CHAPTER TWENTY-TWO

Ergonomics

ERWIN R. TICHAUER, ScD

1 HISTORICAL BACKGROUND

The systematic study of the ill effects on man of poorly designed work situations is by no
means of recent origin. Ramazzini (1), around 1700, elaborated on the disastrous effects
of work stress and its disabling consequences for those engaged in physical labor. He
wrote: ‘‘Manifold is the harvest of diseases reaped by craftsmen. . .. As the . .. cause ]
assign certain violent and irregular motions and unnatural postures . .. by which ...
the natural structure of the living machine is so impaired that serious diseases gradually
develop.” At that time, however, and for centuries to come, there existed no technique
for the study of the anatomy of function of the living body. Also laborers were
considered to be expendable, and occupational disease was ordinarily rewarded by
dismissal.

Thus with few noteworthy exceptions, such as Thackrah (2), industrialists, phy-
sicians, and even the precursors of today’s social scientists, remained insensitive to the
exposure of the workforce to ergogenic disease produced by mechanical noxae until
World War I, when labor became a scarce resource essential to the very survival of the
warring nations. This stimulatéd physiologists (3), as well as psychologists, to embark
on an intensive study of the effects of working conditions on human performance and
well-being.

Experimental methods for these disciplines were already well established, and their
application to problems of man at work was quite easy. One of the man-oriented life
sciences lagged sadly behind, however: anatomy, which had remained a cadaver-based,
geographic discipline. Thus physiological responses and behavioral reactions to the
demand of work situations were investigated for several decades before the exploration of
the structural and mechanical basis of musculoskeletal performance.
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Change was pioneered by Adrian (4) who recorded electromyograms during move-
ment, relating them to kinesiological events. The Great Depression slowed down
progress in these avenues of scientific inquiry, but during World War II biological and
behavioral scientists again had the opportunity to lead the quest for an improved utiliza-
tion of human resources.

During the postwar period work physiology, industrial psychology, and other
specialties consolidated into a broad discipline dedicated to the study of man at work:
ergonomics. The Ergonomics Research Society was organized in 1949 to serve the need of
those professionals in a variety of disciplines concerned with the effects of work on man.

The founders of the new society argued about the most suitable name, suggesting (5)
“Society for Human Ecology’’ and ‘‘Society for the Study of Human Environment.”
Finally, ‘“‘ergonomics” was adopted as a term neutral with respect to the relative
importance of the behavioral sciences, physiology, and anatomy. An anatomical
methodology for the study of work did not yet exist. Thus the thrust of ergonomics had
to stem initially from the other two disciplines. However a speedy development of
experimental biomechanics and novel instrumentation available added “live body
anatomy’’ to the spectrum of research resources available to ergonomists.

Gradually, as interest grew in the structural basis of human performance, the electro-
goniometer was perfected (6). This made it possible to use simultaneously goniometry
and Adrian’s myography when investigating the relationships between muscular activity
and ensuing movements. Thus information about the functional anatomy of the living
body could be applied by ergonomists to the problems germane to both occupational
health and industrial productivity. One of the numerous pioneers was Lundervold (7),
who related myoelectric signals obtained from typists to posture and hand usage (this
was perhaps the first comprehensive biomechanical analysis of a common work situa-
tion). Thus electrophysiological kinesiology was developed. .

Utilizing procedures of electrophysiological kinesiology, Tichauer (8) added the
biomechanical profile to the techniques available for the study of interaction between
worker and industrial environment. Meanwhile, behavioral scientists such as Lukiesh
and Moss (9) pioneered research into the effects of light and illumination on human
performance. Work physiologists like Belding and Hatch (10) described and explained
the effects of climate on working efficiency and studied noise and its effects on workers,
not only with respect to deafness, but also in relation to many other physiological
parameters (11). The study of performance decrements due to adverse working condi-
tions became the object of an entire new school of students of human fatigue (12).

Thus today, knowledge gathered from many tributary sciences has been blended into
a unified discipline dealing with the effects of work on man.

1.1 Ergonomic Stress Vectors
The basic philosophy of ergonomics (Figure 22.1) considers man to be an organism sub-

ject to two different sets of laws: the laws of Newtonian mechanics, and the biological
laws of life. It is part of this philosophy to postulate that man in work situations is sur-
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Figure 22.1 A worker surrounded by external physiological and mechanical environment, which
must be matched to his internal physiological and biomechanical environments, symbolizes the
concept of modern ergonomics (biomechanics). From Reference 79.

rounded by the external physical working environment, and inside the human body the
“internal biomechanical environment,” an array of levers and springs also known as the
musculoskeletal system, responds to the demands of the task. The stress vectors commonly
acting upon man in the industrial environment have been set out in flow diagram form
(Figure 22.2 and 22.3).

1.2 Definition of “Ergonomist”’

An ergonomist is a professional trained in the health, behavioral, and technological
sciences and competent to apply them within the industrial environment for the purpose
of reducing stress vectors sufficiently to prevent the ensuing work strain from rising to
pathological levels or producing such undesirable by-products as fatigue, careless work-
manship, and high labor turnover. Ergonomics as a discipline aims to help the indi-
vidual members of the workforce to produce at levels economically acceptable to the
employer while enjoying, at the same time, a high standard of physiological and emo-
tional well-being.
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2 THE ANATOMY OF FUNCTION

Anatomy is concerned with the description and classification of biological structures.
Systematic anatomy describes the physical arrangement of the various physiological
systems (e.g., anatomy of the cardiovascular system); topographic anatomy describes the
arrangement of the various organs, muscular, bony, and neural features with respect to
each other (e.g., anatomy of the abdominal cavity); and functional anatomy focuses on
the structural basis of biological functions (e.g., the description of the heart valves and
ancillary operating structures; the description of the anatomy of joints). As distinct and
different from the aforementioned categories, the anatomy of function is concerned with
the analysis of the operating characteristics of anatomical structures and systems when
these interact with physical features of the environment, as is the case in the perform-
ance of an industrial task. Whenever the “motions and reactions inventory’’ demanded
by the external environment is not compatible with the one available from the internal
biomechanical environment, discomfort, trauma, and inefficiency may arise (3).

The anatomy of function is the structural basis of human performance, thus it
provides much of the rationale by which the output measurements derived from work
physiology and engineering psychology can be explained.

2.1 Anatomical Lever Systems

The neuromuscular system is, in effect, an array of bony levers connected by joints and
actuated by muscles that are stimulated by nerves. Muscles act like lineal springs. The
velocity of muscular contraction varies inversely as the tension within the muscles. With
very few exceptions, lever classifications and taxonomy in both anatomy and applied
mechanics are identical. Each class of anatomical levers is specifically suited to perform
certain types of movement and postural adjustment efficiently, with undue risk of
accidents or injury but may be less suited to perform others. Therefore a good working
knowledge of location, function, and limitation of anatomical levers involved in specific
occupational maneuvers is a prerequisite for the ergonomic analysis and evaluation of
most man-task systems.

First-class levers have force and load located on either side of the fulcrum acting in
the same direction but opposed to any force supporting the fulcrum (Figure 22.4). This
is exemplified by the arrangement of musculoskeletal structures involved in head move-
ment when looking up and down. Then the atlantooccipital joint acts as a fulcrum of a
first-class lever. The muscles of the neck provide the force necessary to extend the head.
This is counteracted by gravity acting on the center of mass of the head, which is located
on the other side of the joint, hence constitutes the opposing flexing weight.

First-class levers are found often where fine positional adjustments take place. When
standing or holding a bulky load, static head movement in the mid-sagittal plane
produces the fine adjustment of the position of the center of mass of the whole body,
necessary to maintain upright posture. Individuals suffering from impaired head move-
ment (e.g., arthritis of the neck), should not be exposed to tasks in which inability to
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Fulcrum

Figure 22.4 The action of the muscles of the neck against the weight of the head is an example
of a first-class lever formed by anatomical structures. The atlantooccipital joint acts as a fulcrum.
Adapted from Reference 48.

maintain postural equilibrium constitutes a potential hazard. Likewise, workplaces
where unrestricted head movement is difficult should be provided with chairs or other
means of postural stabilization. Special attention should be paid to any feature within
the working environment that may cause head fixation (e.g., glaring lights). Sometimes
even an unexpected acoustic stimulus, such as a friendly “hello’ directed at an indi-
vidual carrying a heavy and bulky load, may cause inadvertent sideways movement of
the head, which can interfere with postural integrity and result in a fall.

