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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 affliction
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
definition of disability has blurred significantly. According to the American Disabil-
ity Act (1990) disability is defined as health condition(s) that significantly impair a
major life activity. Interpreting this definition 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 significant contributions to both the prevention
of afflictions and their treatment. It has been argued elsewhere (Kumar 1997) that
the ergonomic approach significantly 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 fields; explores their philosophy and goals; their
parallelism, divergence, and complementarity; the role of ergonomics in rehabilita-
tion; and also defines 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 configuration determine not only the mechanical
efficiency but also the physiological efficiency. In Chapter 2, Lin has initially provided
the scientific 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
field with their perspective of its biology, assessment, and management. The authors
have provided a significant list of references, which will help the reader to find 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 efficiency of ambulation with any pathology or disorder become
a significant challenge to the individual, and their analysis (and understand-
ing) poses additional difficulty. 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 efficiency 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 classification, 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 difficulties in ergonomic methodolo-
gies is that authors of various techniques rely on partial or qualitative validation of
their methods. When a person in the field is faced with different methodologies, it
becomes a daunting task to determine which to pick. By using clear and objective
definitions, the authors have compared five commonly used and cited risk assessment
methodologies and demonstrated that each one of them is deficient in predicting risk
and injury. They acknowledge that a direct comparison of these methodologies is not
possible. This opens up the field 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 Dieén 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 afflictions. 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 identified 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 efficient 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 deficits 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 benefit 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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’I Rehabilitation
Ergonomics:

Conceptual Basis

Shrawan Kumar
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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 significantly. While the
principles of rehabilitation ergonomics may remain stable, undergoing little change,
its practice may vary significantly 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 modifiable for
optimization through ergonomic intervention, it is the external assistance to patients
to regain their function that will have the maximal potential of being benefited by
incorporation of ergonomics. We have reached a state of development in the fields 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 financial 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 financial 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 ErRGONOMICS

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 first 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 1. 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 field 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 first 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, identifiable specific goals ensue. Finally, a circumscribing and
delineating definition 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.

Superhuman

Elite athletic ability

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 fitted 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 fulfillment
of this goal, though of central relevance to the fields 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 first. 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 deficiencies remain, augmentative
devices are used to compensate for the residual deficits. 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 efficiency 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 significance in economic terms to the industry
and good for the morale and loyalty of the worker. Another benefit arising from this
is better industrial relations. Lastly, the increase in efficiency and effectiveness of
the industrial operations on the shop floor has economic benefit 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 field. 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
definition. 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 definition of the discipline has not emerged. A defini-
tion, nevertheless, is essential. It was this consideration with which a definition 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 significant commonality. However, they are gener-
ally viewed differently. The latter situation is suggested due to the difference in the
immediate beneficiary 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 field 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 significance in their war efforts. As a result, there
is a continuing debate as to whether the field 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 defined 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 definition is that it encompasses all physical, physiological, and
cognitive factors without giving superiority to any aspect. It is accepted that this field
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 significant 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 deficit compensation among patients who have lost some of their faculties. Ergo-
nomics, on the other hand, is driving to increase efficiency 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 efficiency Development of skill—training
Deficit 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 significant
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 flexible to ensure the success of the final 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 specific body of knowledge, which may be described and differentiated

© 2008 by Taylor & Francis Group, LLC.



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
efficiency. 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 difficult 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 figures 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 figures
(Table 1.2). A comparative magnitude of these problems in selected countries is
presented and extrapolated from the ILO (Geneva) figures (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 Office, Geneva, 1985.
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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.

TABLE 1.4
Number of On-the-Job Accidents and Permanent Disabilities in Alberta
Number of

Number of Total Permanent B as % Musculoskeletal Cas %
Years Injuries (A) Disabilities (B) of A Injuries (C) 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.

