals with one or more impairments, or when impairments are 

induced by fatigue or boredom. Focus group membership should be a representative 

of the intended user group, and small enough to encourage equal opportunity for 

expression of opinions and insights (e.g., 5 to 10 members) about design issues and 

user needs. If one cannot capture all of the inputs desired by a small focus group, 

then multiple focus groups should be considered. Preliminary focus groups can be 

much less formal than subsequent group meetings where greater moderation, and 

more focal or structured query, is needed for specifi c issues. Designers cannot fully 

understand all aspects of accommodation and should capitalize upon inputs from 

communities that they are trying to accommodate, or envelop, within their design.
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18.4.11  ALLOCATE ROLES, RESPONSIBILITIES, AND 
PERFORMANCE REQUIREMENTS

Accommodating designs determine specifi c roles of humans in meeting the system 

design objectives and requirements, and reduce human performance demands as 

much as practicable. Determining how performance demands are to be functionally 

allocated among human, machines, and software often helps the design team shift 

overly challenging human demands onto machines, or to eliminate problematic per-

formance demands altogether.

Documenting the basis for task allocation, performance demands, and safety 

responsibilities among the mosaic of humans, fi rmware, and software not only 

assists in development of accommodating designs, it will serve as the basis for prov-

ing that some accommodations are not reasonable or feasible. It is better to perform 

and document these actions during job design or analysis stages and provide it for 

future consideration in accommodation decisions, rather than performing limited 

post hoc analyses on a case-by-case basis. Superfi cial post hoc analyses are often 

not successful in defending decisions to not accommodate and invite expensive 

legal debate.

18.4.12 PERFORM ACTUAL OR SIMULATED TASK ANALYSIS

Activity analyses are typically performed using functional, decision and action fl ow 

methods, simulation and mockup analysis, along with examination of similar sys-

tems and use of focus groups. The information gained is used to understand human 

performance requirements and the need for allocated responsibilities. Job safety 

analyses can also be performed during task analysis to determine sources of acci-

dents and failure modes and their effects. For individuals with impairments, direct 

offl ine testing or in workplace probationary evaluation are often considered the 

most valid methods for determining the acceptability of the accommodation effort. 

That may or may not be the case depending upon the job, the individual applicant’s 

impairments, and other factors.

18.4.13 DETERMINE DESIGN QUESTIONS OR PROBLEMS ENCOUNTERED

It is inevitable that design questions or problems will highlight themselves during task 

allocation efforts. Questions will arise regarding the best method to couple humans 

to workplaces, equipment, tools, and tasks within the context of the working envi-

ronment, and to envelop performance capabilities afforded by the user population 

and individual of interest. This process can be used to backchain through the design 

process when populations with material impairments are expected to participate with 

the technology and associated occupational activities.

It is important to develop concise defi nitions of design questions or problems 

to scope the design effort. By bounding the question, or solution space, one enables 

development of responsive answers in a time- and cost-effi cient manner. Knowing 

when one has obtained a functional answer to the designer’s question(s) signals one 

to stop with confi dence and move on to the next question. It also makes validation of 

the recommendations more straightforward and effi cient.
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18.4.14 UNDERSTAND THE DESIGN QUESTIONS

Interrelating design questions with system performance requirements is critical. If 

these steps are decoupled, one can recommend a design that optimally addresses the 

design question within a particular subsystem but results in a suboptimal system per-

formance. Design recommendations for controls, displays, seat design, and cockpit 

layout that enable a race car and its driver to traverse a race track at maximum vehi-

cle capacity will proffer little or no performance advantage, prove overly costly, and 

might promote inappropriate operation on highly traffi cked downtown city streets. 

Use of alternative designs or augmentative technologies that may degrade elements 

of job performance may be entirely acceptable if delays are less than inherent job 

slack times that cannot be removed, or if the design expedites other elements of the 

job. Whether changes in design elements are acceptable or not must be addressed 

within the context of the performance objectives.

18.4.15  SELECT CANDIDATE DESIGN CONCEPTS FOR 
EVALUATION AND TESTING

Accommodation considerations should play a material role in selecting the best 

design option. While universal design is the goal, the fi nal design selected may not 

necessarily be the most universal design. This can be an acceptable outcome when 

the potential use or employment of impaired individuals is unlikely, the performance 

losses of underutilized universal design are high (which is rare), and options for spe-

cialized modifi cation have not been eliminated by the design.

Experimentation in laboratory or fi eld conditions is usually required to perfor-

mance test design options. Analysis, presentation, and interpretation of results are 

requisite for the collective design team. Testing must be time and cost frugal, but 

experimental fi ndings should have adequate statistical power to found rational deci-

sions. Depending upon the nature of the questions or problems addressed, testing 

and evaluation may iterate until a satisfactory design state is achieved using perfor-

mance selection or utility metrics.

If multiple performance factors must be addressed, the design team should deter-

mine weights to be assigned to each performance metric. The sum of the product of 

weighted or valued performance metrics is often employed to rank design options 

using a multiattribute utility model or other forms of decision support paradigms.

As with products liability protection paradigms, all the documents that are generated 

or that were consulted, and those that were used in design decisions in the development 

of the system should be archived. Any tailoring of information used from standards 

should be documented. Ambiguously worded requirements in standards should be 

reworded or operationally defi ned so that the design team’s interpretations of the guide-

lines are clear. This information will be used to evaluate accommodation policies, as 

well as options for creating accommodations for applicants with impairments.

Disputes in almost all matters related to design result from some combination 

of miscommunication, misunderstanding, ignorance of facts and design issues, 

and technological limitations at the time of design or request for accommodation. 

Keeping the documentation and making nonproprietary information readily avail-

able saves costs associated with documentation requests for accommodation, for 
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 disputing claims, or when needed for embracing new technologies. This information 

is also very important when periodic design reviews are conducted for evaluation of 

design improvements.

18.4.16  DOCUMENT AND JUSTIFY RECOMMENDED DESIGN 
FEATURES OR OPTIONS

Documentation of standards relied upon, rationale for tailoring standards to address 

the design question, testing methods, data, analyses, fi ndings, interpretations of 

fi ndings, and rationale for recommendations must be documented thoroughly. This 

is the norm for good engineering design and is requisite for expanding and eas-

ing accommodation of impaired workers or injured workers who wish to return 

to work.

Computer programs, drawings, or mockups and detailed reports should be deliv-

ered for use and archiving. The number of reports, detail that is required, and struc-

ture of reports can vary from project to project. However, most ergonomic design 

reports include:

Human factors system function and operator task analysis• 

Human factors design approach• 

Human factors test or simulation plans• 

Procedural, data documentation, and analysis reports• 

Personnel and training plans• 

18.4.17 MAP PERFORMANCE REQUIREMENTS ONTO A HUMAN USER

For each system function assigned to the human, the analyst should work bottom-up 

in specifying perceptual, cognitive, and motor demands that must be met to achieve 

required task performance using specifi c displays, controls, workplace confi gura-

tions, and all the other design variables that affect operator performance and safety. 

Often, stipulating design requirements must support design trade-offs. The ergono-

mist must convey to the design team where trade-off decisions are likely to occur, 

and the consequences of such trade-offs.

One cannot simply cite specifi c standards or sections of standards and expect 

designers to read and fully understand ergonomic design guidance. Dumping a stack 

of textbooks, design handbooks, or relevant standards upon the design team’s table 

and expecting them to understand the information in a fast-paced design process is 

very unrealistic and invites errors. Instead, knowledgeable professionals must meter 

out information as needed and provide clear trade-off consequences, or conduct pre-

liminary analyses, to help direct designs along a successful path. The professional 

should provide a range of specifi cations with consequences described in a manner 

that the design team can understand and consider in making design decisions.

It is also a mistake to allow designers to try to use disparate standards or design 

handbooks in which they cherry-pick what they believe is important or relevant design 

information. When inexperienced designers are confronted with only general rec-

ommendations, such information can be interpreted in different ways, some of which 

may not result in systems that are easily usable and, thereby, accommodating.
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Finally, some demands or requirements placed upon the human user do not have 

well-defi ned answers or specifi cations. This can be frustrating to those who are: 

(1) under time constraints to arrive at a recommendation for the design team, or 

(2) design team members who are in holding patterns awaiting input from the ergon-

omists or professionals. Sometimes the design team cannot wait for development 

of specifi cations and must move forward. This can pose problems if there is no 

opportunity to correct decisions at a later time.

18.4.18 ARE ACCEPTABLE STIMULI PRESENTED TO THE USER?

Rarely are studies performed to determine sensory thresholds for populations that 

are classifi ed as impaired. For example, low-vision impairments are not homogenous 

within the affected group. Low-vision can result from reduced visual acuity, asym-

metric dysfunction of the retinae, poor contrast sensitivity, severe myopia, etc.. Thus, 

analysts will normally design work based upon “normative” population thresholds 

and use multipliers while considering the potential negative impact of excessive 

stimulus intensity.

For example, audible alarms can be raised to reduce problems for those with 

hearing defi cits. However, the sound pressure levels for an alarm that an automobile’s 

gas has reached a given level cannot be so loud that it creates a startle reaction in 

drivers. Thus, the analyst should consider presenting stimuli to more than one sen-

sory modality (e.g., auditory, visual, haptic, etc.) to reduce the impact of those with 

specifi c sensory impairment (e.g., auditory cues work for those who are blind, visual 

cues work for those who are deaf, haptic cues work for those who are both blind and 

deaf, etc.).

Presuming that one or more of the stimuli are presented, one must insure that the 

perceivable stimuli have suffi cient signal-to-noise ratios to insure adequate detection 

of stimuli as intended. The following sections address the use of pyschophysical, sig-

nal detection, and information theory methods to promote effective communication 

of stimuli by all users; including those with impairments.

18.4.19 STIMULUS INTENSITY ADEQUATE?

A psychometric function describes the relationship between a sensed physical 

stimulus and the perceived intensity of that stimulus. Change in perceived intensity 

with change in actual physical intensity obeys a power function. Thus, one will 

experience different perceptual intensity changes in response to variations in actual 

stimulus intensity depending upon the type of stimulus used (see Figure 18.5).

The particular stimulus modality that is selected is often task and socially 

motivated. However, when given an option, analysts should select stimulus modes 

that produce a wide range of perceived intensity with variation in the physical 

stimulus. The greater the power exponent, the more likely the user population is 

going to be able to discriminate differences or material changes in the stimulus 

intensity. See Table 18.3 for a limited example of power function exponents for 

various stimuli.

The psychometric function detection behavior can be characterized as a sigmoid 

function with the cumulative percentage of correct responses (or a similar value) 
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Safety Professional’s Handbook, 2008. With permission.)
displayed on the ordinate and the physical parameter on the abscissa. If the stimulus 

parameter is very far toward one end of its possible range, the person will always 

be able to respond correctly. Towards the other end of the range, the person never 

perceives the stimulus properly and correct responses become a function of chance. 
TABLE 18.3
Various Stimulus Power Function Exponents for Several Stimuli

Stimulus Power Exponent Description

Brightness 0.50 Brief fl ash brightness

Heaviness 1.45 Lifted weights

Lightness 1.20 Refl ectance of gray papers

Loudness 0.67 Sound pressure of 3000 Hz tone

Muscle force 1.70 Static contractions

Pressure on palm 1.10 Static force on skin

Vibration 0.60 Amplitude of 250 Hz on fi nger

Vibration 0.95 Amplitude of 60 Hz on fi nger

Visual area 0.70 Projected square

Visual length 1.00 Projected line

Source: Stevens, S.S., Psychol. Rev., 64, 153, 1957.
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In between, there is a transition range where the user has an above-chance rate of 

correct responses, but does not always respond correctly.