Second-class levers have the fulcrum located at one end and the force acting at the
other end, but in the same direction as the supporting part of the fulcrum. The weight
acts on any point between fulcrum and force in a direction opposed to both of them.
Second-class levers are optimally associated with ballistic movements requiring some
force and resulting in modifications of stance, posture, or limb configuration. The
muscles inserted into the heel by way of the Achilles tendon (i.e., force) and the weight
of the body transmitted through the ankle joint and the weight of the big toe (i.e., ful-
crum) are a good example of a second-class lever system used in locomotion (Figure
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22.5). The movements of this type of lever are never very precise, therefore foot pedals
should have adequately large surfaces and their movement should be terminated by a
positive stop rather than by relying on voluntary muscular control. Another example of
a second-class lever is provided by the structural arrangement of the shoulder joint.
Here the head of the humerus acts as a fulecrum, the anterior and posterior heads of the
deltoid provide the force; the “weight” is provided by the inertia of the mass of the arm.
Hence it follows that a shoulder swing moves the hand to a rather indeterminate loca-
tion; thus such a movement should be terminated by a positive stop or, alternatively,
when an object has to be dropped at the end of a motion, the receptacle should be suffi-
ciently large, or have a flared inlet, to overcome the kinesiological deficiency.
Third-class levers have the fulcrum at one end, and the weight acts on the other end
in the same direction as the supporting force of the fulerum. The ““force” acts on any
point between weight and fulcrum, but in a direction opposed to them both. Tasks that
require the application of strong but voluntarily graded force are best performed by this
type of anatomical lever system. Holding a load with forearm and hand when the bra-

‘ . ./_F|ulcrum

Figure 22,5 The ankle joint, as an example of an anatomical
second-class lever system. The fulcrum is located at the base
of the big toe. Adapted from Reference 48.
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chialis muscle acts on the ulna, with the elbow joint constituting a pivot, is a typical
example (Figure 22.6).

Torsional levers are a specialized case of third-class lever. Here the axis of rotation of
a limb or long bone constitutes a fulcrum. The force generating muscle of the system is
inserted into a bony prominence and produces rotation of the limb whenever the muscle
contracts. The “weight” is represented by the inertia of the limb plus any external
torque opposing rotation. An example is the supination of the flexed forearm (Figure
22.7). Here the fulcrum is the longitudinal axis of the radius; the force is exerted by the
biceps muscle inserted into the bicipital tuberosity of the radius. The opposing load is
made up by the inertia of the forearm and hand, plus the resistance of, for example, a
screw being driven home. Tasks to be performed for strength and precision and at vari-
able rates of speed are best assigned to torsional lever systems.

For identification and classification of other lever systems involved in specific occupa-
tional maneuvers, standard text books on kinesiology (14-16) should be consulted.

Fulcrum
,‘/wemm
]

Figure 22.6 An anatomical third-class lever is formed between ulna and humerus. The brachialis
muscle provides the activating force, the fulcrum is formed by the trochlea of the humerus.
Adapted from Reference 48.
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Figure 22.7 The torsional lever system involving radiohumeral joint, biceps, and a resistance
against supination of the forearm can be employed with advantage in such operations as closing
of valves. .

2.2 Occupational Kinesiology

Occupational kinesiology is the discipline concerned with the basic study of human
movement and its limitations in work situations. Unfortunately, with the exception of
brief monographs (17), all texts and reference books in the field of kinesiology relate
either to athletics or rehabilitation medicine.

Kinesiology describes the laws and quantitative relationships essential for the under-
standing of the mechanisms involved in human performance, either of individuals or of
groups of individuals interacting with one another (i.e., a working population). Its basic
tributaries are anatomy, physiology, and Newtonian mechanics. It describes and explains
the behavior of the whole body,'its segments, or individual anatomical structures in
response to intrinsic or extrinsic forces.

The student of kinesiology should be thoroughly familiar with the nomenclature and
organization of mechanics. Here statics is concerned with the generation and
maintenance of equilibrium of bodies and particles. In the context of kinesiology,
“bodies” are generally synonymous with anatomical structures and ‘“‘particles’’ become
anatomical reference points. Likewise, the biodynamic aspects of kinesiology are
explained through kinematics, which is concerned with the geometry and patterns of
movements, but not with causative forces producing motion. Kinetics, on the other hand,
deals with the relation between vectors and forces producing motion and also with the
output from body segments in terms of force, work, and power, including the resulting
changes in temporal and spatial coordinates of anatomical reference points.

Before the kinematics basic to a specific kinesiological maneuver can be explored, the
kinematic element involved must be identified. A kinematic element consists of bones,
fibrous and ligamentous structures pertaining to a single joint inasmuch as they affect
the geometry of motion. Because kinematics is not concerned with forces, muscles do not
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normally form part of a kinematic element. As an example, consider the kinematic ele-
ment of forearm flexion, which consists of the humerus, the ulna, the joint capsule of the
humeroulnar joint, and associated ligaments.

Kinematic elements can have several degrees of freedom of motion; the higher this
number is, the greater the variety of movements that can be produced. However
accurate movements produced by elements possessing a high degree of freedom require a
proportionally higher level of skill: for example, it is easier to position the hand
accurately by means of humeroulnar flexion than by a shoulder swing. Likewise, the
higher the degree of freedom, the greater the influence of musculoskeletal configuration on
the effectiveness of movement. As an example, the following are mentioned:

1. Humeroulnar joint: 1 degree of freedom (i.e., flexion); effectiveness quite inde-
pendent of general musculoskeletal configuration.

2. Whole elbow joint: 2 degrees of freedom (i.e., flexion, pro/supination); effective-
ness somewhat dependent on musculoskeletal configuration.

3. Hip joint: 3 degrees of freedom (i.e., flexion, ad/abduction, circumduction); the
effectiveness of this chain actually, in a number of situations, such as walking, is quite
dependent on musculoskeletal configuration.

Often in workplace layout, kinematic elements are considered in the initial planning
of the geometry of the work situation; but when activity tolerance and other work and
effort relationships are important, kinetic elements must be considered. These include
constituents of kinematic elements, but in addition they incorporate muscular structures
as well as the stimulating nerves and nutrient blood vessels because these affect the

immediacy, strength, and endurance aspects of a specific kinesiological maneuver
(Figure 22.8).
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Figure 22.8 The kinetic element of forearm flexion and extension. From Reference 48.



ERGONOMICS 1069

80

" /I

. \
) / \

Force {(Ib)

30 4
\
\
20 x
\
10
30° 45° 60° 75° 90° 105° 120°

Angle

Figure 22.9 Length-tension diagram produced by flexion of the forearm in pronation. “Angle”
refers to included angle between the longitudinal axes of forearm and upper arm. The highest
parts of the curve indicate the configurations where the biomechanical lever system is most
effective.

2.3 Application of Kinesiology to Workplace Layout

Kinesiological concepts can be applied with advantage to the design of work situations
when it is essential to minimize physical stress and fatigue. When analyzing motion pat-
terns incidental to the performance of industrial tasks, it is desirable to start with the
preparation of a length-tension diagram (Figure 22.9). This is produced by making the
protagonist muscle of the kinetic element performing the motion contract isometrically
against measured resistance at different points of the motion’s pathway. We plot on the
x-axis the included angle between the major bony elements involved. On the y-axis the
maximal force exerted during contraction in each position is recorded. Generally, the
only range of joint movement to be utilized in workplace layout is that which coincides
with the highest portion of this curve. The length—tension diagram will show that most
kinetic chains can be utilized effectively only throughout a very narrow angle of joint
movement, and it will identify the limits of this range.

The force-velocity diagram is another useful graphic representation of the effective-
ness of joint movement (Figure 22.10). The rate of change in joint configuration is
plotted against maximum forces developed by the muscle, forming roughly a negative
exponential curve. The zero velocity value corresponds to the maximum of force. At
maximum velocity the force exerted by a muscle approaches zero as a limit. Hence high
velocity and high muscular forces are mutually exclusive. The plotting of a force-
velocity curve is a complex undertaking not always feasible under field conditions or
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Figure 22,10 Force-velocity curve of elbow flexion; forearm in supination. Excursion of the limb
through the narrow range between 75 and 110° of included angle between forearm and upper
arm. The diagram shows that high strength and high velocity of movement are mutually exclusive
conditions. Furthermore, the highest strength is developed under conditions of zero velocity (i.e.,
isometricity). )

even in the laboratory. However an awareness of its general configuration often serves
to protect the practicing ergonomist against the selection of ineffective musculoskeletal
configurations in workplace layout.

2.4 Optimal Placement of Equipment Controls

In the operation of many equipment controls and other industrially used devices there is
no noticeable displacement of anatomical reference points while muscles contract. Under
such conditions, isometricity of movement may be assumed. This implies that forces
exerted by protagonist and antagonist muscles acting on a limb are in equilibrium with
each other, even when exerting maximal force. Occasionally—for example in the raising
of a leg—the force of gravity also acts on a joint; in this case, the sum of all three forces,
protagonist, antagonist, and gravity, must be zero. :

Kinesiological analysis of anatomical lever systems is of special usefulness whenever it
becomes necessary to optimize the position of apparently innocuous but nevertheless
potentially traumatogenic equipment controls.
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The analysis and computation of some of the forces generated within the kinetic ele-
ment of forearm flexion during the operation of a pushbutton are described. This may
serve as example of the step by step procedure to be followed under similar circumstances.