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 figures. 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 REeASON FOR CONSIDERING CHANGE

The usual first 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 affirmative action, steps to recruit, hire, and promote qualified
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 affirmative
action programs to recruit, hire, and promote qualified handicapped veterans and
Vietnam-era veterans. This section also requires affirmative 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-sufficiency, 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 benefited from
employing handicapped. Of these, 14% thought that their benefit was not economic.
Sixty-four percent estimated their benefit to be between $1,000 and $10,000; another
22% estimated their benefit to range between $15,000 and $30,000.

1.8.4 ErcoNomics 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 deficit 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 modification. 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 defined 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 significantly affect the performance

Physical agents
Chemical agents Exer c.ise; and
training
Medical .
Ergonomics and |, REHABILITATION | Counselingand
human factors |~ Bl social support

Functional Matching and job
evaluation accommodation

Job analysis

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 fitness 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 Profile 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 final 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 significant 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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FIGURE 1.11 A hypothetical case showing comparison of job requirements and job
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 deficit. 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 Classification of Impairments, Disabilities, and Handicaps
(ICIDH) proposed by the WHO (1990) are as follows:

e 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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e 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 fulfilment 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 nonfulfillment 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.

110 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 identified 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 final 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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FIGURE 1.12 World program of action.

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
influencing the outcome measure significantly, 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 efficiency and
effectiveness are obvious. Ensuring comfort and well-being of the workers through
hazard identification 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 significant 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
fitted to the worker. Given the worker characteristic, normal or impaired, the process
of fitting the job through adjustment or modification to maximize worker capability
is ergonomics, parallel to the process of disability rehabilitation of the medical and
health model. The ergonomic principle of enhancing efficiency 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 significantly 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 final 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 fulfillment 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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FIGURE 1.14 Congenital and adapted performance endowment.
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FIGURE 1.15 Generic outcome of normal performance endowment subjected to interven-
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 profile should be rated on
motivation, perseverance, adaptability, reliability, goal orientation, self-esteem,
confidence, 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 specific job must be determined
on the basis of the criteria stated in previous categories, at least after simulating
specific 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 modifications.

1.12.2.2 Job Accommodation

Based on the previously conducted job analysis, job/job site modification may be
implemented, if necessary, to enhance a worker’s ability to function. The modifica-
tions made should be individual specific to ensure an optimum “worker—work™ fit.
Such a modification 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 influence 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
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functional assessment to determine the nature and extent of functional deficiencies
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 deficiency, 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 significant 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 first
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

Flexion

DEFICIT

Adduction Abduction

Extension

FIGURE 1.17 A quantitative pictorial depiction.
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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 profile will be essential for a quantitative functional assessment and determina-
tion of deficiencies. The difference between the boundary lines of job requirement
and availability in the patient will be a quantitative measure of deficiency due to
impairment for one task cycle. Other physical and physiological variables such as
endurance, cardiopulmonary fitness, 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.

Speed Dexterity
Strength Precision
Range of Physical
motion work-worthiness Endurance
Pain .
! Cardiovascular
fitness
Tissue Aerobic
tolerance capacity

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 final 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 significantly 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 deficiencies and is, at the time of assessment, unsuitable
to be sent back to this job. A similar deficiency 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).
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FIGURE 1.23 A conceptual model.

To enable people with disabilities, the first 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 modified to bring the job within the worker’s capability. Such
job accommodation most frequently may involve modification 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 sufficient 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 modification. Such a strategy of flexible
matching with varying extent of job modification 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—3$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 beneficial to the society. They stated that every dollar spent on assistive
device technology returned $11 in benefit 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
identification and quantification 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 final outcome of rehabilitation, the effec-
tiveness and efficiency 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 final 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 final 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 significantly 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 significant impact
on the treatment outcome. Therefore, a preventative ergonomic intervention in
the psychological domain at the therapist—patient interface may have a significant
impact on the outcome.