The infl ection point of the sigmoid function or the point at which the function 

reaches the middle between the chance level and 100% is usually taken as sensory 

threshold. A stimulus that is less intense than a human’s sensory threshold will not 

elicit reliable sensation. Psychophysicists who study the relationship between physi-

cal stimuli and their subjective correlates, or percepts, have established thresholds 

for various stimuli that are used by designers.

Several different sensory thresholds have been developed for use by designers:

Absolute threshold (AL): The lowest level at which a stimulus can be detected 

50% of the time. This is a measure of practical importance in that it is the small-

est amount of energy that can be sensed by a typically young adult human, who 

is focused upon the source of the stimulus in the absence of other stimuli, 50% of 

the time. Absolute thresholds are generally determined by plotting detection rates 

against stimulus intensity or characteristics.

Recognition threshold (RL): The level at which a stimulus can not only be 

detected but also recognized fi fty percent of the time.

Differential threshold (DL): The level at which an increase in a detected stimulus 

can be perceived 50% of the time. This threshold for intensity adjustment is often 

referred to as the just noticeable difference (JND). Designers often want to use detec-

tion of change in stimulus intensity as a code or indication in the state of performance 

of the machine, tool, product, alarm, or other informative signal. These thresholds 

are referred to as difference thresholds or limens (DLs), and refer to the amount of 

increase that is required in the physical intensity of a sensed stimulus before one can 

detect a JND. This magnitude depends upon the starting stimulus intensity.

Terminal threshold (TL): The level beyond which a stimulus is no longer detected 

50% of the time. The upper end of the detectable stimulus range results from an 

inability of sense organs to respond to increased stimulus intensity, or to respond 

when such exposures are injurious. Some upper thresholds are set by consensus 

because we cannot safely study such exposures without injuring humans.

Thresholds, or Limens, are determined at the midpoint of a cumulative detection 

probability threshold because the infl ection point of the function provides the great-

est resolution of sensory response to changes in the stimulus.

Equal increments of physical energy do not produce equal increments of sensation 

between lower and upper stimulus thresholds. Often designers anticipate that incre-

ments in stimulus intensities of signals can be arbitrarily used between lower and upper 

bounds of stimulus intensities with equivalent results; that is usually not the case. For a 

given type of stimulus, the DL, at a given stimulus intensity, complies with an approxi-

mate fraction referred to Weber’s law or fraction. For example, for a stimulus with a 

Weber fraction of 0.10, one must only increase the stimulus by 10% to detect a JND. 

For a stimulus intensity of 10, the JND is 1; however, when the stimulus is increased to 

100, the stimulus must be increased by 10 units to produce a JND.

For many sensory modalities, the JND is an increasing function of the base level 

of current level of stimulus intensity. The ratio of the JND or delta I and the current 

stimulus intensity is roughly constant. Measured in physical units, we have
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Δ= I
K

I  

where

K is the ratio, fraction or constant for that particular type of stimulus and often 

referred to as the Weber fraction or constant,

I is the intensity of stimulation, and

ΔI is the change in stimulus intensity from the level I.

Designers often overestimate the percentage of detections, and that such values are 

only useful when the human is intensely attending the stimulus. A rule of thumb 

is that if one wants detection at 95% or 99%, the 50% detection threshold can be 

multiplied approximately by 2 and 3 respectively. However, if the operator is not 

intensely focused on the stimulus, or the stimulus is dynamically changing or mov-

ing, threshold multiples of 10 or greater may be required to achieve intended design 

objectives. Standards, handbooks, or testing may be required to fi nd stimulus inten-

sities that meet design requisite performance objectives. Acceptable values should 

be determined by test and evaluation when populations with multiple partial sensory 

impairments are expected to receive and use the sensory stimuli ensembles.

Confusion in design can occur when designers wish users to detect changes in 

a stimulus intensity level. While there are a large number of JNDs for any given 

stimulus (see Table 18.4), JNDs represent relative change detection capabilities, most 

stimuli that are presented in a manner that does not allow relative comparison, can 

only produce 7 ± 2 absolute detection levels. For example, if intensity of a pure tone 

is presented as a cue or alarm for severity of oil temperature, perhaps one would 

use only two levels of sound power level to cue the vehicle operator. Attempting to 

use many levels of any given stimulus intensity to provide absolute cues will not be 

successful, particularly in populations with limited ranges of sensory perception. 

If designed poorly, users will confuse the signals and respond inappropriately (see 

Tables 18.4 and 18.5).

Many investigators have contributed to our understanding of the specifi c types 

and ranges of physical energy, typically referred to as stimuli, which fall within 

human perceptual capabilities. Mowbray and Gebhard (1958) and Van Cott and War-

rick (1972) have cataloged much of the early work. Today, many design guidelines and 

standards publish topically relevant thresholds for use by designers and engineers.

As mentioned earlier, one must also take care to control the upper end of a stimu-

lus intensity. If the stimulus intensity is too great, the user can not only experience 

an alerting and stressful reaction, but also experience sensory stimulus fatigue-based 

impairments and concomitant changes in psychometric function and threshold 

specifi cations.

18.4.20 VISUAL ACUITY PROBLEMS

Of all human senses, vision is probably the most important for system design. It 

is often quoted that as much as 80% of the information we receive from machines 

and systems comes to us by way of our eyes. There are many issues to be consid-

ered when specifying the importance and nature of visual imagery. However, visual 
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TABLE 18.5
Number of Absolutely Identifi able Sensations

Sensation Number Identifi able

Brightness 3 to 5 with white light of 0.1–50 mL

Hues 12 or 13 wavelengths

Interrupted white light 5 or 6 rates

Loudness 3 to 5 with pure tones

Pure tones 4 or 5 tones

Vibration 3 to 5 amplitudes

Source:  Van Cott, H.P. and Warrick, M.J., 1972. Man as a system 

component. In Van Cott, H.P. and Kinkade, R.G. (Eds.), 

Human Engineering Guide to Equipment Design (Rev. ed.)

(p. IP-39). Washington, DC: Government Printing Offi ce; 

Mowbray, H.M. and Gebhard, J.W.,1958. Man’s Senses 
as Informational Channels (Report No. CM-936). Silver 

Spring, MD: Applied Physics Laboratory, The Johns Hop-

kins University.

TABLE 18.4
Relative Discrimination of Physical Intensities and Frequencies

Sensation Number of JNDs

Brightness of white light 570 discriminable intensities of white light.

Hues at medium intensities 128 discriminable wavelengths at medium 

intensities.

Flicker frequencies between 1–45 Hz with 

on/off cycles of 0.5

375 discriminable interruption rates between 1 and 

45 interruptions per second at moderate intensities 

and an on/off cycle of 0.5.

Loudness of 2000 Hz tones 325 discriminable intensities for pure tones of 

2000 Hz

Pure 60 dBA tones between 20 and 20,000 Hz 1800

interrupted white noise 460 discriminable interruption rates between 1 and 

45 interruptions per second at moderate intensities 

and an on/off cycle of 0.5.

Vibration 15 discriminable amplitudes in chest region with 

broad contact vibrator within an amplitude range 

of 0.05–0.5 mm.

Mechanical vibration 180 discriminable frequencies between 1 and 

320 Hz.

Source: Van Cott, H.P. and Warrick, M.J., 1972. Man as a system component. In Van Cott, H.P. and 

Kinkade, R.G. (Eds.), Human Engineering Guide to Equipment Design (Rev. ed.)(p. IP-39). 

Washington, DC: Government Printing Offi ce; Mowbray, H.M. and Gebhard, J.W.,1958. Man’s 
Senses as Informational Channels (Report No. CM-936). Silver Spring, MD: Applied Physics 

Laboratory, The Johns Hopkins University.
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acuity or target size, contrast, and magnitude of illumination of visual stimuli are 

minimal questions that need to be addressed when considering accommodation of 

human visual impairment.

Visual activity refers to the ability to see spatial detail and recognize image 

features. Usually visual acuity is specifi ed in minutes of arc; the angle subtended by 

the object viewed. For objects less than 10° of arc, we can use a small angle tangent 

approximation to estimate visual arc:

Visual angle (minutes of arc) = (57.3)(60)L/D

where

L is the size of the object measured perpendicularly to the line of sight and 

D the distance from the front of the eye to the object.

Visual acuity may be classifi ed in the following categories:

Detection, merely detecting the presence of something• 

Vernier, detecting misalignment• 

Separation, detecting the separation or gap between parallel lines, dots or • 

squares

Form, identifying shapes or forms• 

Physical and physiological factors affect visual acuity. Illumination, contrast, time of 

exposure, and color are typically important determinants of visual acuity. Engineer-

ing design handbooks provide signifi cant guidance on the impact of various combi-

nations of these factors (Woodson, Tillman, and Tillman, 1992).

Designers use visual thresholds. However, unless otherwise specifi ed, thresholds 

are set at 50% detection rates when the observer is focused or waiting for the pre-

sentation of the stimulus. Visual arc thresholds are increased by multiples to obtain 

adequate recognition thresholds. Usually, such multiples are determined for various 

tasks by experimentation. If the observer has lower visual acuity than the unim-

paired population, then additional multiples may be required.

Visual impairments can materially increase the size or visual angle requirements 

for objects, text, or discriminating features to be detected. Inverting the Snellen ratio 

and multiplying the required visual acuity for normal vision can extend recogni-

tion for those who have say, 20:400 vision (e.g., multiply the visual acuity value by 

400/20 or 20).

Operator age may also materially affect contrast sensitivity and color quality. 

Designers should understand that visual detection and recognition is dependent upon 

both the targets’ contrast and the amount of illumination of the target. If illumination 

is reduced at dusk, inside buildings, or in vehicles at night, one may have to increase 

the size of the target for any given level of contrast (see Figure 18.6).

Vibration and hypoxia, reduced oxygen content in the brain brought on by ascent 

to high altitudes or the inhalation of certain kinds of gases, also reduce acuity. Pilots 

who breathe pure oxygen at high altitude at night frequently report dramatic increase 

in their color vision.

Moreover, if the designer relies only upon color as a differentiating code for 

stimuli or information, reduction in illumination shifts vision from color to black 
� 2008 by Taylor & Francis Group, LLC.



Yield Yield Yield Yield Yield Yield
Yield
Yield
Yield
Yield
Yield
Yield

Yield
Yield
Yield
Yield
Yield
Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

Yield

High

Low

Ta
rg

et
 co

nt
ra

st

Small Large
Visual target size

FIGURE 18.6 Example of impact of target contrast and illumination upon spatial frequency 

or visual acuity. (Note change in visibility of words under different levels of illumination 

showing the importance of contrast and size of visual targets under different levels of illu-

mination). (From Wiker, S.F., Importance of Human Factors Engineering in Promotion of 

Safety in Haight, J. (Ed.) Safety Professional’s Handbook, 2008. With permission.)
and white and color cues will be diffi cult to discriminate. Color perception is also 

affected by the characteristics of the target (spectral content, luminance), the envi-

ronment in which it is viewed, and the observer (Israelski, 1978). About 8% of men 

and less than 1% of women have some degree of color vision defi ciency. Color vision 

will be particularly problematic if the individual’s visual contrast sensitivity or illu-

mination levels are low and rod vision subordinates cone vision.

The type of illumination used can also materially affect color perception and dis-

crimination. Two colors that appear identical in tungsten light may appear entirely 

different in daylight. High-pressure sodium lighting distorts almost all colors. 

Designers often fail to consider that material variations in illumination characteris-

tics can infl uence color detection across a wide range of operational environments. 

This is true when individuals have some degree of color blindness or pathos that 

dims light impinging upon the retina.

18.4.21 AUDITION PROBLEMS

Hearing is very important for human operators because it allows communication 

by way of speech, and to attend to a variety of auditory cues such as bells, buzzers, 

beeps, horns, sirens, and other sounds that do not require visual attention. Designers 

often rely upon auditory signals for alerting multiple operators when visual stimuli 

cannot be relied upon.