Step 1. Those anatomical structures absolutely essential to the performance of the task
are identified and all others are eliminated from consideration. These are (Figure 22.8)
the humerus, ulna, and brachialis muscle.

Step 2. Those forces that, if excessive, may lead to anatomical failure are identified. In
this example these are tension in the brachialis muscle and thrust on the elbow joint.

Step 3. A force diagram (such as is used in mechanics) is drawn true to scale (Figure
22.11).

Shoulder

Humerus

L)

Forearm

~ L
Elbow joint >
Hand

Figure 22.11 Vector diagram used in the computation of forces acting on elbow joint and ten-
sion generated in brachialis muscle when operating a push button. A, distance from the average
origin of the brachialis to the center of rotation of the humero-ulnar joint; B, distance from the
center of rotation to the average insertion of the brachialis on the ulna; C, distance from the
insertion to the center of gravity of the forearm; D, distance from the center of gravity to the
application of the load (either F. or Fy); Fi, weight of the forearm and hand; F., a weight in the
hand; F;, a force normal to the hand at all angles; 7, tension in the brachialis; F, compressive
force exerted on the elbow joint; L, distance between origin and insertion of brachialis; 2, angle
of flexion of the forearm; 6, angle of insertion of the brachialis.
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Step 4. The mechanical assumptions essential to the solution of the problem are made.
As the condition of isometricity exists, the sum of torques acting clockwise on the elbow
joint must be equal to the sum of those acting counterclockwise. (The symbols used in the
following computations are defined in the legend to Figure 22.11).

The following clockwise torques act on the elbow joint:

(B + C)F,sin Q (1)
(B + C + D)F,sin Q (2)
(B + C + D)F, (3)

The counterclockwise torque is
(BT sin 6) 4

where T is the unknown tension.
Equating clockwise and counterclockwise torques and regrouping terms, we have

[(F, + F;)(B + C) + DF,) sin @ + (B + C + F)F,

T = 5
Bsinf ©)
The force thrusting the ulna against the humerus is expressed as
T (B + Acos Q
F= Bt (Bt Fcos (6)

(A% + B* ¥ 24B cos Q)2

If the weight of forearm and hand is assumed to be approximately 10 1b and to act in a
vertical direction on the center of mass of the limb, and when a push button control,
such as is used on a crane—also estimated at 10 Ib—acts normally on the palm of the
hand, then depending on the included angle between forearm and upper arm, the ten-
sion in the brachialis muscle will vary from 2150 1b to as low as 170 lb. The thrust
exerted on the elbow joint will vary from a high of 2140 b to a low positive value of 5
Ib to a strong negative (joint separation) force of 700 lb. It can be seen (Figure 22.12)
that unless the push button is located so that the included angle between upper arm and
the forearm is between 80° and 120°, the combined effects of tension in the muscle and
thrust acting on the joint surfaces can create conditions conducive to joint injury.

If the safe range of joint movement has been exceeded, tensions in the muscles will
increase rapidly. Likewise, under the same circumstances, dangerous thrust forces
develop within the joint. Alternatively, poor workplace layout may also produce
“separation’ forces of substantial magnitude. These may not injure the surfaces of the
synovial linings but can create conditions conducive to severe luxations. Quantitative
biomechanical and kinesiological analysis of man—task systems is essential to the protec-
tion of the workforce from the deleterious influences of mechanical noxae.

Standard references (18) permit the rapid quantitative assessment of forces and
stresses generated in anatomical lever systems by work. Once the analysis has been
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Figure 22.12 Tension in the brachialis muscle and thrust on the elbow joint generated by a push
button requiring 10 pounds of pressure, applied normal to the longitudinal axis of the forearm,
for its operation. The combined weight of forearm and hand is assumed to be 10 pounds. (X° =
180° minus Angle.)

made, standard reference tables (19) should be consulted to ascertain whether muscles
are stressed to excess or are too weak to accomplish the task as planned.

The term “muscular strength” is defined as the maximum tension per unit area that
can be developed within a muscle. A maximal effort resulting from the strongest of moti-
vations will yield a tension of approximately 142 psi. However many authors (20-22)
agree that under normal working conditions, heavy work would generate approximately
50 to 60 psi tension, while light to medium work would produce tension values of the
order of 20 to 30 psi. All these values presume maximal shortening of the muscle and
are applicable only to continued ““ordinary’ nonathletic work situations (Table 22.1).

Occasionally the force available from muscles involved in a kinetic chain is adequate
to perform a given task but is unavailable because of a condition known as “muscular
insufficiency.” A state of active insufficiency exists whenever a muscle passing over two
or more joints is shortened to such a degree that no further increase of tension is possible
and the full range of joint movement cannot be completed. For example, when a person
is seated too low, if the knee joint is hyperflexed it becomes impossible to plantar-flex
the foot and operate a pedal. On the other hand, passive insufficiency exists whien, in a



1074 ERWIN R. TICHAUER

Table 22.1 Maximal Work Capacities of Flexors of Elbow (19-22)

Forearm in Supination Forearm in Pronation
Maximal Work Maximal Work
Cross Section Capacity Cross Section Capacity

Muscle (in.?) (Ib-ft) (in.?) (Ib-fr)
Brachialis 1.0 28 1.0 28
Biceps 1.1 35 0.8 25
Pronator teres 0.5 9.11 0.65 12
Whole flexor forearm 3.2 90

as lumped muscle

mass (c.g., grip
strength)

particular limb configuration, the antagonists passing over one joint are extended to
such a degree that it is impossible for the protagonist to contract further. A good

example is the inability to close a fist and hold a rod while the wrist is hyperflexed
(Figure 22.13).

3 PHYSIOLOGICAL MEASUREMENTS

Physiology is the discipline that deals with the qualitative and quantitative aspects of
physical and chemical processes intrinsic to the function of the living body. As far as the
study of man is concerned, the term “‘physiology” relates by general agreement to the
function of the healthy body. The mechanisms of body functions specific to disease form
the field of pathophysiology. Both these disciplines are extremely wide and cover almost
all aspects of life or death.

Work physiology is a much narrower field. It is restricted to the effects of work and
exercise on physiological function. In industrial practice, work physiologists tend to
limit themselves to the study of two narrow aspects of this discipline: the assessments of
man’s capacity to perform physical work, and the study, as well as description, of the
effects of fatigue. Most quantitative results obtained from work physiological evaluation
are ‘‘output measurements.”’ They constitute physical behavior resulting from the
combined effects of a variety of inputs. Oxygen metabolism is not purely a function of
severity of exercise or of the lean muscle mass involved; it is also determined, to some
degree, by the obesity of the subject, postprandial status, and several emotional factors.
The result, however, will be one single number: oxygen uptake expressed in milliliters
per minute. Solely on the basis of this result, it will not be possible to make any mean-
ingful statement about the magnitude or quality of the contributing vectors. Therefore
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most work physiology procedures measure effect but do not permit one to establish
cause, except in rare cases of near-perfect technique and experimental design.
The following procedures are commonly employed in industry:

Metabolic and quasi-metabolic measurements.

Electromyography.

The measurement of cardiac performance.

The measurement of body temperature and heat loss from the body.

-hbél\):—-

Figure 22.13 The flexed wrist (a) cannot grasp a rod firmly. (b) The straight wrist can grip and
hold firmly. From Reference 48.
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Procedures 3 and 4, however, fall within the purview of the trained specialist and are
therefore not discussed here.

3.1 Metabolic and Quasi-Metabolic Measurements

It is common practice in some branches of industry to determine physiological energy
expended in the performance of certain tasks by direct measurement or indirect estima-
tion of oxygen consumption. During respiration, oxygen passes through the walls of the
pulmonary alveoli and surrounding capillaries into the blood vessels. It is then taken up
by the red blood corpuscles, which are pumped by the heart to body tissues, such as
muscles. Oxygen is unloaded in the muscles to take part in physiological combustion
processes. The bioenergetics may be represented as follows (23):

At rest

chemical energy in nutrients
contained in body tissues + oxygen— heat (7)

At work

chemical energy in nutrients /‘ heat (approximately 78%)

contained in body tissues + oxygen (8)

T energy available for
work (approximately

22%)

1. One liter of oxygen consumed releases approximately 5 kcal.
2. 5kecal = 21,000 J.
3. 4600 J (22 percent of 21,000 J) is available for the performance of work.

Thus energy available per liter of oxygen consumed per minute is approximately 0.1
hp. However ambient fresh air contains approximately 20 percent oxygen, of which,
roughly a quarter, or 0.05 liter, becomes available for metabolic activities.