At the physical level, more than the validity of the technique, the efficiency 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 identification 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 identification of palpable landmarks. He used invisible marking pen and
measured the distance between consecutive marks for spinal levels S,, L,, and T,.
Though the distances between the consecutive marks varied, they remained within
Smm for S, and L,, and 10mm for T,, landmarks within raters. Between raters,
however, for T,, 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 L,, (c) the posterior superior iliac spine, and
(d) the transverse process of L,. Experienced therapists were asked to mark each
structure with an invisible ink and repeat the process after lapse of time. While the
palpation of L, 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) quantified 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—Ilow, medium, and high stiffness. The mean
peak force values recorded were lowest in the least stiff condition across all grades of
mobilization (57.6—120N). For medium and high stiffness, the exerted force values
were similar, ranging between 82 and 178N for medium stiffness and 81-162N 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 3.4mm, 1.8
and 2.0mm, and 1.9 and 2.2 mm respectively. The results showed that there was a
significant 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 profile of the tasks to be performed. Such matching for deter-
mination of deficits 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 modification.

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 profile 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 deficiencies 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 identified deficiencies 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 deficien-
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 significant 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 first sight, the above statement may appear uncompas-
sionate, contrary to the motive of furtherance of this argument in the first place.
If the initial design criteria take this fact into account, the products may last much
longer in the market and benefit 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 difficulties with the market, there are many groups of
people associated with the disabled who will be secondary beneficiaries 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 beneficiaries 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
specified. The first two constituted the bulk of disabilities for Alberta (Table 1.5).
The United Nations (1990), in its international survey of disability, identified five
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 classification, description, and definition of impairment and
disability between different countries still appears to be a fair distance away. A
lack of commonality in classification and description of impairment and disability
may be a formidable impediment in universalization of solutions. It may, therefore,
be the necessary first 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
Unspecified 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 Classification of Impairments

Category Type
Physical (sensory) Aural

Language

Ocular

Visceral

Physical (other) Skeletal

Disfiguring

Intellectual and psychological Intellectual and psychological

Generalized sensory and others

Description

Auditory sensitivity

Language functions and speech

Visual acuity

Internal organs and impairments
of other special functions, e.g.,
sexual, mastication, and
swallowing

Head and trunk region, mechanical
and motor impairments of limbs
and deficiencies of limbs

Disfigurement of head and trunk,
regions of limbs

Intelligence, memory, thinking
consciousness, wakefulness,
perception and attention, emotive
and volitional functions, and
behavior patterns

TABLE 1.7
United Nations (1990) Classification of Disabilities
Category Type
Physical (functioning) Locomotor
Communication

Personal Care
Body disposition

Description

Ambulation and confining disabilities

Speaking, listening

Personal hygiene, dressing, feeding, and excretion
Domestic disabilities, e.g., preparing and

serving food and care of dependents, disabilities
of body movement, e.g., fingering, gripping,

and holding

Dexterity

Social functioning Behavior

Situational

Other

Skill in body movements, including
manipulative skills and ability
to regulate control mechanisms
Awareness and disabilities in reactions
Dependence and endurance and
environmental disabilities relating
to tolerance of environmental factor
Disabilities of particular skills and other activity
restrictions
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the development of a generic functional classification applicable across conditions,
which results in similar functional deficiencies. 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 efficient 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 modified appropriately. Second, strong
finger flexion should be avoided if there is active synovitis or if laxity is present.
A finger load may be magnified from 2.8 to 4.3 times in the effector flexor 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 significantly increase the intra-articular pressure of the inflamed
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 inflamed 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 finger
flexion 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
inflammation 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 specifically designed to perform the task of removing
water from cloths would be beneficial. 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
s0, to develop such an aid.

1.12.3.3.2  The Device

Hard plastic was used for the device. Two 10 x 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 10cm long mechanical
lever at the end of a 5cm 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 10cm. The full depth including
the hook was 18cm. 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 five 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, significant impairment in at least one
of the five 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 efficiency 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%.' 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.?