Audition is a complex sensory system that defi es comprehensive description 

in this document. However, one can describe a process that most ergonomists go 

through in assessing the acceptability of speech or auditory display design.
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First, the objective is that displayed information should match generally accepted 

selection criteria for auditory displays:

Message is simple and short• 

Message calls for immediate action• 

Message will not be referred to later• 

Message deals with events in time• 

Operator’s visual system is overloaded• 

Illumination is poor• 

Job requires movement away from a visual display• 

Stimulus is acoustical in nature• 

Discrimination among frequencies and temporal sound patterns is much more reliable 

than attempting to discriminate between increases in sound intensity of a pure tone. 

To avoid ambiguity, systems should use no more than about six different auditory 

signals. Use of previously learned signals is preferred, and increasing repetition rate 

of pulses rather than amplitudes should be used to  convey urgency.

Intelligibility of speech within a noise fi eld is related to the signal-to-noise ratio. 

Noise in occupational environments, during emergencies or storms, and situations 

can mask speech if it is not suffi ciently greater in sound power level than the noise 

fi eld. Normal speech averages about 65 dBA, if one must shout the sound power level 

reaches 100 dBA.

Measuring the percentage of correct words transmitted from a speaker to a 

listener, one arrives at a speech intelligibility score (e.g., percent correct). Speech 

intelligibility decays when the signal-to-noise ratio narrows across the voice 

spectrum. If one measures the one-third octave band sound power level (SPL) 

of the actual or expected noise fi eld and overlays the SPL of the speech then dif-

ference in between speech and noise decibel values becomes the signal-to-noise 

ratio for speech. For the purposes of the articulation index (AI) if the power of 

noise exceeds the SPL of speech, the signal-to-noise ratio is set to zero.

Weighting the differences in SPLs across the frequency spectrum and summing 

the weighted differences provides the AI:

 =

= −∑
5

Speech Noise

1

AI (dBA dBA +12dB)
30dB

i

i

W

 

where

Wi is the weight for the ith frequency band

dBAspeech the sound power level of speech at the ith frequency band, and

dBAnoise the sound power level of noise at the ith frequency band.

The weighting factors for each frequency band are provided in Table 18.6.

One can also take the average dBA readings for one-third octave bands at 500, 

1000, and 2000 Hz center frequencies and use that average as the speech interference 

level (SIL) metric. Once the SIL is determined, then one can use Figure 18.7 to deter-

mine if worker proximity and vocalization capacity are adequate for transmitting 

spoken messages in various noise fi elds.
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FIGURE 18.7 Effect of SIL and the functional relationship between proximity of speaker-

listeners and required speech sound power level. (Adapted from J.C. Webster, Speech Interfer-

ence by Noise, Proceedings, Inter-Noise 74, Institute of Noise Control Engineering, p. 558).

TABLE 18.6
Weighting Coeffi cients for Articulation 
Index Frequency Bands

Frequency (Hz) Band (i) Weighing Factor (Wi)

 250 0.072

 500 0.144

1000 0.222

2000 0.327

4000 0.234
Intelligibility can be enhanced by designing verbal messages by using the following 

pointers:

Make it simple and redundant• 

Use a reduced vocabulary set with simple words• 

Phrases used have contextual meaning (e.g., pilots hear “Cleared to Land” • 

on fi nal approach)

Many designers seem to assume that users of their systems will have adequate hear-

ing. Unfortunately, hearing impairments are ubiquitous, increase with age, and far too 

often develop occupationally with exposure. Unimpaired young operators can converse 

comfortably at 55 dBA. At 50 years of age, speech sound power must average 67 dBA, 

and at age 85 years, loud speech is required in moderate noise fi elds (e.g., about 85 

dBA) (Coren, 1994).

Since designers usually have no control over who will use their systems, most 

systems should be designed with the expectation that they will be used by persons 

with hearing diffi culties. Providing volume controls so that listeners can pick their 

own listening levels is one important design option. These approaches will make 
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auditory signal design more accommodating. One may have to consider using 

multiple coding strategies to overcome limited auditory capabilities. Of course, 

augmentive technologies may be required by hearing-impaired users to insure that 

acoustic information is received, or they may require use of alternative sensory 

modes for displaying information or cues (e.g., visual or vibratory cues).

18.4.22 ARE SIGNALS DETECTED AS EXPECTED?

One cannot presume that if a stimulus is suprathreshold, it will be detected in a 

dependable manner. As shown in Figure 18.8, observers can detect the presence 

(Hits) and absence of suprathreshold stimuli (Correct Rejections). However, they can 

also miss signals (Misses), and report the presence of a stimulus when it is absent 

(false alarms). The magnitude of each of these outcomes depends upon the observer’s 

expectations regarding the presence of signals, their sensorial or perceptual sensitiv-

ity (d'), and their decision criterion (beta).
FIGURE 18.8 General stimulus signal detection behaviors given a user’s stimulus sensitiv-

ity (d') and their decision criterion (β or beta) used to determine whether the stimulus is signal 

or noise.
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The beta used by an observer is the magnitude of the physical stimulus inten-

sity at which point the observer will uniformly report the presence of a stimulus 

and absence if the intensity falls below that criterion. The observer’s sensitivity, or 

inherent ability to detect the signal, can change as they age, with fatigue, and other 

factors that can degrade sensation. The observer’s response criterion (beta) can also 

change based upon their expectation of the presence of the signal and values and 

costs associated with judgments. If beta changes, in the face of a constant d', material 

differences will result in the operators accurate reporting of the presence of signal 

and their false alarm (FA) rate (see Figures 18.9 and 18.10).

Individuals with sensory impairments that affect the dimension of a stimulus 

presented, suffer decrements in the d' or sensitivity. Impairments that reduce opera-

tor sensitivity (d') can also affect their positioning of beta. As will be shown in the 

next few paragraphs, beta is infl uenced by perceived incidence rate of targets and the 

values and costs of their placement of beta.
FIGURE 18.9 Impact of increasing beta upon signal or hazard detection upon detection 

performance when operator sensitivity (d') is constant.
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Hs HrHloss HNoise
Ht

Ht = Hs + Hr - Hsr

FIGURE 18.10 General model showing that information sent (Hs) and which is also 

received (Hr) is deemed as transmitted information (Ht) with an ideal design producing two 

overlapping diagrams demonstrating perfect transmission.
One can attempt to improve the observer’s beta by providing accurate informa-

tion about the probability of signal and noise, and the values of making Hit, Correct 

Rejection, and the positive magnitude of creating false alarms and misses. By adjust-

ing the theoretical optimal beta by a payoff matrix, one can modulate observer signal 

detection theory (SDT) performance:

 

β +=
+

CR FA
Optimal

Hit Miss

( )
*

( )

V CP N

P S V C
 

As shown by the equation above, and demonstrated in Table 18.7, one can easily bias 

the observer’s response criterion by changing their perception of the prevalence of 

signals and the values and costs of their decisions. The observed beta for an observer 

is the ratio of the ordinal probabilities of signal and noise at the decision criterion. 

Thus, if the beta is large, criterion is shifted to the right (i.e., physical stimuli must 

be substantial before the observer will report the presence of a signal). If the beta is 

small, the criterion is shifted to the left and small physical stimuli intensities will 

result in conclusions that signals are present.

Errors in signal detection can provoke unanticipated behaviors because cues to 

initiate behaviors are missed, or inappropriate behaviors occur when cues are absent. 

Signal detection performance depends upon the observer’s (1) expectation of a signal, 

(2) their response criterion (beta), and (3) observational sensitivity to the stimulus (d').
One can compute the observed operator’s sensitivity or d' by estimating the dis-

tance between signal plus noise distribution (SN) and the noise distribution (N) in units 

of z-scores. The z-scores are determined by determining the miss and FA rates and 

fi nding the z-scores from the means of each distribution to the response criterion.

Another method to evaluate an observer’s d' and beta involves plotting the hit rate 

against the FA rate for various signal detection trials in which different frequencies of 

signals or payoff matrices are used to shift betas. The result is a receiver’s or observer’s 

operating characteristic curve. The greater the distance of the curve from the diagonal, 

the greater the signal-to-noise ratio and the greater the observer’s capacity to detect the 

signal. Betas are determined by the tangent to the curve at the empirical plot point.

A receiver operating characteristic (ROC) curve allows one to compare an observ-

er’s d' and beta simultaneously by plotting hit rates against FA rates for various betas 

that are changed by altering the probability of signals, the payoff matrix, or allowing the 

observer to select different confi dence levels for each decision about the presence of a 
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TABLE 18.7
Different Values for the Locus of Optimal Physical Intensity or 
Optimal Beta Given Different Perceived Probabilities for Signals 
and Values and Costs for Decision Outcomes

Probability of 
Signal and Noise Values ($) Costs ($)

Noise Signal Hit
Correct 

Rejection Miss False Alarm

0.9 0.1  100  100  100  100 9

0.9 0.1  100  100  100  100 9

0.9 0.1  100  100  100  100 9

0.9 0.1  100  100  100  100 9

0.9 0.1 1000   10 1000   10 0.09

0.9 0.1 1000   10 1000   10 0.09

0.9 0.1   10 1000   10 1000 900

0.9 0.1   10 1000   10 1000 900

0.1 0.9  100  100  100  100 0.11

0.1 0.9  100  100  100  100 0.11

0.1 0.9  100  100  100  100 0.11

0.1 0.9  100  100  100  100 0.11

0.1 0.9 1000   10 1000   10 0.0011

0.1 0.9 1000   10 1000   10 0.0011

0.1 0.9   10 1000   10 1000 11.11

0.1 0.9   10 1000   10 1000 11.11
signal or hazard. The ROC can be used to compare the d' values for different equipment 

designs, among observers for personnel selection or impact of ambient and potentially 

masking phenomena (e.g., fog, rain, or darkness) upon the driver’s capacity.

When performing tests to determine whether or not an impaired applicant can per-

form work that involves SDT (e.g., quality control inspector), it is important that the 

applicant has a clear instruction set addressing the incidence of defectives as well as 

the costs and values of the four possible decision outcomes. Using a paradigm in which 

the operator is tested repeatedly with different purported fl aw incidence and different 

values and costs for decisions, one can rapidly create a ROC without having to worry 

about where the applicant actually places their betas for each of the trials. The ROC 

plot can be compared against requisite performance ROC to determine whether or not 

the applicant can meet minimal signal detection performance requirements; regardless 

of where the applicant set their betas during the application or screening tests.

An example of this paradigm is provided in Figure 18.9, observers a, b, and c 

have greater d' or sensitivities, than f, e and d, all of which do not share the same beta 

or decision criterion. Some observers are very liberal in that they seek to increase 

hit rates at the expense of increased false alarms (e.g., a and d) while others are 

very conservative in their decision criterion (e.g., f and c) where greater intensities 

of signals are needed before they are willing to claim the stimulus is a signal. The 

conservative betas reduce hits and false alarms.
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The importance of understanding SDT is that one can anticipate signifi cant 

differences in human detection of a signal or communication given differences 

depending upon the perceived expectancy of the signal and the values and costs 

associated with their performance. A designer should understand that simply because 

a  stimulus is suprathreshold, it does not guarantee that the human will accurately 

respond to signals or correctly reject their presence. To enhance accommodation of 

the design for all, stimulus–noise ratios should be increased, and the observer should 

clearly understand what the signal should look like. Costs and values associated with 

decision outcomes should also be very clear to the user.

Operator sensitivity can be improved by using magnifi ers, structured light pre-

sented at angles to induce shadows of surface fl aws, use of haptic exploration of the 

surface with fi ngers, x-rays, and other augmenting schemes that collectively enhance 

detection of the fl aw. Providing static examples of fl aws for inspectors to make side-

by-side comparisons can be helpful, particularly if memory problems exist, or inci-

dence of particular fl aws is very low and recall needs reinforcement.