Therefore, as a bench mark figure, it may be assumed that 20 liters of air per minute
passing through the lungs over and above normal rest levels of pulmonary ventilation
corresponds roughly to 0.1 hp expended in the pursuit of physiological work. This
constitutes, however, an extremely crude and not always accurate approximation. The
true level of net energy expenditure per liter of air passing through the lungs depends on
a wide variety of physiological variables. Yet this has not deterred some industrial
enterprises from basing computations of physiological effort, often under conditions of
heavy work, on pulmonary ventilation (24). Most commonly, the measurement is
performed by a knapsack gasometer, and various models are commercially available
(Figure 22.14). To obtain readings that are of any use at all, it is necessary to measure
total airflow through the lungs from the onset of the task to be investigated until the
time after termination of work when pulmonary ventilation has returned to resting level.
To obtain the net airflow ascribable to the demands of the task, an air volume cor-
responding to pulmonary ventilation at rest is then subtracted from the total.
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bolic measurements are taken routinely should familiarize themselves with the basic
theory and appropriate techniques through reliable references (26).

3.2 EHectromyographic Work Measurement

The aforementioned changes in pulmonary or metabolic activity when measured and
quantified by suitable instrumentation can be indicative of the level of effort demanded
for the performance of a specific task. Changes in metabolism and pulmonary ventilation
represent both dynamic and isometric work performed by muscles; therefore the
accuracy of measurement is greatest whenever the musculature of the entire body, or at
least large muscle masses such as those of the thighs or the back, must be applied to the
successful completion of a job. However in light work, where only mild muscular
activity takes place or only small muscle groups or single muscles are utilized, the
percentage change in metabolic activity is proportional to the relationship

™ %100 =A
M = Au

where M = total lean muscle mass of body
m = mass of lean muscle applied to task (10)
Au = percentage change of metabolic activity due to work

In many instances this percentage may be too small to permit a meaningful statement to
be made about the level of effort expended, and under such circumstances experimental
and computational error may render the result meaningless.

Whenever light work or effort expended by small kinetic chains is to be determined,
electromyography can serve as a useful estimator of effort and fatigue.

The term ‘“‘electromyography,” as well as the purpose of the procedure, mean dif-
ferent things to ergonomists, anatomists, physiologists, and physicians. Electrodes, signal
conditioning, and display instrumentation vary widely between professions.

In ergonomics, myoelectricity may be assumed to be the “‘by-product” of muscular
contraction which makes it possible to estimate strength and sequencing of muscular
activity through techniques noninvasive to the human body. The myogram is an
analogue recording of this bioelectric activity.

Each individual muscle fiber maintains in its resting state a negative potential within
its membrane wall. This is termed the ‘‘resting potential.” Excitation produces a
transient reversal of the resting potential, causing a characteristic ‘‘depolarization’ pat-
tern to appear. A discussion of natural and quantitative events related to changes in
membrane potential is beyond the scope of this chapter, and specialized literature should
be consulted (27).

Modern electrophysiological thinking assumes (28) that muscle fibers probably never
contract as individuals. Instead, small groups contract at the same moment. It has been
established that all the fibers in each contracting group are stimulated by the terminal
branches of one single nerve fiber, the axon of a motor cell whose body is located in the
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Figure 22.19 The topographic relationships between two muscles: the biceps and the brachialis.
The biceps is superficial to the latter, inserts into the radius, is a powerful supinator but a less
effective flexor of the forearm. The brachialis is a short but powerful muscle connecting humerus
and ulna; because of the character of the humeroulnar joint as a hinge, this muscle is a very
powerful flexor of the forearm. Separate electroding of the two muscles is desirable in electro-
physiological work measurement. Adapted from Reference 81.

These two muscles are located so close together that it is not possible to obtain
separate surface myograms for each one unless special precautions are taken. First the
brachialis is palpated. This is done by asking the subject to flex the forearm to form an
angle of 90° with the upper arm. Then the forearm is pronated strongly against
resistance, while simultaneously the experimenter causes the brachialis to flex the
forearm against powerful opposition (Figure 22.20). The outlines of the muscles are
then palpated and the electrodes applied so that a maximum of muscle mass is triangu-
lated by them. The reference electrode is placed conveniently over the triceps tendon.
The subject is asked to supinate the flexed forearm strongly against external resistance,
and the biceps is palpated and triangulated with an additional set of electrodes (31).

It is essential to provide a separate reference electrode for each muscle investigated.
To verify the electrode placement, the subject is first asked to flex the forearm
isometrically while the limb is being actively and strongly pronated. This yields a strong
brachialis signal but little activity in the biceps (Figure 22.21). Subsequently the limb is
supinated against resistance while being flexed strongly against an opposing force. This
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stress are identified as “work strain.”” Frequently work stress and the resulting strain
occur in anatomical structures quite distant from each other, or the two effects may even
be observed in separate physiological systems. High environmental temperatures are
referred to as “heat stress,” and the resulting increase in sweating rate is then correctly
termed “heat strain.” Likewise, in heavy physical work, the forces exerted on the mus-
culoskeletal system are correctly identified as ““work stress™ and the resulting increase of
metabolic activity is an example of “‘work strain.”

The performance of any task, no matter how light, imposes some work stress, and

consequently produces work strain in terms ol physiological responses. Neither stress
nor strain per se is undesirable unless it becomes excessive and diminishes work
tolerance.
" Work tolerance is defined as a state in which the individual worker performs at eco-
nomically acceptable rates, while enjoying high levels of emotional and physiclogical
well-being (13). It is common in industrial engineering practice to employ incentive
schemes as inducements to increase production rates, thus reducing labor costs. Job
enrichment as well as other procedures applied by behavioral and managerial scientists
have their place in increasing job satisfaction and in enhancing the social well-being of
the workforce. However no management technique available has been found to be suc-
cesslul in overcoming the results of physical discomfort and occupational disease result-
ing from a poorly designed work situation, ill-matched to the physical operating charac-
teristics of man.

In a room illuminated by a defective spectrum, everyone is color blind. On a job
where the motions and reactions inventory demanded by a task is not available from the
musculoskeletal system of the worker, everybody is disabled (37), the physically
impaired more so. The institution and maintenance of work tolerance has a high
priority in the practice of industrial hygiene and ergonomics.

4.1 The Prerequisites of Biomechanical Work Tolerance
The 15 m‘ost important prerequisites of biomechanical work tolerance (38) have been
arranged in the form of a table (Table 22.2) and can be employed as a checklist in

industrial surveys. Proper use of the table can prevent workplace design from imposing
physical demands that cannot be met by a wide range of individual workers. The use of

Table 22.2 Prerequisites of Biomechanical Work Tolerance

Postural Enginecring Kinesiological

P1  Reep elbows down. El Avoid compression ischecmia. K1 Keep forward reaches short,
P2 Minimize moments on spine. E2  Avoid critical vibrations. K2 Avoid muscular insulficiency.
P3  Consider scx differences. E3 Individualize chair design. K3 Avoid straight-line motions,
P4 Optimize skeletal configuration. E4  Avoid stress concentration. K4 Consider working gloves,

PS5  Avoid head movement. E5 Kcep wrist straight. K5 Avoid antagonist fatigue.
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this checklist may also help to avoid the generation of anatomical failure points, which
may develop over a number of months, or years, as a result of cumulative work stress.
Not all “prerequisites” are applicable to all work situations. However a correctly
designed working environment will not violate many of them because this will, beyond
doubt, lead to low productivity, poor morale, feelings of ill health and, sometimes, real
occupational disease (13).

The ““prerequisites” have been arranged in three sets of five statements. The first is
concerned with postural integrity; the second relates to the proper engineering of the
man-equipment interface; and the third set may be used to ensure that the motions
demanded from the workforce are kinesiologically effective.

4.2 The Postural Correlates of Work Tolerance
P1 Keep the elbows down.

Abduction of the unsupported arm for long intervals may produce fatigue, severe emo-
tional reactions, and also decrements in production rates. The need to keep the unsup-
ported elbow elevated is often the result of poor workplace layout. For example, if the
chair height of seated workers is poorly policed, a seat positioned only 3 inches too low
with respect to the work bench will produce an angle of abduction of the upper arm of
approximately 45° (Figure 22.27). When this is the case, wrist movement in the hori-
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Figure 22,27 (a) Chair height determines the angle between upper arm and torso, also the
moment of inertia of the moving limb. For example, a chair 3 inches too low may raise this
moment to a level at which increased effort causes performance to drop to 70 percent of “stand-
ard.” (b) Also, continued tension in the muscies stabilizing the arm in the raised posture may
cause great discomfort at the shoulder over the breast bone. From Reference 37, by permission.
© American Institute of Industrial Engineers, Inc., Norcross, Ga.
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CENTER OF MASS OF BODY

Figure 22.28 Even when no object is handled,
very often a bending moment acts on the verte-
bral column because of the location of the
center of mass of the body. The erector muscles
of the trunk counteract this: S, sacrospinalis; G,
glutei; H, hamstrings; W, weight. From Reference
51.

zontal plane, normally performed by rotation of the humerus, could require a physically
demanding shoulder swing. The resulting fatigue over several hours may reduce the effi-
ciency rating by as much as 50 percent. Also, when the seat is too low—especially in
assembly operations—the left arm is frequently used as a vise, while the right hand is
employed to manipulate objects. This may result in the left arm being held in abduction
for several hours. After the elapse of an hour or two, particularly under incentive condi-
tions, some vague sense of discomfort may be felt in the general region of the origin of
the left pectoralis major and deltoid muscles, which stabilize the abducted arm. Elderly
and overweight workers especially, or individuals with a history of cardiac disease, may
develop an unjustified fear of an impending heart attack, and they themsevles, as well as
all those around them, may suffer from the ensuing undesirable emotional difficulties
(13).