Energy is commonly expressed in kilocalories (kcal). However, it is difficult 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 4.82kcal/LL of oxygen con-
sumed.! A rounded value of 5kcal energy output per liter of oxygen consumption
consumed is commonly used for estimating the body’s energy expenditure under
steady-state conditions.! 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 defined as multiples of the RMR. One MET
is equivalent to 3.5 mL O, 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.
(Modified 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
(80m/min) requires 3.3 MET of energy and walking at 2.5mph (66.67 m/min)
requires approximately 3 MET.?

Walking is a daily physical activity for everyone. There is a linear relationship
between walking speeds (3.0-5.0km/h, i.e., 1.9-3.1 mph) and oxygen consumption.'
At higher speeds, the walking economy decreases, so there is a higher proportional
increase in oxygen consumption at higher speeds.! More accurately, the relationship
between oxygen consumption and walking speed is curvilinear across most popu-
lations® (Figure 2.1). Several quadratic equations were derived to estimate energy
expenditure from walking speeds:*-*

VO, = 0.00110 (speed)? + 5.9 (Ralston),*

VO, = 0.336 (speed)? + 6.15 (Corcoran and Brengelmann)® (Note: The oxygen
consumption is in the unit of mL/kg/min and speed is in m/min),

VO, =3.31 (= 0.58) (speed)? + 8.51 (+ 0.93) (Note: speed is in m/s) (Malatesta et al.).?

Whereas the relationship between energy expenditure and running speed is linear,
several linear equations were reported for running speeds® (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.! 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.' 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.!® 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

VO, (mL/kg/min)

R 0.95
SEE 3.07

mph m/min
Variable
Constant 2.112 2.1124
Speed 5.856 0.2184
Speed x mode? -4.833 —-0.1802
Speed? x mode? 1.002 0.0014

Source:  Modified from Walker, J.L., et al., Med. Sci. Sports
Exerc., 31,311, 1999.

Note: The model includes speed and mode as variables. The
coefficients for each variable in the models are listed
vertically under either unit of measurement for speed
(mph or m/min).

2 Mode: walk =1, run=0.

functioning at an exercise intensity less than 50% of their maximum aerobic capacity.!
Prolonged period of walking at an exercise intensity greater than 85% of age-
predicted maximal hart rate is intolerable for most individuals.!!

Gait efficiency, or locomotion efficiency, is defined 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 efficiency indicates better efficiency, i.e., for the
same amount of work, the lower the energy expenditure per unit of work, the higher
the efficiency. 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 efficiency and walking speeds has been shown to be parabolic (or
U-shaped), with the optimal gait efficiency (the minimum value of gait efficiency)
occurring around the medium walking speeds, at about 4-5km/h (1.12—-1.38 m/s,
or 2.5-3.13 mph).>12-15 Figure 2.2 illustrates the relationship between gait efficiency
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 efficiency
(economy), i.e., increased numerical value of gait efficiency.

Another term, energy expenditure index (EEI) or physiological cost index (PCI),
is also commonly used in the literature to indicate efficiency. It is determined by the
ratio of net ambulatory heart rate change to the walking speed ((HR,,,, — HR,.,)/
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.!® As discussed above,
many other factors (such as the circadian rhythm) also affect the heart rate, so the
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physiologic cost index sometimes may not be as responsive or representative as the
gait efficiency.