18.4.23 IS THE INFORMATION CONFUSING THE OPERATOR OR USER?

Even if the operator reliably receives the stimuli, they can confuse stimuli that are 

very similar in nature or perception, or ambient noise can mask attributions and pro-

duce miscommunications. This can occur frequently when sensory imagery received 

by the observer is incomplete or differential due to impaired sensory or motor capac-

ities. Discriminating features may be lost among sensory coding schemes that lead 

to confusion and noise in interpretation of the imagery. If one cannot detect a small 

dot, a small cross element, then an observer may not be able to discriminate among 

an “i,” “t,” and an “l.”

If an operator’s task requires the identifi cation or classifi cation of information, 

the sensory task has transitioned into perceptual task. The goal is to receive (Hr) 

all information that is sent (Hs). If that occurs, then the two circles in the Venn 

diagram below will superimpose and all information is transmitted (Ht) with no 

loss (Hloss) and no noise (Hnoise). With loss of information some of the sent informa-

tion is lost, and noise is classifi ed as information, which was received but that was 

not sent.

To determine the amount of information that was transmitted, we calculate the 

information that was sent, received, and that was collectively noise and loss. Infor-

mation is computed in terms of bits. If we have a single event i, we can determine the 

information sent by that stimulus using the formula provided in Figure 18.10.

If we have a large number of events with each possessing a different probability 

of occurrence, we can compute the average amount of information presented to the 

observer by the following formula:

 
=

⎡ ⎤
= ⎢ ⎥

⎣ ⎦
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N
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where

Hsaverage is the average information presented and

Pi is the probability of presentation or incidence of code or symbol.
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FIGURE 18.11 Example of a confusion matrix demonstrating failure of warning symbols 

to consistently warn about the appropriate hazard.

Incidence of send and received symbols can be computed for 1000 presentations of each stimulus

Weather symbols 
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Weather symbols 
Symbol A Symbol B Symbol C Symbol D Sums Bits 

Symbol A 0.23 0.00 0.00 0.00 0.23 0.48
Symbol B 0.03 0.00 0.08 0.08 0.18 0.44
Symbol C 0.00 0.13 0.10 0.08 0.30 0.52

Re
sp

on
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Symbol D 0.00 0.13 0.08 0.10 0.30 0.52
Sums 0.25 0.25 0.25 0.25 1.00
Bits 0.50 0.50 0.50 0.50

Hs = 2.00 bits  
Hr = 1.97 bits  
 Hsr = 3.15 bits 
Ht = 0.81 bits  
For example, if we wish to evaluate four symbols or codes that have been 

proposed for thunderstorm, thunderstorm and rain, visible lightening and thunder-

storm and hail, we can evaluate the transmittal of intended information using a con-

fusion matrix shown in Figure 18.11. The incidence of symbols sent, the incidence of 

symbols received, and the incidence of sent and received symbols can be computed 

for 1000 presentations of each stimulus.

The distribution of responses provided by the subjects showed that the thunder-

storm symbol produce 900/4000, or 23% of the 4000 presentations resulting in about 

a half bit of information:

 

⎡ ⎤= ⎢ ⎥⎣ ⎦2

1
0.49bits (.23)log

.23  

By computing the average information sent (Hs = 2.0 bits), information received 

from the marginal probabilities of the rows (Hr = 1.97), and the information content 

inside the matrix (Hsr = 3.15 bits), we can determine the information that is trans-

mitted (Ht = Hs + Hr − Hrs =  0.81 bits). In the example above, we fi nd that the lost 

information (Hs − Ht  =  2.00 − 0.81 = 1.19 bits) is due both to confusion and noise 

(Hr − Ht = 1.97 − 0.81 = 1.16 bits).
� 2008 by Taylor & Francis Group, LLC.



Designers of icons, symbols, or other types of information that must be presented 

to users often become too close to their design, or fail to understand that sensory 

impairments can “fi lter” discriminating features of stimuli, and expect no confusion. 

For example, use of differences in contrast may be effective for some populations, 

those with low visual contrast sensitivity, may not be able to use that coding element 

to discriminate among stimulus cues. Diming a symbol to indicate a state change 

may not be recognized by someone with a low-vision impairment in which contrast 

sensitivity is poor.

Conducting confusion matrix studies, one can determine which symbols or sen-

sory stimuli are confusing, ferret out what features, or general affordance, that fail 

to discriminate among similar symbols. For example, the skull and cross-bones icon 

was only confused with the biohazard by 10% of the observers, if we can determine 

why the confusion exists (or at least make adjustments in the imagery that resolve the 

confusions), we can prevent misunderstandings that can have performance, safety, or 

health consequences, and that may impede accommodation.

It is not necessary to remove all confusions if the resulting behaviors and impacts 

are equivalent. Providing feedback to the user that their interpretation was incorrect 

may be suffi cient to retrain the user with every mistake. For example, if an impaired 

worker reliably detects but confuses the symbology shown in the table above, but 

each symbol or icon requires the same precautions, then the consequences are nil.

18.4.24 HAVE YOU RELIED TOO HEAVILY UPON AN AFFORDANCE?

Gibson (1966) described an affordance as an objective property of an object, or a 

feature of the immediate environment, that indicates how to interface with that object 

or feature. Norman (1988) refi ned Gibson’s defi nition to refer to a perceived affor-

dance, one in which both objective characteristics of the object are combined with 

physical capabilities of the actor, their goals, plans, values, beliefs, and interests. An 

affordance is a form of communication that conveys an intended purpose and opera-

tion of a device or a message, as well as behaviors that are to be avoided. This is a 

powerful design element that can be useful if used wisely, and punishing if it moti-

vates inappropriate or undesired behaviors. Cognitive dissonance may also develop 

and lead one to use of the object in manner that was neither expected, nor promoted 

by the affordance.

An example of a positive affordance is offered by the steering wheel of a new 

car. One may have never driven the car before, but the design of the steering wheel 

and the actor’s previous experiences lead them to expect that rotation of the wheel 

to right when rolling will cause the car to veer to the right. An undesired affordance 

could be produced by exit path fl ashing illumination lighting that creates an illusion 

of movement in a direction that is opposite to that which is desired.

Often impaired individuals have limited sensory portals to detect information 

that, collectively, produces the desired affordance. If the designer is relying heavily 

upon development of an affordance to produce a desired perception, they may have 

to create the affordance with cues that still convey the desired information. A classic 

example of this problem is demonstrated by turning off the sound for a suspenseful 

scene in which the music is used to convey to the viewer that the victim is at extreme 

risk. The director attempts to show how much danger the poor soul is in by present-

ing ominous music and sounds, and how unknowing the victim is by their facial and 
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gestural behaviors that suggest that everything is normal. When the sound is off, the 

scene presents a state of normality and the presence of a hazard cue is gone. Turn 

off the screen brightness and turn up the volume and you are left with a sense of 

monition—without any sense that an unknowing victim exists. This demonstration 

shows how compelling both visual and auditory information can be in generating the 

intended affordance. For individuals who are deaf, subtitles might have to be used to 

warn them that the assailant is in the closet and is ready to pounce.

In sum, affordances can be very powerful infl uences in the receipt and interpreta-

tion of sent stimuli, and if not evaluated through tests and evaluation procedures, can 

lead to unexpected outcomes if the intended meaning(s) are not developed.

18.4.25 ARE THE COGNITIVE DEMANDS ACCEPTABLE?

Cognitive demands include handling information that is received from the sensory 

system, attended to, used with human memory to learn and support decision making 

and selection of responses.

18.4.26 HUMAN MEMORY LIMITS

Memory is requisite for detection of problems, diagnostics, handling protocols, and 

learning new material. Defi cits in sensory, short-term memory (STM) or long-term 

memory (LTM) are often direct or indirect causes for human performance failures 

and constraints in accommodating affected individuals.

To memorize information it has to be actively encoded. Sensory information 

fl ows into through senses continually. However, only the information to which we 

pay material attention to and that has meaning to us are candidates for successful 

memory store (Shiffrin, 1988). Any design elements or work processes that disrupt 

our attention or our understanding of the meaning of the information that we are 

attending will act to inhibit development of learning and memory.

Sensory memories are limited buffers for sensory input. Visual iconic sensory 

memory is briefl y present for visual stimuli and aural stimuli produce echoic sensory 

memory. Other sensory inputs have brief sensory memory periods as well. Stimuli 

captured by sensory memory must move rapidly into STM through attention. If the 

stimuli are not attended, the STM essentially fi lters that information and it decays 

away. If sensory impairments exist, the cocktail of sensory input is changed and 

subsequent use of the “fi ltered” input can have performance consequences.

Transfer of sensory stimuli into information that can be used at “higher” pro-

cessing stages is often referred to as encoding. Three principal encoding methods 

have been proposed:

Structural (encoding with emphasis on the physical structural characteris-• 

tics of the stimulus)

Phonemic (encoding with emphasis on the sounds of the words or • 

phenomena)

Semantic (encoding with emphasis on the meaning)• 

Working memory is the next stage and serves as the “workbench” for reinforce-

ment of the encoded sensory memory of interest, and for temporary recall of the 
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information under process. Elaboration of encoded information occurs when it is 

associated with other information. Elaboration can include visual imagery that adds 

richness to the material to be remembered and often connects information from 

other sensory modalities. Finally, the imagery is usually made self-referent in that 

the individual attempts to make the information relevant to their life history and 

personal learning history.

Three stages of memory storage are generally accepted: sensory store, short-term 

store, and long-term store. Sensory store retains the sensory images for periods of 

time that are just long enough to develop a perception (< 200 ms). Short-term memory 

can retain information for about 20–30 s without rehearsal of that information. If the 

information is verbally rehearsed or the image that must be maintained is continu-

ally or episodically refreshed after short intervals, then STM can last as long as the 

reinforcing or rehearsal behavior continues. Short-term memory appears to be lim-

ited in the number of items that it can functionally maintain at any given time (e.g., 

7 ± 2 items; Miller, 1956). Yet if those items are packed into “chunks,” and smaller 

“chunks” are packed into larger “chunks,” then limitations can appear to wane.

Short-term memory has been referred to as a simple rehearsal buffer that is 

vulnerable to decay in rehearsal or displacement with incoming information into the 

fi rst-in-fi rst-out buffer. It may be more complex, but that metaphor is effective guid-

ance for designers who are concerned about whether or not information conveyed to 

the user can be stored or associated with long-term store.

If information is suffi ciently rehearsed, made semantically relevant, or can be 

integrated into long-term store associations, it may be permanently stored in LTM. 

Transition of STM into LTM requires rehearsal and development of associative 

“hooks” to bring the information into the LTM semantic structure. Rehearsal can be 

simple recitation of the material in STM (e.g., maintenance rehearsal), or elabora-

tive in which the meaning of information is developed and associated with relevant 

components of LTM. Elaborative rehearsal appears to develop LTM in a much more 

effective manner, presumably because greater numbers of associations are established 

and the “bigger” picture of the information is established.

Long-term memory can be divided into declarative (explicit) and procedural 

(implicit) memories (Anderson, 1976). Declarative memory requires conscious recall 

and is often referred to as explicit memory because it consists of information that is 

explicitly stored and retrieved.

Declarative memory consists of semantic memory (meaning of information 

independent of context) and episodic memory (information that is contextually spe-

cifi c—dependent upon the time and place that the information was gathered such 

as the birth of your child (e.g., sensations, emotions, and personal associations of a 

particular place or time) ). Memory of autobiographical events within one’s own life 

is generally viewed as a subset of episodic memory.

Procedural or implicit memory is based upon implicit learning of operations or 

sequences—not based on the conscious recall of information. Learning motor skills 

is a component of procedural memory that requires motor rehearsal.