P2 Minimize moments acting upon the vertebral column.

Lifting stress is not solely the result of the weight of any object handled. Its magnitude
must be expressed in terms of a “biomechanical lifting equivalent’” in the form of a
“moment.”

The location of the center of mass of the body proper causes a bending moment to be
exerted on the axial skeleton even when no object is handled (Figure 22.28). The
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Figure 22.29 The ‘““moment concept’’ applied to the derivation of biomechanical lifting
equivalents. All loads represented produce approximately equal bending moments on the sacro-
lumbar joint, approximately 250 |Ib-in. Moments exerted by body segments are neglected (13). In
the equation, 8 is the approximate distance (inches) from the joints of the lumbar spine to the
front of the abdomen, a constant for each individual; L is the length (inches) of one side of the
object; W is the weight (pounds) of the object; Me is the biomechanical lifting equivalent,
approximately 250 lb-in. in this example. From Reference 13.

muscles erecting the trunk counteract the moment and thus help to maintain upright pos-
ture. Thus even simple variations in posture and trunk-limb configuration may modify
and substantially increase or decrease, according to the circumstances, the forces exerted
on the lumbar spine according to the contribution of the individual body segments to the
total moment sum (39). The ergonomic effects of these posture-generated forces are dis-
cussed in Section 5. The present checklist is merely concerned with the additional
moments imposed on the back by an external load. Very often a light, but bulky object
(Figure 22.29) imposes a heavier lifting stress than a heavy load of great density. It
should be remembered that the only way to reduce the lifting stress exerted by an object
resides in devising a handling method that will bring the center of mass of the article as
close to the lumbar spine as possible.

P3 Consider sex differences.

If employment opportunities for both sexes are to be equal, work environments must be
engineered in a manner that takes cognizance of, and compensates for, any sex-dependent
differences in anatomy that may affect work tolerance. In the context of lifting tasks, it
must be appreciated that male hip sockets are located directly below the bodies of the
lumbar vertebrae; in the female they are situated more forward (Figure 22.30). A line
through the center of the sockets of both hip joints in a woman is located several inches in
front of a vertical line passing through the center of gravity of the female body. This
activates a force couple. Therefore any object handled by a woman exerts a moment on the
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back approximately 15 percent larger than if it were handled by a male of identical size or
strength.

P4 Optimize skeletal configuration.

Through faulty workplace design, musculoskeletal configuration, especially angular
relationships of long bones and muscles, may impose great stress on joints and produce
physical impairment (Figure 22.31). Variations of a few inches horizontally in the
distance between the chair and the workspace may make the difference between a
productive working population and one that must perform under medical restriction
because of great mechanical stress imposed on joint surfaces.

P5 Avoid the need for excessive head movement during visual scanning of
the workplace.

It is not possible to estimate correctly, and/or easily, the true sizes or the relative
distance of objects except under conditions of binocular vision, which can take place
withant head movement only within a visual cone of 60° of included angle. The axis of

FEMALE MALE.

Figure 22.30 Hip sockets in the male are located directly under the bodies of the lumbar
vertebrae in the same plane as the center of mass of the body. In the female, the sockets are
located further forward, represented by the distance X. This produces a force couple so that the
lifting stress in the back muscles in women, for the same object, can be as much as 15 percent
higher than in males. From Reference 85, by permission, American Industrial Hygiene Associa-
tion, Akron, Ohio.
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Figure 22.31 The mechanical advantage of the biceps depends on the angle of flexion of the forearm. This muscle is not only a flexor,
but also, because of the mode of attachment, the most powerful outward rotator of the limb. The worker who sits too far away from his
workplace has to overexert himself when using a screwdriver because the biceps operates at mechanical disadvantage. Sore muscles
and excessive friction between the bony structures of the elbow joint are the results (80). (A) The forearm flexed at 90 degrees: a,
humerus; b, biceps; c, attachment of biceps; d, radius; e, head of radius; f, capitulum of humerus; g, ulna. (B) The angle of the forearm
extended when the efficiency of the biceps as an outward rotator is reduced. Here the muscles will pull the radius strongly against the
humerus, causing friction and heat in the joint. (C) Cross section X-X through A, showing why the biceps is an outward rotator of the
forearm. From Reference 80.
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/ 60° maximu

Figure 22.32 Eye travel and binocular vision.
Whenever an object is located outside a binocular field
of vision (shaded area) depth perception is impossible;
head movement will automatically ensue to correct the
deficiency. Heavy dotted lines indicate convergence at
16 inches. From Reference 48.

this cone originates from the root of the nose and is located in the mid-sagittal plane of
the head (Figure 22.32). Head movement at the workplace is often invoked as a ‘“‘protec-
tive reaction” (17) whenever it is necessary to reestablish binocular sight if the visual
target is located outside of the cone. Simultaneous eye and head movements take much
time, and this may produce a hazard whenever fast-moving equipment—such as motor
vehicles, airplanes, or conveyors—are operated. Binocular vision without head move-
ment can be instituted either by dimensioning the workplace appropriately or by chang-
ing the position of the operator or the adjustment of the working chair.

4.3 The Engineering of the Man-Equipment Interface

E1 Avoid compression ischemia.
The term ‘‘ischemia’ describes a situation in which blood flow to the tissues is
obstructed. It is essential that the designer as well as the evaluator of tools and equip-
ment be familiar with the location of blood vessels vulnerable to compression.
Improperly designed or misused, a piece of equipment may have the effect of a tour-
niquet. Of special importance is a knowledge of the location of blood vessels and other
pressure-sensitive anatomical structures in the hand. A poorly designed or improperly
held hand tool may squeeze the ulnar artery (Figure 22.33). This may lead to numbness
and tingling of the fingers. The afflicted worker will put down his tools and may make
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symptoms, and the sufferer improperly diagnosed or treated (41). Generally speaking,
handles of implements should be designed to make it impossible for the tools to dig into
the palm of the hand or to exert pressure on danger zones.

E2 Avoid vibrations in critical frequency bands.

Vibrations transmitted at the man-equipment interface can easily lead to somatic reso-
nance reactions. ‘“White finger syndrome” or intermittent blanching and numbness of
the fingers, sometimes accompanied by lesions of the skin, has been identified for many
years as an occupational disease associated with the operation of pneumatic hammers
and other vibrating tools (42, 43). It is cited as only one example of numerous diseases
and injuries caused by exposure to vibrations. When exposed to critical ranges of vibra-
tion, various viscera, muscle masses, and bones may react in an undesirable manner.
This can simulate a wide range of diseases that are commonly associated with muscu-
loskeletal discomfort, including back pain, respiratory difficulties, and visual disturb-
ances. The critical ranges of vibration that may produce such undesirable side effects are
fortunately very narrow, and it is often easy, through recourse to such normal engineer-
ing procedures as construction of vibration-absorbing tool handles, to avoid exposure to
noxious frequencies. An “‘epidemic” of otherwise inexplicable afflictions of the muscu-
loskeletal system should always alert the ergonomist to consult a reliable reference work
on industrial vibration (44)..

E3 Individualize chair design.

The design of any seating device should match the need of individual work situations.
The anthropometric and biomechanical basis of chair design and adjustment are dis-
cussed in section 7. When evaluating work situations on the shop floor, it should be
remembered that universally useful “‘ergonomic work chairs” do not exist. Likewise,
diagrams that show “‘standard dimensions’ of the components of a work chair, or of
seating height, are highly suspect unless they list a wide range of tolerances for each
dimension. By way of example, it is mentioned that the pilot seat in an aircraft should
support the trunk while the pilot is sitting still. On the other hand, the chair on an
assembly line should give adequate lumbar support but at the same time permit the
body to perform all necessary productive movements (45) (Figure 22.55). Working
chairs should have an adjustable-height backrest that swivels about a horizontal axis, to
be able to adapt to the demands of the contours of the back. It should be small enough
not to interfere with the free movement of the elbows during work. The seat should be
adjustable in height, and it should be complemented by an adjustable footrest to relieve
pressure exerted by the edge of the seat on the back of the thigh.