The self-selected walking velocity (SSWV) is defined 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,*>317-1% which is close to the functional
velocity required to cross a traffic intersection from curb to curb (79 m/min), and

TABLE 2.2
Energy Expenditure and Gait Efficiency at Comfortable Walking
Speed in Normal Subjects

Oxygen Gait
Speed Consumption  Efficiency?
References Subjects (Age) (m/min) (mL/kg/min)  (mL/kg/m)
Waters et al 21232 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;'7  Adults 74 11.6° 0.156
Ralston;* Corcoran and 83 12.6° 0.152
Brengelmann;® Waters 82 12.6P 0.154
et al.;'® Bobbert® 81 12.6° 0.176
Ulkar et al.'® Adults 99.79 + 10.13 11.71 1.9 0.12+0.02

@ @ait efficiency is defined as the ratio of oxygen consumption (mL/kg/min) to speed (m/min).
b Based on the conversion factor of Skcal = 1L O, consumed.
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relates to a community ambulation velocity (78 m/min)."* 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.2° Men have a
faster comfortable walking speed than women,>!'> whereas children and adolescents
have lower comfortable walking speeds due to their smaller statues and lower exer-
cise capacities.?! The SSWYV is also found to correspond to the speed with the best
gait efficiency, i.e., the lowest energy expenditure per distance of walking.>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.?® 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.?¢-?7
When bilaterally adding mass to the ankles, stride time of walking increased, cor-
responding to a decreased predicted resonant frequency of the pendulum model.?
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.?”” Therefore, a change in SSWV away from
its normal value would make the system less energy-efficient.

Mechanical efficiency is defined as the ratio of power output relative to its total
energy input.! 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 efficiency could be reported as the “gross” or “net” mechanical
efficiency. The “gross” mechanical efficiency 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 efficiency, the resting oxygen
consumption is subtracted. The efficiency of human locomotion is low, with the gross
mechanical efficiency being about 20%—-30% for able-bodied children and adults in
walking, running, and cycling.! 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 efficiency of exercise, such as the rate of
work (power), speed of movement,?$?° muscle fiber type,’® muscle flexibility,’! age,
gender, fitness level, skill level, and disease processes. At a low to moderate rate
of work, a pedaling rate of 40—60rpm was reported to be most energy-efficient for
arm or cycle ergometer exercises.?®? The comfortable walking velocity for an adult
is around 1.33 m/s, which corresponds to the speed with the best gait efficiency.!>#
Cyclists with greater economy of cycling often have a higher proportion of type I,
slow-twitched muscle fibers.’® Patients with various kinds of chronic diseases or
disabilities often have reduced mechanical efficiency.

Maximal physical work capacity, or physical capacity, is defined as the maximal
amount of work a person could perform. The criterion measure of a person’s physical
capacity is the maximal oxygen uptake (VO, .,)- 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."3? A healthy person’s maximal physical capacity is
related to age, gender, and training status. With aging, there is approximately a 1%
reduction in VO, ., per year between 25 and 75 years.?? 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.’*

Many factors affect the energy expenditure of physical activities in healthy
people. Intrinsic factors affecting energy consumption, defined as factors that come
from the body itself, include the following: gender, age,>'32? body composition,? fit-
ness level (trained versus sedentary),'® muscle fiber type (oxidative versus glycolytic
metabolism), degree of muscle atrophy, muscle strength, range of motion, and
hemoglobin content (anemia, polycythemia).! With aging, there is a decline in the
economy of walking.®133> Males have a better fitness level than females due to a
greater proportion of lean body mass and hemoglobin content,' yet both genders are
shown to have similar economy of walking.?> Adolescents have a relative high energy
expenditure of walking and a low gait efficiency when compared to adults.® Obese
people were shown to have a similar gait efficiency as people with normal weight.?

Extrinsic factors affecting energy consumption of activities, defined as factors
coming from the environment or devices, include the following: mode of exercise
(treadmill versus over ground walking),’¢37 speed and grade of treadmill,>%2* floor
surface, footwear, the amount and the location of loading,* 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
floor walking,3%37 but studies on the difference of energy consumption between floor
walking and treadmill walking have been equivocal.’-3¢-3940

Walking movements are robust against changing loads based on a computer
simulation study.*' 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. Specifically, the upper limits of the mass affixed to the parts of the body
are 5, 15, 5, 1, and 0.5kg 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,*> or when a small weight was applied to the ankles.** This is in contrast to
reports that showed a significant effect of a large load on the energy expenditure of
walking when placed on distal foot segments.3%+

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
flexion 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 significant mortality and
morbidity rate, especially for vascular amputation.*> Prosthesis fitting 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.!7.18:25.46-51

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,'® length of the residual limb,*? cause of amputation, gait asym-
metry, muscle atrophy in the amputated limb, and physical fitness of the amputee.>
The extrinsic factors are related to devices of walking, type of prosthesis foot,3*%
weight of prosthesis,*® prosthesis components,””*® 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 efficiency of the pendulum-like
mechanism.»