Long-term memory appears to attempt to build associations that are organized 

into either clusters (i.e., related material), conceptual hierarchies of items (e.g., lead-

ers vs. followers, inputs vs. outputs), and semantic networks (i.e., less structured asso-

ciations or relationships between nodes of facts or concepts), schemas (i.e., clusters of 
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knowledge about an event or object abstracted from prior experience with the object), 

and scripts (i.e., schema which organizes our knowledge about things or activities).

Even if LTM is permanent, a wealth of evidence shows that retrieval may 

not be successful or accurate. Retrieval requires selection of appropriate cues or 

“pointers” to information maintained within LTM. Cues may be contextual or 

mood-based. Contextual cues are relevant to the information that we are attempt-

ing to recall.

For example, if we are attempting to construct an equation for the circumference 

of a circle and wish to recall the value of π, information that we have retained about 

circles is “made available.” The set of memories associated with circles is made 

available, and we can fi nd the memorized value of the constant (hopefully).

On the other hand, cues that create an emotional state or sense of being may 

enable access to memories that are linked with that sensation. Odors of coffee and 

soft guitar music may return memories related to previous experiences associated 

with those phenomena.

Memories recalled appear to be reconstructions (Bartlett, 1932) that can be 

infl uenced by current information or cues (e.g., errors in eyewitness recall produced 

by misleading questions (Loftus, 1979) ). If information cannot be maintained in 

STM long enough, it cannot be used to pull information from long-term store. The 

information is no longer available to help assemble percepts or associative structures 

that are used in assessment and decision making, or for developing more complex 

associations that are used to bring the information into long-term store.

Cognitive impairments, various diseases, and situational or task-design inter-

ference cause disturbance in STM retention, rehearsal or refreshment of working 

memory. Interference can be sensory, redirection of attention, or trying to remember 

too much at a given moment. Sometimes development of strong stimuli that produce 

cognitive focus or tunnel vision can preclude gathering as much information into 

working memory as expected.

Long-term storage may be classifi ed as episodic memory (storage of events and 

experiences in a serial form) or as semantic memory (organization record of asso-

ciations, declarative information, mental models or concepts, and acquired motor 

skills). Information from STM is stored in LTM through rehearsal. Rehearsal of 

information, concepts, and motor activities enhances transfer into LTM. Learning is 

most effective if it is distributed across time.

Accommodation for memory impairment requires one provide suffi cient oppor-

tunity for the user to focus upon sensory memory allow entry and rehearsal in STM, 

or to establish associations that allow the user to recall information from long-term 

store. Designers can rely too heavily upon learning and recall on the part of the 

operator to prevent errors in sequences of operations to support choice, diagnostic, 

or predictive decisions.

Designing down memory demands is always a good idea. Furthermore, reduc-

ing task strain and burden to support working memory can promote accurate recall 

and sequencing of information that are needed to make good decisions or to operate 

machines and tools, perform tasks properly, and many other activities for everyone. 

Memory aids can be in the form of: aids such as use of checklists and task per-

formance histories, increased display times, electronic to do lists, attentional cues, 
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chunking large amounts of information into smaller acronyms, or chunks that 

can be “unpacked” and contextual cues.

18.4.27 DESIGN IN MEMORY AIDS

Memory aids are used by all of us and can be of particular importance for individuals 

who have memory impairment. Memory aids can be built into the design of equipment 

(e.g., controls are placed in linear sequence of operation so that the user does not have to 

remember which control to operate after the previous control—they simply make adjust-

ments one control after another along a line of placement). Other aids can be cognitive 

tools that are provided to new trainees (e.g., pilots are taught mnemonics and acronyms 

to remember operations and sequence of operations when fl ying planes in case they lose 

their checklists or are subjected to stressful emergencies). Typically, designers develop 

acronyms and mnemonics to assist users in remembering associations and sequences to 

reduce risk of recall error and cognitive burdens.

Acronyms. Acronyms are words that represent titles, sequences, or number 

sequences of alphanumeric letters that code underlying information. For example, 

acronyms are often used to remember university names (e.g., WVU, West Virginia 

University), or checklists (e.g., GUMPS: Check Gas, Undercarriage, Manifold Pres-

sure, Propeller and Seatbelts before landing).

Mnemonics. Mnemonics are techniques for remembering information that 

is otherwise quite diffi cult to recall. Using mnemonics one can cue recall of lists, 

sequences of operations, and other information that is often diffi cult to remember. 

Use of vivid imaginative effort for construction and use of mnemonic increases the 

likelihood that it will be recalled and used.

Method of Rhyme mnemonics are used to recall information. For example, “i 

before e, expect after c, or when sounded like ‘a’ as in neighbor and weigh.” Pilots 

are trained with a rhyme, “High to low, look out below!” The latter rhyme refers to a 

warning that changes in barometric pressure can lead to incorrect altimeter readings 

(e.g., reduction in barometric pressure will indicate that the aircraft’s altimeter will 

read higher than true).

Mnemonics help workers remember the associations and interrelationships 

among items. Associations can be remembered by creating imagery of

Placing things on top of one another• 

Crashing or merging things together• 

Wrapping items around one another• 

Linking them using the same color, smell, shape, or feeling• 

Location Mnemonics. Location mnemonics can be used to guide recall of spatial 

organization or sequences of information. You use the journey method by associat-

ing information with landmarks on a journey that you know well. Several methods 

have been used to reinforce memory and learning about sequences, associations, and 

clusters of unlinked information.
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Method of Loci, or the ancient Roman room technique, is an ancient and effective 

way of remembering information where its structure is not important. The Roman 

room technique is similar to the journey method. It works by pegging images coding 

for information to known things, in this case to objects in a room. The Roman room 

technique is most effective for storing lists of unlinked information, while the jour-

ney method is better for storing lists of ordered items. One can create rooms within 

rooms and objects within each room are used to recall information. For example, to 

remember the following number 808360202 one can create a map of the country of 

area codes and move from the Hawaiian Coast, West Coast, and East Coast telephone 

area codes.

When designers cannot eliminate the need for unassisted memory, they should 

consider offering acronyms and mnemonics as training aids. These tools can be used 

to support recall of procedural sequences, options available, phone numbers, etc.

18.4.28 DOES THE DESIGN SUPPORT HUMAN DECISION MAKING?

Humans are not consistently rational decision makers. Many decisions are based 

upon heuristics or rules of thumb that are developed based upon past experiences. 

In other cases decisions can be fl awed because of innate limitations in human 

decision making capacities.

A decision is a process that one uses to reduce uncertainty. Three classes of deci-

sion are (1) choosing from among options, (2) predicting an outcome, or (3) diagno-

sis. The cognitive burden imposed by this activity is derived from having to recall or 

maintain a set of attributes or facts and their values in terms of the nature of the deci-

sion. Metaphorically, one can view a complex decision as a long regression equation 

with many terms and coeffi cients. The greater the number of terms and coeffi cients, 

the more diffi cult the cognitive burden becomes and the greater the likelihood that 

the decision will not be ideal. Choice decisions typically are easier to make than 

prediction decisions because predictions often require additional mental algebra.

Diagnosis typically produces the greatest burden because the individual often 

has to back chain from a current state to an array of possible etiologies—requiring 

that one recalls many potential “regression equations” along with their coeffi cients 

and properties. If one is in the early stages of diagnosis of, say circuit faults, there 

may be hundreds of sources for such faults. Further data gathering is required until 

the solution space can be adequately narrowed. Even when adequately narrowed, the 

potential solution space may be very large and can exceed human capacity to handle 

without high risk of error.

Often designers do not consider the impact of their design upon human deci-

sion making burden. Stressful epochs, aging, or mental impairment, individually or 

collectively serve to impair the rate and quality of human decision making. Often 

designs force too many decisions, bias decisions from choice to toward diagnosis, 

and increase the level of mental algebra that is imposed upon the user or worker.

Attributes or facts may take time to obtain and do not always arrive in an optimal 

or expected sequence or time frame. This means that decision makers may have to 

arrive at conclusions or make decisions without all of the facts—or choose to reduce 

their decision stress by making decisions early before one has to gather and consider 
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additional information. Initial attributes or weights associated with those attributes can 

also decay with time when the decision maker must wait for additional information.

Decisions based upon an incomplete or erroneous attribute-weighting matrix often 

occur. Matching of weights to attributes may be out of phase, and early assessments 

based upon limited facts can lead to inappropriate initial hypotheses that, based 

upon prior experience or workload issues, are inappropriately adhered to. Initial 

hypotheses can serve as fi lters for new information in that the decision maker pays 

attention to only incoming facts that support their initial guess. Thus, from experi-

ence decision makers attempt to arrive at decisions quickly to reduce their cognitive 

workload.

As the cognitive workload increases, decision envelopes change, or working 

memory is challenged, or organic impairments constrain decision making capacity, 

decision makers gravitate toward decision making strategies that reduce their cogni-

tive performance demands. This process often leads to error. Some of the types of 

design-mediated decision errors are summarized in the following paragraphs.

When in doubt, correlate. Often when challenged, decision makers seek cau-

sality by correlation. This is a particular problem when individuals cannot attend 

much information when making decisions. For example, engines do not run without 

gasoline. The engine cannot start; therefore, the gasoline tank is empty. Obviously, 

that is not the only explanation for gasoline engine not starting. However, those with 

cognitive impairment may gravitate to simple correlations and not be able to move 

cognitively outside of the box without some assistance from the designer (e.g., pro-

vide a list of potential reasons why the vehicle will not start).

Rules of thumb or heuristic approaches to decision making are also used to 

simplify the process. Heuristics rely upon a subset of attributes and exclude the need 

to for further data gathering. In most cases, copy machines fail to execute the copy 

command when paper needs to be reloaded into the machine. There are other rea-

sons why the copy command may not function (e.g., paper jam, inadequate toner, 

power loss, etc.). Without a message to the operator why the failure has occurred, 

most operators will begin sequences of activities aimed at adding paper to the copy 

machine. Rules of thumb are useful, but when they produce inappropriate behaviors, 

then the designer should intervene with a clear error message explaining the nature 

of the fault and how to overcome the problem.

Humans are not objective statistical or computational machines. Statistical 

assessment of data is usually by intuition rather than calculation and it leads to errors 

in assigning weights to attributes. Humans tend to linearize curvilinear relationships 

and, thus, over or underestimate future behaviors of systems. Humans also tend to 

overestimate variability when means or ranges in sampled data are greater, and they 

dislike arriving at estimates that are near the extremes (i.e., they behave conserva-

tively when estimating proportions). Estimates of means can be signifi cantly infl u-

enced by the frequency of occurrence of a particular value (e.g., while the mean 

may be 20, there were 6 values of 4 while no other number was repeated, the mean 

must be close to 4). Humans do not use Bayes’ rule very well; the probability of 

some event changes based upon existence or probabilities of prior events. Failure 
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to correctly statistically characterize probabilities and magnitudes leads to a false 

perception of reality that can provoke an inappropriate decision.

When in doubt, choose conservative decision outcomes. Essentially, regress 

toward the “mean” even if that is inappropriate. Most rules-based or bureaucratic 

administrative systems promote use of rules to apply to a problem to reduce decision 

stress for workers who do not have the education, training or skills to solve problems 

directly. They prefer simple characteristics that allow selection of a rule, regardless 

of whether or not it is appropriate. Designers often expect too much analytical capac-

ity from a user population and essentially design in errors when users have options to 

always pursue most conservative or rules-based options.

Humans bias their decisions based upon either primacy or recency factors. First 

impressions can take hold and bias all subsequent information gathering and weight-

ing. Or, a recent negative experience can shift the bias toward recent information, 

negating prior data or experiences. Either bias can provoke errors in assessments and 

decisions. First impressions of workers are often incorrect, and a recent error that 

leads to a signifi cant negative outcome (e.g., accident) does not necessarily refl ect the 

worker’s history of safe behavior.