E4 Avoid stress concentration on vulnerable bones and joints.

Sometimes features in tool and equipment design look deceptively advantageous but are
in reality most dangerous to the integrity of the skeletal system. Finger-grooved tools are
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an example (Figure 22.34). They fit perfectly one hand—the hand of the designer. If
gripped firmly by a hand too large or too small, the metal ridges of the handle may exert
undue pressure on the delicate structures of the interphalangeal joints (46). This will
make it painful to grip the tool firmly. Sometimes worse, the working population may
show signs of discomfort and absenteeism and will be exposed to medical restriction of
performance levels. Finally, under the worst of circumstances, permanent and disabling
bone and joint disease may result. Sometimes simple shielding devices are quite effective
to protect anatomical structures from stress concentration. The tailor’s thimble is a good
example of this—it is, perhaps, the oldest device in history protecting tissues against
stress concentration.

E5 Keep the wrist straight while rotating forearm and hand.

Four wrist configurations, particularly when they approach the extremes of their range,
are conducive to fatigue, discomfort, and sometimes disease. These are: (a) ulnar devia-
tion, (b) radial deviation, (c) dorsiflexion, and (d) palmar flexion.

Especially unhygienic situations are those in which these positions alternate fairly
rapidly during the work cycle, or occur in combination with each other. Unfortunately
tools and workplaces are often so designed that the aforementioned movements are
demanded as part of the normal work cycle. This affects both health and efficiency. The
principal flexor and extensor muscles of the fingers originate in the elbow region, or

Figure 22.34 Form-fitting grips on hand tools may cause severe pressures on the finger joints of a
person with a larger hand than the hand size for which the tool was designed. From Reference 46,
by permission. ® Journal of Occupational Medicine, Chicago, Ill.
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from the forearm, and are connected to the phalanges by way of long tendons. The
extensor tendons are held in place by the confining transverse ligament on the dorsum of
the wrist, and the flexor tendons on the palmar side of the hand pass through the nar-
row carpal tunnel, which contains also the median nerve.

Failure to maintain the wrist straight causes these tendons to bend, to become subject
to mechanical stress, and to traumatize such ancillary structures as the tendon sheaths
and some ligaments. Ulnar deviation, combined with supination, favors the development
of tenosynovitis. Radial deflexion, particularly if combined with pronation, increases
pressure between the head of the radius and the capitulum of the humerus. This is con-
ducive to epicondylitis or epicondylar bursitis. These conditions are frequently observed
in those who operate hand tools. If hand tools like screwdrivers or pliers are pronated
and supinated against resistance for only a few minutes during the day, no harm results.
However continuous production jobs may constitute a hazard to the working popula-
tion. Generally speaking, it is safer to bend the implement than to bend the wrist.
Furthermore, both ulnar and radial deviations of the wrist, when combined with
simultaneous pronation or supination, reduce the range of rotation of the forearm by
more than 50 percent (46). Under these circumstances, the afflicted individuals are
obliged to go through double the number of motions to perform a given task, such as
looping a wire around a peg (i.e., they have to work twice as hard for half the output).
This may dramatically increase personnel turnover and lead to massive dropouts of new
workers during training (13) (Figure 22.35).

4.4 The Development of Effective Kinesiology
K1 Keep forward reaches short.

Numerous industrial engineering texts describe and define “normal” and “‘extended”
reach areas, specifying that the motion elements “reach” and *“‘transport’ may safely be
included in repetitive tasks for continuous work provided they do not exceed 25 inches
(47). This assumption is fallacious. The protagonist muscles of forward flexion of the
upper arm operate at biomechanical disadvantage. One of their principal antagonists is
the large and powerful latissimus dorsi (Figure 22.36). Whenever an extended and fast
reach movement in the sagittal plane away from the body is performed, a strong stretch
reflex is produced in the latissimus dorsi. This, in turn, subjects the vertebral column to
compressive and banding stresses. Frequent and rapid forward reach movements, espe-
cially when associated with the disposal of objects, require that the length of this motion
be kept to scmewhat less than 16 inches. The operative word here is “frequent.”
Extended reaches per se, especially when performed slowly and relatively rarely during
the working day, are quite harmless.

K2 Avoid muscular insufficiency.

Sometimes a specific muscle is unable to produce an expected full range of joint move-
ment. Such a situation is defined by the term “muscular insufficiency” (15). It occurs
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Figure 22.35 Comparison of two groups of trainees in electronics assembly shows that it is better
to bend pliers than to bend the wrist (37). With bent pliers and wrists straight, workers become
stabilized during second week of training. With wrist in ulnar deviation, a gradual increase in
disease is observed. Note the sharp increase of losses in tenth and twelfth weeks of training: only
15 of 40 workers in the sample remained unimpaired. From Reference 37, by permission.
© American Institute of Industrial Engineers, Inc., Norcross, Ga.

when the protagonist is contracted to such a degree that it cannot further shorten, or an
antagonist has become hyperextended and impedes further joint movement. By way of
example, when the wrist is fully flexed, the hand cannot grasp a rod firmly because the
extensors of the fingers are overextended, and the flexors are overcontracted (Figure
22.37).

K3 Movements along a straight line should be avoided.

All joints involved in productive movements at the workplace are hinges. Therefore the
pathway of an anatomical reference point is always curved when it results from the
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K5 Antagonist fatigue should be considered in task design.

In the performance of many simple movements, the muscles that reestablish the initial
condition after a specific maneuver has been performed are often weaker than those
which bring about the primary movement. For example, when inserting screws by
means of a ratchet screwdriver, the biceps is the outward rotator of the forearm, and this
strong muscle will not easily fatigue even when operating against strong resistance.
Even when operating against a resistance too small to be measurable, however, the oppos-
ing inward rotator of the forearm, the pronator teres, fatigues easily because of its small
size (19). Physiological work stress should never exceed the capacity of the smallest
muscle involved in a kinetic chain. Reliable tables relating name of muscle, function, cross
section, and working capacity should be consulted by the practicing ergonomist (15).

The 15 prerequisites of biomechanical work tolerance just given are no substitute for
a comprehensive knowledge of the theory and practice of ergonomics. They are merely a
convenient expedient for the rapid and gross evaluation of work situations during dis-
cussions on the shop floor. Properly employed in discussions with first-line supervisors
and erigineering personnel engaged in the planning and design of work situations, these
prerequisites can help to reduce, without access to complex esoteric and costly labora-
tory facilities, the incidence of occupational accident and disease right where it occurs:
on the shop floor.

5 MANUAL MATERIALS HANDLING AND LIFTING

Almost one-third of all disabling injuries at work—temporary or permanent—are
related to manual handling of objects (48). Many of these incidents are avoidable and
are the consequence of inadequate or simplistic biomechanical task analysis. The rela-
tive severity of materials handling operations, and differences in lifting methods, can be
evaluated only when all elements of a lifting task are considered together as an integral
set (Table 22.3). All these elements have different dimensional characteristics, but

Table 22.3 The Elements of a Lifting Task
(48)

Gravitational
Static Moments  Components  Inertial Forces

Sagittal Isometric Acceleration
Lateral Dynamic Aggregation
Torsional Negative Segregation

Frequency of task
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nevertheless have one basic property in common: any major change in magnitude of any
element of a lifting task produces a change in the level of metabolic activity.

No matter what the dimensions of mechanical stress imposed on the human body dur-
ing materials handling, the physiological response will always result in changes of
energy demand and release, customarily expressed in kilocalories. Thus physiological
response to lifting and materials handling stress has always the dimensions of work.
Hence when the task is heavy enough, the measurement of metabolic activity provides a
convenient experimental method for the objective comparison of the relative severity of
materials handling chores.

Current consensus (26) assumes on the basis of an 8-hour working day that the limit
for heavy continuous work has been reached when the oxygen uptake over and above
resting levels approaches 8 kcal/min. The upper limit for medium-heavy continuous
work, seems to be 6 kcal/min, and an increment of 2 kcal/min appears to be the divid-
ing line between light and medium-heavy work. However in many instances the applica-
tion of metabolic measurement is not feasible. The complex procedure may be too dif-
ficult to perform on the shop floor. Furthermore, the assessment of work stress through
the analysis of respiratory gas exchange is, by definition, an ex post facto procedure.
The job exists already, and the energy demands are merely computed to decide whether
corrective action is indicated. It is, of course, much better to analyze a task objectively
while both job and workplace layout are still in the design stage. Recourse must then be
taken to “‘elemental analysis.”

5.1 Elemental Analysis of Lifting Tasks

Any activity producing a moment that acts—no matter in which direction—on the verte-
bral column, must be classified as a “lifting task.”” A ““moment” is defined as the mag-
nitude of a force multiplied by the distance from the points of its application. In most
instances ergonomic analysis of lifting tasks is concerned with moments acting on the
lumbar spine or, when a specific task involves head fixation, with moments acting on the
cervical spine.