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.!8:60
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.®!

With well-fit prosthesis, muscle strengthening, and gait retraining, a skilled pros-
thesis user can save the energy of walking much more than walking with crutches, 862
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.'® 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.®

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 fitness level, and fewer cardiovascular comorbidities.®*-%¢ The success
rate for prosthesis fitting 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 efficiency 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.>%7-70 Small amounts of added prosthetic mass®’ 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.’® However, distal loading to
the prosthesis,”' or matching the prosthesis’ moment of inertia to the intact leg, had
detrimental effects on gait parameters and the energy expenditure.’® Furthermore,
amputees were shown to adopt similar kinematic patterns and adjust joint torques in
response to the small prosthetic mass perturbations.®® 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.>*35646572-75 It has
been shown that different types of dynamic response foot design incorporated flex-
ibility and force-producing capability in the foot or shank of the prosthesis, which
leads to reduced energy expenditure and improved gait efficiency when compared
to traditional solid ankle cushion heel (SACH) foot. The dynamic response foot is
especially beneficial during faster walking speeds or running.> However, it appears
that no specific 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.”® However, the human pendulum is not an ideal frictionless pendulum
system, so the maximum exchange is only about 65%.”” 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.”® 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.’”® 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.” Table 2.3 shows the
energy expenditure and gait efficiency 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.”” 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.!”
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TABLE 2.3

Energy Expenditure and Gait Efficiency at Comfortable
Speed in Amputees

References

Waters et al.'$

Pagliarulo
etal.¥’
Gailey et al.*’

Lin-Chan
et al.!
Hsu et al.>*

Subjects

Prosthesis use
Vascular amputees
Above knee
Below knee
Syme
Traumatic amputees
Above knee
Below knee
Crutches use
Vascular amputees
Above knee
Below knee
Syme
Traumatic amputees
Above knee
Below knee
Traumatic below
knee
Traumatic below
knee
Normal subjects
Traumatic below
knee (single case)
Traumatic below
knee

Speed (m/min)

3615
459
54 +10

52+ 14

71 +10

48 £ 11
39+13
39+ 14

65+ 16
71+10
71

76

76
79-80

71

Oxygen

Consumption
(mL/kg/min)

126+29
11.7+1.6
11515

129+3.4
15529

150+£29
146+ 1.5
12.8+4.3

159+5.4
224+43
15.5

12.8

11.2

Gait Efficiency
(Net O, Cost)
(mL/kg/m)

0.35+0.06
0.26 £ 0.05
0.21 £0.06

0.25+0.05
0.20 £ 0.05

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, deficit
of coordination, and limited range of motion.3®8" The secondary factors, such as
weight gain, contractures, deconditioning,3?-8 fatigue, and breathlessness, further

impact the metabolic demand of mobility.3¢

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 fluid). 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.’ 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.®8:838889 The increased metabolic
demand of physical activity was shown to be related to neuromuscular impairments,
musculoskeletal changes, increased mechanical work of muscles, and reduced fit-
ness level.®!

To accommodate the increased metabolic demand of walking, stroke patients
often adopt a slower comfortable walking speed in order to keep their gait efficiency
similar to that of healthy subjects.®*° 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.®**! The physical capacity in moderate
traumatic brain injury patients was also reduced due to neuromuscular sequela.®?