Divide and conquer in the face of overwhelming data and choices. Throwing 

too much information at a human often forces the individual to seek a quick deci-

sion. They seek to accept a small set of hypotheses (usually less than three or four 

hypotheses) and attend information that principally supports one or more of their 

initial guesses. Ease of recall of an initially feasible hypothesis may be used to 

fi lter additional information, or the worker can rely upon heuristics, primacy bias, 

and other biasing behaviors to control their mental workload in decision making.

Reliable or highly diagnostic sources can be over weighted by the decision
maker, resulting in inappropriate selection of hypotheses and data gathering. 

A coworker who has expertise in the operation and minor repair of copy machines 

may be sought out for assistance with every electromechanical piece of equipment in 

the facility, leading to overburden of that worker and errors when their expertise is 

limited. Second opinions and verifi cation through testing, experimentation, simula-

tion, or other objective measurements should be used to check expert opinions. One 

should also provide those opportunities when the expert is a machine, a gauge, or 

computer display. Humans often believe that computers do not make mistakes when, 

in fact, they do. Providing expertise or guidance from a computer to its user and 

multiple diagnostic checks can help those who need basic assistance with making 

choices, predictions or diagnostics.

Overconfi dence in one’s ability to make decisions. We can be lucky and have 

performed well as decision makers in the in past. If we become overly confi dent, 

then we can bias our perspectives and expectancies and produce a poor decision. 

Cognitively impaired individuals may elect to stay within their zone of operating 

confi dence. By limiting their experiences, they may fi nd that their operational his-

tory is very consistent and it leads to reinforcement of highly constrained but ritu-

alistically successful performance. When an outlier situation develops that appears 

to fall within their zone of confi dence, they will quickly respond with decisions that 

may be very inappropriate.
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Designers can improve performance by indicating to the operator or user that 

the current situation is statistically novel and work with the user by providing check-

lists or diagnostic guidance that allows management-by-consent problem resolution 

processes. Assisted problem-solving will help users recognize that the problem may 

fall out of their expertise and require collaborative intervention with the machine, 

technicians, or supervisors.

Negative consequences outweigh positive consequences. If all benefi ts and costs 

result in a zero-sum gain, the decision maker is likely to select outcomes that are risk 

aversive or avoid costs rather than pursue gains. This may be particularly true with 

workers who have impairments and who are very concerned with performing their 

jobs without negative outcomes that might indicate that they cannot handle the job.

Confi rmation and negative information bias. Once we believe a worker believes 

that they have the answer, they tend to develop “cognitive tunnel vision” and resist 

attending information that contradicts their assessment or belief.

To help the decision maker avoid poor decisions and negative consequences such 

as accidents, injuries or losses, the designer should

Train the decision maker so they understand what is causal and what is not• 

Reduce decision options as much as feasible• 

Perform statistical computations and mathematical operations for the deci-• 

sion maker and present them in a persistent manner for reinspection and 

reevaluation

Remind the decision maker of all attributes that exist or that have been • 

encountered to prevent exclusion

Provide memory aids like checklists, diagnostic fault trees, and so forth to • 

reduce the cognitive burden that promotes cognitive shortcutting

18.4.29 REDUCE MENTAL WORKLOADS

Presuming that component activities can be performed in a serial fashion effectively, 

one may still encounter accommodation problems when one or more tasks must be 

performed concomitantly.

Wickens proposed a multiple-resource theory for workload assessment and con-

trol in which different resources exist for different modalities (Wickens, 1984). Audi-

tory and visual processing resources, central processing resources, and different 

motor resources are required for the performance of psychomotor tasks. Resources 

are classifi ed by type and have dedicated channels. If one designs work that must 

pass through one particular type of channel, they can experience resource limitation 

problems, degraded performance, physiological strain, and other negative outcomes. 

By redesigning a task that inputs do not share a signal channel and outputs can 

use multiple channels, one can increase workloads, to a point, without running into 

resource allocation constraints. Wickens is careful to point out that workload design 

is a little more complicated than my simplifi ed characterization of the theory. How-

ever, the general principles appear to work well.

The multiple resource model is presented as elements. The processing stage 

addresses sensory encoding and perception, central and response processing. The 
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second element addresses input and response modes. The auditory, visual, and tactile 

modality draw upon different resources and cross-modal time-sharing can be bet-

ter performed than intramodal time-sharing. One can listen to the radio and track 

the position of their car in a lane concurrently much better than they can listen to 

the radio and listen to instructions about when and how much to turn the steering 

wheel, with their eyes closed, to maintain lane position. The third element is the pro-

cessing mode which can be verbal or spatial in nature. Overburdening a particular 

channel or switching between encoding, processing, and response modalities has 

negative consequences in terms of mental workload. There are a wealth of studies 

and supplementary discussions on the nuances of human workload that cannot be 

adequately addressed here. However, the general concept of unbalanced or exces-

sive use of resources creates problems in mental workload and, thereby, promotes 

performance decrements, strain, and increases the likelihood of adopting shortcut 

behaviors that are unsafe.

From an accommodation perspective, the multiresource model argues that if 

impairments exist in one or more channels, one should consider dividing the task 

sensory, cognitive, and output demands across other available channels. For exam-

ple, if a worker does not have visual sensory capacity, using the auditory channel 

may be a solution. However, loading all work into the auditory channel alone can 

overwhelm the channel capacity of the worker and force slowed or serial processing 

of information. Use of a combination of haptic and auditory sensory feedback and 

verbal and manual control would be better than forcing all work to be handled by 

auditory input and verbal output.

Typically, concomitant task timeline analysis is used to estimate the mental 

workload (i.e., task time-sharing). Balancing task timelines helps to reduce mental 

workloads amongst and within workers. Timeline-based mental workload models 

must be evaluated with actual workloads. You can use time-sharing information to 

help adjust task sequencing and design to reduce mental workloads; however, you 

have to test the impact of joint task workloads to determine if they are acceptable or 

not. There are no a priori models that allow one to determine whether mental work-

loads are acceptable save through actual testing.

18.4.30 MENTAL WORKLOAD ASSESSMENT

The underlying rationale for workload measurement is that humans have many but 

limited resources for performing work. When one or many underlying resources 

are overallocated, performance suffers and psychological and physiological stress 

develop. Absolute workload assessments can be made when directly measuring pri-

mary and secondary tasks that burden the same resource pool. Relative resource 

demand assessment can be made when using comparative evaluation of indirect mea-

sures such as physiological strain. Which type of workload measurement should be 

used depends upon a number of factors. This is particularly true when considering 

cognitively impaired individuals who may overload sensory channels, who have lim-

ited working memory capacity, or who are using greater mental resources in general to 

perform any given task. Individuals with material impairments will experience high 

mental workloads and will, accordingly, suffer in performance, sense of control, and 
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mental fatigue. Excessive mental workloads are problematic and should be reduced as 

much as practicable, regardless of the degree of impairment of the user or operator.

A number of metrics have been developed for assessment of mental work-

load. No single metric is ideal because they vary in their sensitivity, diagnosticity, 

primary-task intrusion, implementation requirements (e.g., availability of  equipment, 

expense, and other logistical constraints), and operator acceptance (e.g., certain 

operator populations are very resistant to admitting any problems with their abil-

ity to handle task demands in fear of ordinal ranking for choice opportunities in the 

future—other operators may not honestly respond—putting honest responders at a 

disadvantage if the information was available to decision makers). Sensitivity is an 

index of the responsiveness of the metric to changes in workload. Diagnosticity is 

the ability to discern the type or cause of workload, or the ability to attribute it to an 

aspect or aspects of the operator’s task (Wierwille and Eggemeier, 1993).

Primary task intrusion occurs when measurement of the workload metric 

interferes with task performance and, thereby, gives false indications of workload 

problems. Secondary tasks can be used to assess remaining resource capacity after 

primary task requirements are made and the primary and secondary tasks share 

the same resources. Sometimes subjects switch primary and secondary task priori-

ties when they know that only secondary task performance is being measured. Self-

report measures taken after completion of the task and most physiological measures 

seem to degrade primary-task performance the least (Eggemeier et al., 1991).

The reader should understand that substantial arguments and cautions exist for 

use of mental workload metrics in the literature and a book would be required to 

adequately address those elements. There is no reliable decision algorithm for selec-

tion of one or more metrics beyond the selection criteria noted above, the nature of 

the tasks performed, the nature of the operator population, and the nature of ques-

tions that have to be addressed in the assessment.

Errors have occurred in past measurement of mental workload, resulting in oper-

ators being put at risk. Often errors develop because designers have used inappropri-

ate metrics (based upon the selection criteria noted above) or have not corroborated 

outcomes of a single metric (e.g., failed to use a battery of metrics). For example, one 

may measure primary performance and fi nd no decrement, concluding that mental 

workloads are adequate. Yet such performance may have been achieved at extreme 

effort producing psychological and physiological strain. With time, that situation 

will cause degradation of performance.

Another example is relying simply upon a physiological metric because it is 

objective. Physiological metrics are integrated measurements that refl ect totality of 

workload exposure; they often have lag times and do not offer much diagnostic value. 

Personality structure can infl uence stress responses and one can miss resource over-

loads in individuals who may not share concern about performance decrements.

Self-report tools offer great value, but they are subject to cooperation of the 

operator. Poorly described procedures, neophyte operators, or managerial factors 

(e.g., If I report problems with this new system and others don’t, will I be at a future 

disadvantage for selection to use the new system?). Designers who are strong advo-

cates of their design are not necessarily the individuals who should design, present, 

or assess outcomes of self-report mental workload tools to operators.
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Often mental workload is found to be high or inadequately considered in the 

design of the original system, or a result of modifi cations that are made without 

adequate evaluation of the impact of the add-on equipment, task, or responsibilities. 

Complex systems are typically designed concurrently with separate design teams 

working on components of a design. Often teams work too independently and fail 

to understand that ergonomic designs that are appropriate for their components are 

not when all components are merged and integrated into an operational system. 

Often the visual, auditory, and motor resources are overtaxed during certain per-

formance scenarios, particularly when handling system malfunctions or complex 

problems. Mental workload assessments in component design may be useful at those 

levels; however, failing to replicate mental workload assessment at design comple-

tion or integration stages can be disastrous—particularly if systematic tests are not 

performed within an acceptable scope of failure modes.

18.4.31 ARE MOTOR PERFORMANCE DEMANDS EXCESSIVE?

Motor response or performance can be classifi ed as discrete, continuous, sequential 

discrete, open-loop movements, or closed-loop continuous movements. These activ-

ities are mediated by reaction time components. Recommended textbooks in the 

reference sections have excellent and in-depth reviews of human reaction time and 

motor performance. The following sections address sources of errors that designers 

have encountered when designing or evaluating the impact of their designs upon 

motor performance requirements and capabilities.

18.4.32 ARE ANTICIPATED REACTION TIMES REALISTIC?

Time taken by operators to detect and physically start a response to some external 

event or input, a change in a traffi c light, or hazard signal, is grossly referred to as reac-

tion time. Reaction times are not static within operators; fatigue, attention or vigilance 

decrement, stress, aging, cognitive or motor impairments and other factors can infl u-

ence reaction time. Reaction time is also infl uenced by the number signals or events 

the operator has to attend. The Hick–Hyman law demonstrates that if one increases, 

the number events that must be attended, that the information content in that response 

is increased, and with increased information processing, one will encounter increased 

latencies in response times.

Reaction time has been classifi ed as simple, disjunctive, or choice. Most reac-

tion time data have been collected under ideal laboratory conditions where subjects 

are extremely focused on the reaction time task. As time-sharing increases reaction 

times will increase, sometimes demonstrably (e.g., McClelland, Simpson, and Star-

buck, 1983). Designers often err in performing restricted laboratory or fi eld tests of 

reaction times and presume that such times will hold when the operator is exposed to 

many time-sharing activities; those times will probably be very inaccurate. For such 

situations, the designers should carefully consider the consequences of long response 

latencies. If such outcomes are problematic, then design interventions will be needed 

(e.g., computer-assisted vigilance, engineer in soft failures, increased operator training 

and awareness, etc.).
� 2008 by Taylor & Francis Group, LLC.