There are three static moments to be considered (Table 22.3). In many instances they
are easily computed by direct measurement or with the aid of drawings or photographs.
Sometimes, however, it is more convenient to estimate them by speculative analysis or
visual inspection of the work situation. They are conveniently expressed in pound-inches
(Ib-in.), or kilogram-centimeters (kg-cm). This value is obtained by multiplying the
force acting on an anatomical structure with the distance from the point of maximal
stress concentration.

The heaviest article normally handled by man at work is his own body, or its subseg-
ments. Only rarely do workers handle objects weighing 150 pounds and, in most
instances, the mass of an object moved is quite insignificant when compared with the
weight of the body segment involved in the operation. For example, the majority of hand
tools or mechanical components in industry weigh considerably less than 0.5 pound, but
an arm, taken as an isolated body segment, weighs 11 pounds (50).
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The sagittal lifting moment is the one most frequently encountered and easiest to
compute. It is most conveniently derived by graphical methods. First the weights of the
body segments involved in a specific task are obtained from reliable tables (18). Then a
“stick figure” of proper anthropometric dimensions (Figure 22.39) is drawn, and the
location of the center of mass for each body segment is marked, as well as the center of
mass for the load handled. Finally, the sum of all moments acting on the selected ana-
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Figure 22.39 Graphic computation of the location of center of mass of whole body and body
segments as well as of the sagittal moment acting on the lumbosacral joint can be conveniently
accomplished through the use of stick figures. This example shows that in improper working pos-
ture, a load weighing only 30 pounds, combined with the mass of the various body segments
involved in a lifting task, may produce a torque exceeding 300 in.-lb, which is the lifting
equivalent of a very severe task. Illustration courtesy of Dr. C. H. Saran; from Reference 48.
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tomical reference structure (in this case, the lumbosacral joint) is computed and becomes
the sagittal biomechanical lifting equivalent of the specific task under consideration.
Whenever the vector representing the moment sum of all gravitational moments is
directed at a point on the floor located in front of or behind the soles of the feet, a prima
facie hazard exists because of inherent postural instability and the ensuing likelihood of
falls.

The estimation of sagittal lifting equivalents is of great practical usefulness in the
comparison of work methods or in the assessment of the relative magnitude of lifting
stress due to sex differences (Figure 22.40).

Males and females of approximately the same height and weight may be subject to
different stresses when handling the same object. This is because of sex-dependent dif-
ferences of the relative proportions of body segments. Moments acting on the
lumbosacral joint during lifting depend largely on work surface height; therefore females

380 lb—in,

32 1b

(a)

b)

Figure 22.40 (a) Males and (b) females of approximately the same height and weight may be sub-
ject to quite different stresses when handling the same object. This is due to sex-dependent dif-
ferences of the relative proportions of body segments. Because moments acting on the
lumbosacral joint when lifting depend largely on work surface height, females are at a disad-
vantage in certain postures during load acquisition, whereas in others sex differences are minimal.
Adapted from Reference 51.
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Figure 22.41 Awareness of the ““hidden” lifting task should exist. Because of increase of dimen-
sion L, hence higher torques exerted on the lumbar spine, a seated job, instead of being “light
work’’ may be the physiological equivalent of a severe lifting task. In seated work, the rule is: “’get
the job close to the worker.” A, humerus; B, socket of hip joint; C, vertebral column; D, shoulder
joint; E, arm; F, load; G, muscles of the buttocks (gluteus maximus); H, muscles of the back
(sacrospinalis); I, lumbosacral joint; J, spinous process of a vertebra; K, trapezius muscle; L,
distance from the center of mass of combined body-load aggregate to the joints of the lumbar
spine. From Reference 58, by permission. ® American Institute of Industrial Engineers, Inc., Nor-

cross, Ga.

are often at a disadvantage when picking up objects from the floor, but a pallet 12 to 14
inches high reduces sex differences in lifting stress during load acquisition (51).

Sometimes it is necessary to decide whether a task would be better performed sitting,
as opposed to standing (Figure 22.41). Then a sketch, true to scale, or a photograph,
becomes a convenient aid to decision making. If the pictorial representation of the work
situation is supplemented by the estimated weight of the body segments involved and the
location of the respective centers of gravity, the relative lifting stress for both postures
can be easily estimated. Since the procedure does not compare lifting stresses between
different individuals but merely establishes how the same person is affected by changes
in posture, it may be assumed that the body segments involved (i.e., the torso above the
lumbosacral joint, plus neck, head, upper limb, and the object manipulated) are
identical in both the seated and standing postures.

According to standard data (52) the body mass in the case of a 110-pound female
would be 45 pounds. To this must be added the weight of the object handled—20
pounds in the example under consideration. For this example, the distance from the
lumbosacral joint to the center of mass of body segments and load combined may be esti-
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mated to be 1% feet when standing. This exerts a torque of approximately 98 foot-
pounds (ft-1b). However if the individual is seated, this value increases to approximately
2! feet because of the forward leaning posture of the trunk and the outstretched arm.
Therefore the torque now exerted on the lumbar spine amounts to 146 ft-lb, or an
increase of nearly 50 percent compared with the standing position. This explains why,
in so many instances, emloyees complain—and rightly so—about much increased work
stress when chairs are introduced unnecessarily into a work situation.

Analyzing lifting tasks routinely in terms of moments tends to develop in supervisors
not only a “clinical eye” for the magnitude of a task but also a healthy and critical
attitude toward “‘cookbook’ rules of lifting. The principle of “‘knees bent—back
straight—head up” is well enough known. However in many work situations con-
cessions must be made to the influence of body measurements. In Figure 22.42 the male,
long legged, short torsoed, does not benefit at all from the application of the standard
lifting rule. A female, however, having a differently proportioned body, can get under
the load and close to it.

Thus the sagittal lifting moment acting on the lumbosacral joint becomes much less,
and work stress is approximately halved. Under such circumstances, provided the height
of the work bench cannot be changed, the standard lifting rule may be applied to the
female, whereas in the case of the male no benefit will be derived. Working according to

A B
Figure 22,42 Postural corrections in training
for lifting should be aimed at reducing
torques acting on the spine: X, an anthropo-
‘—L—" L metric male, does not beneafit materially from

the “approved” lifting posture because L, the
distance from the center of mass of load to
the fourth lumbar vertebra, does not shorten
materially; ¥, an anthropometric female,
does benefit from the “bent knees, straight
back” rule because she can get under the
load. When matching worker and task, the
measurements of the individual worker as
well as the dimensions of the workplace
should be considered. From Reference 58, by
A "WRONG" POSTURE permission. ® American Institute of
B "APPROVED" POSTURE Industrial Engineers, Inc., Norcross, Ga.
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Figure 22.43 Sidestepping induces heavy lateral bend-
ing moments acting on the spine (86}.

the “‘approved” lifting posture could lull the male worker into a sense of false security.
Therefore it is always advisable to temper the categorical instruction of “knees bent—
back straight—head up’ with the additional explanation “provided it helps to get the
load closer to your body.”

It has already been described (Figure 22.29) how a light but bulky object often
imposes a lifting stress much greater than the one exerted by a heavier article of greater
density. A metal ingot held close to the body exerts a lesser sagittal bending moment on
the spine than a box of equal weight containing small miniaturized components, such as
transistors packed for shipping in a Styrofoam container. This age of miniaturization
and containerization has added a serious and sinister overtone to the age-old joke:
“Which is heavier, a pound of lead or a pound of feathers?”’ The feathers, of course;
they are so much bulkier.

In all instances, however, the two other moments in addition to the sagittal one, must
also be considered. Lateral bending moments are all-important whenever a job calls for
“sidestepping” {Figure 22.43). This often occurs when, for example, the serving of food
at lunch counters is involved, or when components have to be transferred to a tray from
a jig mounted on a machine.

Generally speaking, bench work involves unnecessary sidestepping. Lateral bending
moments can be of considerable magnitude, and in special cases (e.g., when an indi-
vidual suffers from a mild nerve root entrapment syndrome), they may impose
considerable hazard and sullering. A workplace designed [or sidestepping is a workplace
designed for trouble.
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Consideration of torsional moments acting on the vertebral column becomes necessary
when materials are transferred from one service or work bench to another (Figure
22.44). The “L”’-shaped work surfaces appeal to both architect and industrial engineer
because they combine aesthetic considerations with opportunities for performance effi-
ciency. Whenever a lifting task requiring rotation of the torso about the vertical axis of
the body is to be performed by a standing person, a serious hazard is not presented
because of the interaction between ankle, knee, and hip joints. However when such a
task is performed seated, the pelvis is securely anchored and the entire torsional moment
must be absorbed by the lumbar and thoracic spine. This condition is conducive to great
mechanical stress on the vertebral column; it may aggravate preexisting back pain
caused by pathology in the lumbar or lumbosacral region, and it can cause distress,
sometimes of a respiratory nature, to scoliotic or kyphotic individuals.