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.®>®* 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.%4- Treadmill
aerobic training at slow speed®’ or task-oriented exercise®® 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.”” 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.!9-192 International standards for the neurological and functional classifi-
cations of spinal injury also coincide with the ASIA standards.!%?

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 Efficiency at Comfortable Walking
Speed in Stroke Patients

Oxygen
Speed Consumption Gait Efficiency

References Device (m/min) (mL/kg/min) (mL/kg/m)
Cunha-Filho A mixed group 40.2 10.18 0.253

et al.% (n=20)
Franceschini With AFO? 21.39+7.30 942 +1.62 0.49 £0.20

et al.”? Without AFO 15.47 +6.95 9.87 +1.92 0.76 £ 0.41
Danielsson and With AFO 20.40 = 3.60 8.60 = 0.40 0.51 £ 0.06

Sunnerhagen® Without AFO 16.20 + 1.80 8.80 = 0.50 0.58 +0.07

2 AFO, ankle—foot orthosis.

higher energy demand and lower energy efficiency in spinal injury patients during
walking and the negotiation of architectural barriers.!%:104-19 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 walking!?’ (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.'® 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 defined
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 O, rate increase is defined
by the equation, O, rate increase = 207 — 4.4 X 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.'”” 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
efficiency and a lower energy expenditure than the use of a walker in incomplete spi-
nal injury patients.' 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,!* a reciprocal gait orthosis,!'! and an
electrical stimulation combined with orthosis use''>"'* were shown to reduce the
energy expenditure of walking, and improve the gait efficiency 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 efficiency 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 efficiency in children with
lower lumbar myelomeningocele.!'> 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.!'

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.!* Due to the
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TABLE 2.5
Energy Expenditure and Gait Efficiency at Comfortable Walking
Speed in Spinal Injury Patients

Oxygen
Consumption  Gait Efficiency
References Subjects/Devices  Speed (m/min) (mL/kg/min) (mL/kg/m)
Williams et al.!'” Myelodysplasia
No orthosis 48 13.0 0.28
(sacral)
0 KAFO? 38 16.6 0.49
(lumbar)
1 KAFO (lumbar) 29 17.5 0.77
2 KAFO 19 18.1 1.35
(thoracic)
Waters et al.!'8 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.!?? Spinal cord injury
(n=36)
LEMSP >30 57.5+123 14.6 £3.0 0.26 £ 0.07
LEMS 21-29 314+114 132+1.6 0.51£0.25
LEMS <20 30.5+£15.6 152+34 0.76 + 0.61
Moore et al.'’s 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 Cervical and
et al.% thoracic level SCI
(n=10)
Devices mixed 33 13.28 0.40
group
Ulkar et al.” Incomplete SCI
(n=9)
Repeated measure
Walker 13.84 + 6.64 13.14 £2.49 1.20 £ 0.67
Lofstrand 28.02 +£20.97 12.71 £2.37 0.84 +0.66
crutches
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TABLE 2.5 (continued)
Energy Expenditure and Gait Efficiency at Comfortable Walking
Speed in Spinal Injury Patients

Oxygen
Consumption  Gait Efficiency
References Subjects/Devices Speed (m/min) (mL/kg/min) (mL/kg/m)
Kawashima et al.'!"®  T¢—T,, injury (n =4)
Weight-bearing 16-22 14.21-18.04 0.82-0.89
control orthosis
Kawashima et al.'”!  T,-T,, 19.88 18.16 0.9965