18.4.33  ARE OPEN-LOOP PERFORMANCE OR DISCRETE 
MOVEMENT TIMES REALISTIC?

Open-loop motor tasks occur when one moves the hand, limb, head, or performs 

a muscular effort in which feedback is not or cannot be used to guide or track 

the movement trajectory. For example, a discrete rapid movement of a hand to a 

control location. Fitts’ law provides an open-loop motor performance prediction 

model based upon the concept that different movement amplitudes to different 

endpoint or target accuracy constraints produce different information processing 

demands for humans. Human information processing rate capacity is limited and, 

thus, one can anticipate that longer times will be required to perform longer move-

ments, or more precise movements, because more information must be processed 

within a channel capacity constrained motor system.

Fitts (1954) demonstrated a reliable relationship between movement times and 

task indexes of diffi culty that were characterized in terms of bits of information:

 2
MT  log (2 / )a b A W= +

 

where 

a and b are regression model coeffi cients, 

A the amplitude or move distance, and 

W the move endpoint accuracy requirement or target width.

The above model argues that the human’s motor information processing capacity 

is limited. There are different degrees of molecularization of this model (Wiker et 

al., 1989). Thus, if the forearm and hand information processing rate is 100 ms/bit 

(index of diffi culty (ID) (bits) = log2(2 A/W) ), then asking one to produce manual 

or control movements that require 80 ms/bit is infeasible. Keeping the information 

processing rate well below the individual’s motor information capacity is requisite 

for effective accommodation. The above relationship is empirically determined by 

measuring the individual’s information processing capacity and comparing it against 

the task-required performance.

For example, a computer touch screen requires one to move 10 cm to select an 

option that is defi ned by a 1 cm button and the designer has allocated 2 s to perform this 

task. This produces an ID of log2 (2(10 cm)/1 cm) = 4.3 bits. The processing rate is 4.3 

bits/2 s or 465 ms/bit. Testing of an individual with a tremor-based neurological disor-

der shows that their maximum functional ID is 3 bits, and their information processing 

rate limit for a forearm hand movement is 500 ms/bit. To accommodate this individu-

al’s performance constraints, the designer can reduce the movement distance, increase 

the effective diameter of the target button, or increase the duration of time that is allo-

cated to the task. The designer does not want to slow task performance and decides to 

enlarge buttons to allow an effective 4 cm target size. The new ID becomes 2.32 bits 

with a requisite information processing rate of 861 ms/bit. This design change allows 

the individual to perform the button actuation within the required time envelop.

The designer should evaluate the motor performance demands within the con-

text of many other variables, including mental workload, but at least in the  example 
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above, they have eliminated a performance constraint for the impaired worker. 

Reducing the ID for control or manual assembly tasks to a minimum will improve 

performance for everyone and reduce the percentage of individuals with neuromotor 

impairments who cannot be accommodated by the design. If the motor performance 

demands cannot be reduced to acceptable levels, the model above serves as a quick 

check or confi rmation that alternative accommodation strategies may be in order 

(e.g., voice-activated selection and execution of the button option). Documenting the 

motor ID and ms/ID task demands will allow the vocational rehabilitation profes-

sionals to rapidly determine whether or not a client can perform the motor tasks or 

will have to use some form of augmenting technology to perform the job.

18.4.34  MANUAL TRACKING OR CLOSED-LOOP PERFORMANCE 
DEMANDS EXCESSIVE?

Closed-loop tracking tasks occur when one drives a vehicle, aims at a target, or 

performs any task in which motor behavior is adjusted to control an error. Track-

ing can be pursuit (e.g., the operator sees both the target and target tracking feature 

(e.g., roadway, cursor, gun site, etc.) or compensatory (e.g., only the magnitude and 

direction of error is presented and the operator is asked to null the displayed error) 

in nature. Pursuit tracking is an easier task because the operator can see and forecast 

movement of the target.

Tracking performance is materially affected by control order. Zero-order control-

lers produce displacement outcomes in response to control displacement. First-order 

controls increase response velocity in correspondence to the magnitude of the control’s 

displacement. Second-order controls increase response acceleration in correspondence 

to the magnitude of control displacement. Third-order controls relate the magnitude of 

jerk response to control displacement. In general, zero and  fi rst-order controls produce 

best results and reduce mental workload demands. When higher order controls are used, 

they are diffi cult to master and to achieve desired results—in most, but not all cases.

In addition to control order, designers often introduce response lags into the sys-

tem that can result in overcontrolling, phase errors, control system instability, and 

other problems (see Figure 18.12). Often poorly designed controls create control–

display response incapability (e.g., tillers on sailboats vs. steering wheels, the opera-

tor moves the tiller to the left to make the vessel turn right) that result in tracking 

mistakes, lost time, and accidents. Individuals with impairments introduce additional 

response lags that make marginally-stable control-response systems unstable. Reduc-

ing impact of response delays increases performance for everyone and can tolerate 

greater degrees of impairment.

Controls often have to have their gain’s set. The magnitude of the response per 

unit change in control displacement. High-gain controls can be useful when large 

responses are needed to catch up with the target. However, high-gain controls are 

very problematic once the target is close and fi ne positioning (e.g., need for low-gain 

control status) is required to acquire and hold onto the target.

The operator’s effective bandwidth in tracking tasks can be reduced when 

control deadspace (e.g., control slack or movement before underlying response 

is engaged) or control backlash (e.g., control “kick-back at the end of movement 

within the deadspace). If the required bandwidth exceeds the operator’s bandwidth 
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FIGURE 18.12 Example of tracking task error showing the relationship between phase and 

gain errors on tracking.
capacity, phase and gain errors can occur and, thereby, make the device or system 

uncontrollable.

If the recipe for the control design (e.g., gain, bandwidth, deadspace, backlash, 

momentum or inertia, compensatory vs. pursuit, and other characteristics) is not matched 

well with the assigned task, operator performance can be signifi cantly challenged or 

lost. Matters only get worse when multiaxis or dual limb tracking tasks are required.

Far too often ergonomists are brought in to resolve tracking task problems in 

which designers thought they were helping the operator by introducing variable gain, 

variable control order, and dual tracking opportunities—often letting the operator 

switch rapidly between modes. Whether or not such designs are helpful must be deter-

mined by realistic performance testing. Bode plots of phase gain errors in tracking 

behavior can give absolute and relative tracking performance capacity. As gains of 

any magnitude are coupled with large phase errors, the system is less controllable.

Designers often inherit control systems within the context of their new system 

design. Mental workloads and capacities to handle inherent tracking demands can dif-

fer materially from one system to another. Thus, looking at similar systems and plan-

ning on the control design, which has been acceptable in the antecedent system, does 

not guarantee that the design will be acceptable in a new application where perceptual, 
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cognitive, and motor demands are quite different. Only thorough testing in the context 

of system failures can one determine if the control system design is satisfactory for 

populations with a variety of sensory, cognitive and/or motor impairments.

In sum, avoid tracking tasks in the design of products, equipment, or job pro-

cesses wherever possible. Tracking tasks are challenging for everyone and if they can 

be avoided, do so. If the system must track, attempt to allow the human to supervise 

the machine-automated tracking behavior. If the machine cannot track the target, it 

is very likely that the human will not behave much better.

If tracking must be supervised, provide pursuit tracking displays to improve situ-

ational awareness on the part of the supervising operator. If the human must take 

over for a machine, then attempt to reduce control orders and gains as low as feasible. 

Anticipate that the tracking task will fail and permit soft failure effects.

For example, rather than ask a human to trace along edges of dark ship on lighter 

water to determine its length and beam, allow the operator to select the image and 

have the computer do an edge-detection analysis to perform the operation length 

and width geometric computation. If the algorithm makes a mistake (e.g., traces the 

superstructure of the vessel), allow the user to lower the threshold or command a 

“second” best edge-detection effort. The information may have to be gathered from a 

set of discrete edge-detection trials (one trial provides a good indication of the beam, 

another gives a good estimate of the length). However, even with four discrete edge-

detection trials, performance could be much faster and more accurate than asking a 

human with a material intentional tremor disorder to either trace edges or to use a 

pen to tap on loci needed to compute the desired dimensions (Figure 18.12).

18.4.35 ANTHROPOMETRIC REQUIREMENTS MET?

In the past, the principal problem confronting accommodation was providing access 

to workplaces, community resources, infrastructure, or other societal  phenomena. 

Those challenges have not been resolved entirely at this moment; however, signifi cant 

progress is being made in that arena. There are a number of sources of information 

that one can use to design doorways, traffi c passages, workstations, and other areas 

for wheelchair access and functional reach (Woodson et al., 1992).

It is important to understand that just providing clearance-based and mobility 

access to a work area is not suffi cient to accommodate individuals given the vari-

ety of impairments that exist in our society. One must also consider the concept of 

functional and social access. Social access addresses the integration of an impaired 

individual within the work unit.

Fully integrated accommodation within a work unit enables and facilitates team-

based work, embedded training, and social interplay that are important for working 

relationships. Providing isolated but equal performance options in which the indi-

vidual is separated from their coworkers, compromises performance and growth of 

the team as well as the individuals within the team.

Social isolation can occur even if the individual is working within the same area 

if accommodation forces the individual to use radically different methods to perform 

their work. For example, if an individual must use voice control for nearly every aspect 

of their work, coworkers are likely to be disturbed by the running or repetitive verbal 

discourse. Coworkers might elect to use headsets to listen to music to mask out the 

“noise,” or avoid that area of the workplace to escape the distraction. Coworkers might 
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also request that a noise-limiting cubical be used to isolate the interference. Both 

example “interventions” serve to isolate the worker from coworkers. When accommo-

dation strategies are considered, those which avoid social isolate should be pursued.

Access anthropometry is addressed in stages. First, design for clearance and 

maneuverability not only for the impaired individual, but for their interplay with 

coworkers (e.g., passage ways should allow side-by-side movement with cowork-

ers while discussing issues, or passing coworkers or others in passageways with-

out forcing anyone to change their normal patterns of movement to permit passage 

clearance). This consideration should be extended from primary ingress/egress to 

emergency exit passages as well. Examples of detailed design guidance provided in 

standards and design handbooks are provided in Figure 18.13.

Once clearance access is provided, the designer should insure that visual access 

of displays, controls, and other sites that the worker is expected to view are, indeed, 

accessible. Functional reach (i.e., ability to reach and functionally perform the requisite 

task such as reach and operate a crank control with adequate strength and  precision) 

must be assessed and corrected if problems are encountered. Often designs that com-

pel high force actuations are poor designs for everyone, more so for individuals who 

have functional limitations that are imposed by neuromotor disorders, or because they 

are in a wheelchair, they must use strength-compromising postures (e.g., overhead or 

extended reaches where arm strength can be signifi cantly reduced) (Figure 18.14).

Organization of control layout. The designer should consider constraints that are 

imposed by anthropometric clearance and limited movement capacity of the user, as 

well as sensory and motor impairments. Designers attempt to lay out equipment and 

control panels to enhance convenience, accuracy, speed, or strength capacity of the 

user. Classically, several control and equipment layout paradigms have been used. 

They include importance of use, frequency of use, sequence of use, and functional 

groupings. The schema that is best depends upon the design and other criteria that 

must be evaluated by the designer.
FIGURE 18.13 Example of ramp and stair design guidance that is available within standards 

and guidelines. (Modifi ed from Wiker, S.F., Importance of human factors engineering in pro-

motion of safety, Haight, J. (Ed.)., Safety Professional’s Handbook, 2008. With permission.)
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FIGURE 18.14 Example of clearance and reach anthropometry guidance for individuals 

using wheelchairs. (Wiker, S.F., Importance of human factors engineering in promotion of 

safety, Haight, J. (Ed.)., Safety Professional’s Handbook, 2008. With permission.)
Importance principle. Important equipment should be placed in the most conve-

nient locations. Importance is determined by how critical a piece of equipment is in 

terms of achieving the task or goals of the system. As shown in Figure 18.15, the most 

important controls are placed in the primary control zone to ease access and speed of 

access, secondary or less important controls are successively placed outboard of the 

primary control zone. Emergency equipment or controls should be placed near the 

primary zone for easy access (typically in the secondary control zone). One should 

remember that the primary control zone may have to be re-centered and re-sized for 

different forms of impairment.

Frequency of use. If controls have equivalent importance then placement of con-

trols should be based upon frequency of use. One can organize the control placement 

following Figure 18.15 but substitute frequency or importance in setting primary 

and secondary zones for equipment and control placement. Some impairments mark-

edly reduce physical capacity to perform frequent movements without developing 

fatigue.  If that is the case, then positioning controls within high-strength zones for 
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FIGURE 18.15 Control layout schema based upon the principle of importance. (Wiker, S.F., 

Importance of human factors engineering in promotion of safety, Haight, J. (Ed.)., Safety Profes-
sional’s Handbook, 2008. With permission.)
the impaired worker may be required. One may also have to change control operation 

using other modalities (e.g., voice control, etc.) or by augmentive technologies.

Sequence of use. Where possible controls should be laid out to capitalize upon 

sequence of use. For example, if a set of toggle switches or buttons must be  actuated 

in a specifi c sequence, it helps to sequentially position the controls so that the 

operator can move along a line of actuation. This speeds actuation and provides a 

memory aid as well.

Functional grouping. Each of the aforementioned control layout principles can 

also be used within functional groupings of controls. For example, all engine, radio, 

illumination, and other controls that can be functionally clustered are grouped. 

Within the group of controls, one can use importance, frequency, or sequence of use 

design principles for further layout guidance.

These design principles become increasingly more important when users have 

functional limitations and must control the amount of muscular activity or effort in 

operating a machine or performing tasks. Poor layouts increase performance times, 

actuation errors, and can produce unnecessary fatigue or discomfort.

Many constraints to accommodation due to functional anthropometry problems 

can be addressed effectively if designs reduce clearance or access problems, permit 

short reaches for seated operators, and controls selected are low-force and provide 

simple linear actuation movements (e.g., avoid wheeled-control valves and opt for 

machine actuated push buttons to close or open the valve). If the controls are poorly 

positioned, require high-force actuation, require high-frequency operation, and 
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have other poor anthropometric layout for the population at large, then matters only 

worsen for workers who have one or more impairments.

18.5  DESIGN USING APPROPRIATE ERGONOMIC STANDARDS, 
CODES, AND REGULATIONS

Standards, codes, and guidelines provide design information in a methodological

manner (e.g., MIL-STD 1472D, NASA-STD-3000, and ANSI/HFS 100-1988). 

Most standards are classifi ed as specifi cation standards where specifi c guid-

ance is provided. The guidance may not yield the best design outcome. However, 

it should yield, if applied properly, an acceptable design. Performance standards 

do not provide cookbook types of guidance. Instead, performance standards help 

the designers understand what the requisite performance criteria are for an area of 

application. There are a number of areas where research is developing toward stan-

dards for guiding design for individuals or populations who are impaired (Carbonell, 

1999; Cremers and Neerincx, 2004; Dukarskii and Rubin, 1994; Fanshawe, 1999; 

Gulliksen, Andersson, and Lundgren, 2004; Jones and Tamari, 1997; King, Evans, 

and Blenkhorn, 2004; Mace, 1998; McCullagh, 2006; Morita, 2001; Pastel, Wallace, 

and Heines, 2007; Rodriguez, Domingo, Ribera, Hill, and Jardi, 2006; Schulman 

et al., 2005; Sears, Lin, and Karimullah, 2002; Vanderheiden and Tobias, 1998; 

Zimmermann, Vanderheiden, and Al Gilman, 2002).

Standards result from consensus among content experts from industrial fi rms, 

trade associations, academia, technical societies, labor organizations, consumer 

organizations, and government agencies. Failure to pay heed to standards and codes 

may be disastrous, particularly if a product, machine, or system is ever involved in a 

product liability law suit. Anyone who fails to consider standards, codes, or guide-

lines in their professional safety life is often simply asking for an accident, injury, 

death or loss of property and, subsequently, a costly tutorial in tort law.

One may deviate from standards or guidelines, however, justifi cation for such 

deviation will have to be strong and demonstrate a better and safer design as a 

result. Given that standards are consensus-based, that is a code word for the lowest 

common agreement. Designs may need to improve the performance or specifi ca-

tions depending upon a number of factors. While exceeding standards may need 

justifi cation to the design team and those who authorize expenditures, falling below 

the standard is usually not acceptable.

Equally important is that it is often impossible for an evaluator or inspector, who 

typically is not trained in human factors, to decide whether a design does, or does not, 

meet a performance standard. In a perfect world there would be no opportunity for ambi-

guity or misinterpretation of ergonomic design standards. That is simply not the case. 

Asking designers to interpret ergonomic standards without help is usually a bad idea.

Moreover, standards have to be “tailored” or used with multifaceted design 

demands and constraints. Trade-off decisions have to be made such that the intent 

of the standard is met. Sometimes, standards present apparently contradictory or 

congruent information when, if fact, they are not. Moreover, not all requirements of 

a specifi cation or performance standard have to be “met” or designed to. Designers 

may spend signifi cant amounts of time attempting to resolve apparently incongruent 
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advice or requirements with a standard, a set of building codes, or set of federal regu-

lations. Terrible mistakes occur when a designer latches onto a specifi cation, uses it, 

and fails to detect that there is an overriding specifi cation in a separate standard that 

they do not have access to.

Finally, standards, codes, and regulations cannot be used by anyone effectively 

if they do not understand the system’s performance objectives, requirements, and 

design from a top-down perspective. Myopic use of the information provided in stan-

dards, design handbooks, building codes, and other consensus-based design guid-

ance is an opportunity for misapplication of the standard.

Design checklists have their place. However, far too often checklists are pub-

lished without any validation or assurance that the design is effective and safe if no 

problems are highlighted, or that problems exist if one or more questions result in 

problematic responses. In truth, design checklists are more of a screening tool to 

grab attention of someone with appropriate education, skills, and expertise to rule 

out problems with more thorough analyses.

Design checklists query for binary responses on issues that are typically univari-

ate in nature. Far too often design problems represent interactions among a variety 

of design features. Additive responses may not provide any valid insight to the true 

magnitude of a problem or the acceptability of a design. While design checklists can 

be used to help detect the possibility of a problem, they offer no protection, one way 

or another, if used blindly and improperly.

18.6 OTHER CONSIDERATIONS

18.6.1 TRAINING TEAM DESIGN MEMBERS

Short courses addressing the general utility of ergonomic or universal design are 

useful. An intense course over a couple of days or hours cannot be expected to pro-

vide designers with the capacity to apply accommodation principles in the design of 

complex human–machine systems. While designers will become sensitive to general 

concepts, they will not be able to evaluate engineering trade-off decisions or address 

specifi c questions that are challenging.

That said, sensitivity training for team members across disciplines is always benefi -

cial in that it serves to enhance collaborative interaction and appreciation for problems 

in their colleague’s domains of expertise. Of course, ergonomists must be prepared 

to provide design recommendations that are well-defended and tutorial in nature. 

Designers are not happy about altering their preliminary, intended, or extant designs 

without solid justifi cation. Constructing well-documented and thorough justifi cations 

for improvements in designs serves both to gain acceptance and to provide on-the-job 

training for the design team. Helping the design team learn why design principles are 

applicable often helps integrate such principles in future preliminary designs, expedit-

ing ergonomic review and hopefully reducing the need to design changes.

Finally, any design efforts require interaction and learning from intended user 

populations for the design. Use of focus groups that include a variety of intended-

users with a variety impairments is extremely benefi cial. The focus groups catch needs 

for design improvements and serve to educate all design team members concerning 

usability issues and preferences from direct experience with their impairments.
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18.6.2 DO YOU NEED TO SELECT AND TRAIN YOUR PERSONNEL?

Nearly all systems require some level of personnel selection and training. The nature 

of personnel selection is determined by the perceptual, cognitive, and motor perfor-

mance demands that have been imposed by allocation of tasks within the human–

machine system. Since other chapters deal with these requirements, I will only 

reinforce the need for ergonomists to insure that personnel selection factors are con-

sidered and carefully matched to the system’s design requirements and behaviors. 

This is particularly important when attempting to accommodate potential users who 

are impaired situationally or chronically.

Training often is used to relax personnel selection criteria and pressures. The 

more complex and diffi cult the system is to operator, the greater the likelihood that 

it will need personnel with greater education, training, skills, and other capacities. 

Training programs are likely to be more extensive as well. As extensive training 

requirements develop, the level of accomodation for users who are impaired decays. 

Whenever possible, developing or selecting designs that reduce or eliminate needs 

for training will serve to increase the accomodation of those with impairments.

From a safety perspective, training programs should envelop operator understand-

ing and recognition of hazards, safe behaviors, and failure response or emergency pro-

tocols. After recognizing a danger, individuals must act to protect themselves against 

an accident and possible harm. One must know what actions are correct and safe and 

one must complete the action required. Knowing the appropriate action and perform-

ing it correctly requires training, practice, and reinforcement through design and use of 

appropriate warnings, labels, and other hazard–response communications.

Even the best selection and training programs typically do not select person-

nel with the exact skills needed to operate new systems, or produce consistently 

desired responses. Training helps to reduce the risk of accidents and the impact 

or severity of accidents. Far too often, however, ergonomists are confronted with 

heavy reliance on the part of designers to use personnel selection and training to 

handle design problems. Moreover, many accident investigations produce conclu-

sions that personnel selection and training must be improved to reduce risk of future 

accidents. These outcomes are code words for poor design that requires selection of 

humans with greater capacities or more training and practice to operate with greater 

margins of safety.

18.6.3 UNDERSTAND THE LEVEL OF EFFORT

Documentation is requisite in ergonomic design and justifi cation, particularly when 

systems under development are large, may require years to produce, and one can 

anticipate the need for future modifi cations or updates based upon changes in system 

requirements, technology, or user populations. One must document all analyses, pre-

liminary studies, tests and evaluations, and how standards were tailored or shaped 

in their application for the project. It is not unusual for design and engineering team 

members to move on and off of the project, thus, requiring documentation review by 

the relieving team members or project managers.

Documentation is also requisite for investigators of accidents or disputes that 

involve accidents or failure to reasonably accomodate individuals with impairments. 
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If project performance objectives change, previous documentation can aid in under-

standing the implications of making such changes, or where additional testing and 

evaluation will be required.

Methodical analysis, documentation, and communication with design team 

members are time consuming. Given the initial cost of ergonomic contributions, 

one must insure that outcomes make the initial investment and subsequent modifi ca-

tions cost-effective—starting over with ergonomic evaluation of complex systems is 

untenable.

18.7 CONCLUDING REMARKS

It is possible to design safe and effective systems that accommodate a wide range 

of human impairments. Ergonomic design principles work to improve the marriage 

between humans, their machines, tasks, and operating environments. If the design 

is appropriate, performance is enhanced for everyone, accidents are prevented, and 

severity of consequences of failures or accidents is mitigated—including preven-

tion of new postaccident impairments. While there is a cost associated with accom-

modation of individuals to particular jobs and workplaces, the insidious costs of 

weak design that produces insidious decrement in everyone’s performance, safety, 

and health, are far greater. Everyone benefi ts from broader application of ergonomic 

design principles and reasonable integration of impairment accommodation into the 

initial design of workplaces, equipment, tools, and tasks.
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