2 KAFO, knee-ankle-foot-orthosis.
b LEMS, Lower Extremity Muscle Score from the ASIA.!%

limited mobility function and the high energy demand of mobility, patients with spi-
nal injury were observed to have reduced physical capacity.!'” 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.!?® 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,'?'??> reduced maximal oxy-
gen uptake,'”® decreased gait efficiency, decreased mechanical efficiency,'?> and
decreased comfortable walking speed when compared to healthy children and
adults.!>*-128 Possible causes for the increased energy demand of walking include
the following: spasticity, cocontraction,!'? atypical patterns of movements, deficit
in motor control, joint contracture, quadriceps muscle weakness, fatiguability, and
inefficient energy transfer between body segments. Muscle pathological changes in
CP children include decreased blood flow, decreased sarcomeres with hypoextensi-
bility, atrophy of type II fibers, hypertrophy of type I fibers, and increased fat and
connective tissue, hence it was suggested that the metabolic inefficiency and fatigue
in CP children might be due to local muscle-related factors rather than cardiopul-
monary impairments.'*® However, the exact causal relationship between specific
impairments and the increased energy expenditure still awaits further multidisci-
plinary studies.

According to the Gross Motor Function Classification System (GMFCS), a
five-level functional grading system, children with CP aged between 1 and 12 years
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could be classified into five functional classes: I, I, III, IV, and V.13132 The severity
of the motor function impairment was found to be highly related to the increased
energy expenditure and decreased gait efficiency of walking.'?! Therefore, interven-
tions that improve motor function, such as the use of orthosis, assistive devices,
muscle strengthening, and gait training, can also improve gait efficiency 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 identified: (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.!3 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,'3* and motor
control and motor learning to improve gait coordination and stability.!' Each of
the above approaches addresses a specific aspect of the optimization criteria, and
together they improve the body system in CP children to accomplish gait optimiza-
tion. Besides, it was identified 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.!® 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-efficient gait pattern.

Walking with flexed 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.!* Specifically, when
the knee flexion angle exceeded 15°, significant increase in energy expenditure was
observed due to increased quadriceps, tibiofemoral, and patellofemoral forces.!37:138
Table 2.6 shows the energy expenditure of flexed knee gait.

The physical capacity of individuals with CP is generally lower than that of
age-matched able-bodies.!?3127139-141 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) O, Rate (mL/kg/min) Gait Efficiency (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:  Modified from Waters, R.L. and Mulroy, S., Gait Posture, 9, 207, 1999.
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TABLE 2.7
Submaximal Oxygen Consumption (VO,) Values in Three Treadmill Exercise
Studies of Children with Cerebral Palsy (CP) and Able-Bodied Children

Children with CP Able-Bodied Children
Treadmill Speed VO, VO,
References (m/min) (mL/kg/min) % VO, max’® (mL/kg/min)  %VO, .
Unnithan 50.0 16.6 +5.90 53.2+26.0 10.2 +0.84 22.5+493
etal.!?

Rose et al.'40 51.0 18.00 £ 5.00 — 10.00 = 0.50 —
Rose et al.'# 21.5 14.25 + 3.67 — 8.63+1.27 —

37.6 19.08 £7.20 — 10.55 £ 1.24 —

Source: Modified from Unnithan, V.B., et al., Sports Med., 26, 239, 1998.
1 VO, ., = maximal VO, 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.!? 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-
tified. 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.!*4

2.3.4 MurtipLe 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 fitness, disuse muscle atrophy,
and weakness.®> 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,'® respiratory muscle weakness,'6147 and
reduced quality of life.'4
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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.!*® 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 efficiency when compared to their healthy counterparts.'*5° 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
SSWYV have been well reported in patients with chronic obstructive pulmonary dis-
ease (COPD),’3! cystic fibrosis,!”> pacemaker,'>3 peripheral arterial disease,’* and
coronary artery disease.'> The possible mechanisms for the increased metabolic
demand with physical activity include the following factors: declining pulmonary
mechanics, malnutrition, chronic inflammation of the respiratory system, cel-
lular defects, higher energy cost of breathing, impaired cardiac contractility, and
decreased physical capacity.!>®

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.'>” 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.'>® The benefits 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.??

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.!>* 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 VO,, i.e., considered as a moderate exercise intensity.!>> Table 2.8
shows the oxygen consumption and SSWYV 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

Oxygen Consumption

Refe