Top view

(b)

Front view

\,
~r
r_—

TSP

Lfn Tliause
1”72

Figure 22.44 The schematic drawing shows that because of relative fixation of the pelvis, a
seated lifting task may produce very heavy torsional bending moments acting on the lumbar
spine; L is the lumbosacral joint. From Reference 48.
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It is easy to avoid excessive torsional moments in seated work situations by providing
well-designed swivel chairs. It is possible to determine numerically the severity of
moment action on the human body during a lifting task by the use of computerized
models (53). These have been developed to a fairly high degree of perfection, and their
use constitutes the procedure of choice in mass production operations under conditions of
rigidly controlled work methods. One of the principal advantages of the computerized
lifting models resides in their capability to permit accurate estimation of moments exerted
by the mass of various body segments on a wide variety of anatomical reference points.
Sometimes, however, this accuracy and convenience must be sacrificed when the need
occurs to make rapid ad hoc decisions under field conditions or when the small size of the
workforce makes recourse to a large computational facility uneconomical.

It is for this reason that ergonomists should aim to develop the knack of “guesstimat-
ing” the magnitude of all three moments by looking at the worker, at motion pictures of
an operation, or even at a drawing of the workplace layout. Then these guessed
moments should be 2dded, not algebraically, but vectorially.

By way of bench mark, it may be assumed that when the vector sum of all three
moments is 350 in.-lb or less, the work is light and can be performed with ease by
untrained individuals, male as well as female, irrespective of body build. Moments
above this level, but below 750 in.-lb, classify a task as “medium-heavy,” requiring
good body structure as well as some training. Tasks above this moment but below 1200
in.-lb may be considered to be heavy, requiring selective recruitment of labor, careful
training, and attention to rest pauses. Whenever the vector sum of moments exceeds
those stated before, the work is very heavy, cannot always be performed on a continuing
basis for the entire working day, and requires great care in recruitment and training.

It is my personal experience that the ability to guess the magnitude of moments
exerted by the load on the body is easily acquired. The same does not hold true,
however, for moments exerted by segments of the living body. Therefore the validity of
the aforementioned bench mark values is somewhat limited because they do not take into
consideration individual differences in lifting stress caused by body segments, but refer to
moment increases caused by external loads only.

The gravitational componentis are elements of a lifting task closely related to the con-
cept of “work’ in the sense of physics. In mechanics, work is defined as the product of
force multiplied by the distance through which it acts. Thus lifting 10 pounds against
gravity to a height of 5 feet will constitute 50 ft-1b of work. Likewise, pushing an object
horizontally for a distance of 5 feet when 10 pounds of pushing force is required will
also result in 50 ft-1b of work. This definition, however, is not always applicable to a
situation involving the human body at work. For example, if an individual pushes with
all his force against a wall and moves neither his body nor the wall, he has not accom-
plished any work according to the rigid definitions of physics. Nevertheless, during the
entire time, muscles have been under tension, metabolic activities increased, and the
added energy demands of the living organism manifested themselves in the expenditure
of additional calories which, in physics, are assigned the dimensions of work.

The effort expended on an activity that requires the application of force for a period
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of time without concurrent displacement of an object is called “‘isometric activity.”
Sometimes the term “‘tension time” is also applied to this kind of activity. “Isometric
work” is assigned the physical dimensions of “impulse,”” which equals force multiplied
by time. This makes mathematical processing somewhat difficult inasmuch as gravita-
tional components of a lifting task have the dimensions of ““work,” which equals force
multiplied by distance. Mathematical transformations to overcome this difficulty have
been developed (54) and are useful whenever recourse to computerized models must be
taken. For all practical purposes, it is often adequate to estimate isometric work by tak-
ing the weight of the object handled plus the estimated weight of the body segment
involved in the task, and to multiply these by the time the muscles are under tension.

Dynamic work is defined as the product of the weight of an object handled, multiplied
by the vertical distance through which it is lifted upward against gravity. It has the
dimensions of work as defined in physics and can be generally computed with ease.

Negative work is performed whenever an object is lowered at velocities and accelera-
tions of less than gravity so that work against the “g’ vector is performed.

To avoid complex computations, it is practical to assume, under industrial working
conditions (55), that one-third of the work that would have been expended when lifting
the same object over the same distance in an upward direction is approximately equal to
the negative work performed.

Finally, in the evaluation of a lifting task, the inertial forces must be considered.
When an object handled is in motion, acceleration is generally insignificant as far as
work stress is concerned. However the forces involved in aggregation and segregation of
man and load may impose severe stresses on the human body.

To maintain the unstable equilibrium of upright posture, it is necessary that the
center of mass of the body be located over a line connecting the sesamoid bones of the big
toes. Whenever a load is lifted, object and human body become one single aggregate,
and as soon as the load has left the ground, the body, through changes in postural con-
figuration, must place the center of mass of this body-load aggregate over the area of
support. This requires displacement of the center of mass of the body proper which,
during normal acquisition of the load from the ground, takes place over a time interval
of roughly 0.75 second. During this brief time interval “stress spikes’’ will be observable
if myograms of the muscles of the back are taken (56). Acquisition stress can best
be minimized by having the point of pickup of the load as close to the worker’s body as
possible.

A stress far more severe is experienced on segregation of the load. Since release of an
object is normally fairly rapid, segregation may take place over as small an interval of
time as 40 msec, or Y4 of the time involved in acquisition. This requires that postural
adjustments be far more rapid during release than during pickup, which, in turn,
produces great stress on the musculoskeletal structures involved. Electromyographic
studies (31) have shown that stress experienced during release may be a multiple of the
physical work stress generated during the rest of the work cycle. This has been con-
firmed by other investigators (56). Segregation stress can best be reduced by having the
point of release of the load as high above floor level as possible. It is also essential that
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workers be made aware of the postural adjustments occurring during load release,
including pelvic rotation, and be trained to perform these slowly.

Finally, frequency of lift is often one of the elements deserving considerable attention.
The number of times a lifting task is performed during the day is equivalent to “produc-
tivity,” and therefore it is determined by economic needs. Where bulky loads, such as
television tubes, are handled, it may be quite impossible to control the severity of a lift-
ing operation by attention to the frequency of lift, since this will not be amenable to
modification. Yet often a number of relatively small units, several at a time, have to be
handled, and the frequency of the operation then can be controlled by optimizing or by
changing the amount to be handled at one time.

Gilbreth, at the beginning of the century (57), stated *“. . . lifting 90 Ib of brick on a
packet (sic) to the wall will fatigue a bricklayer less than handling the same number of
bricks one or two at a time. . . .” This remark was, of course, based on purely empirical
and subjective observations because work physiological instrumentation available during
the lifetime of Gilbreth simply did not permit the objective substantiation of such
hypotheses. The bricklaying task was repeated by a group of volunteers during the 1950s
(57).

In the Gilbrethian example, “lightness” of the task when handling 90 pounds of
bricks (18 bricks) one at a time is illusory. Each time a 5-pound brick is handled, the
worker must move, bend, erect, rotate, and so on, approximately 100 pounds of body
mass. Thus the task load imposed by the handling of the body itself becomes much more
severe than the work stress caused by the material being handled. Approximately 1800
pounds of lifting body mass must be maneuvered to shift 90 pounds of brick.

When 90 pounds of brick was handled at one time, according to the Gilbrethian
intuitive prescription, the ratio between body mass moved and inanimate material
handled was roughly 1:1. As was to be expected, the physiological response to the task,
under the circumstances described, was quite moderate and was essentially a function of
the rate of productive work, not of unnecessary and physiologically expensive body
movements. However when the task load was increased to 120 pounds (i.e., 24 bricks)
handled at the same time, the metabolic cost of the job rose out of proportion to the
increment in the dynamic component of the task (Table 22.4). This apparent paradox
was rationally explained at the time of the experiment as a result of oxygen debt. The
significance of the element “frequency of lift,” as shown previously, can easily cause the
handling of numerous small loads to become the equivalent of a very stressful task. It is
therefore essential to be aware of the concept of “optimal load” per lift.

5.2 Queueing Situations

In materials handling situations, loads are frequently passed from one worker to the
other, or they arrive at the lifting station by way of conveyor belts and are then handled
manually. Much useless materials handling takes place when conveyor belts, device
pallets, trolleys, and other devices, or areas for temporary holding or storage of
products, are too small. Bottlenecks occur, and emergency measures may have to be
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Table 22.4 Results of a Replication of the Gilbrethian Lifting
Experiment (57)

Frank Bunker Gilbreth, the father of motion study, was intuitively right

when he stated that “. .. to lift 90 pounds of brick at a time is most
advantageous physiologically as well as economically .. .” (57).

I 11 II1
Bricks per lift l 18 24
Weight per lift (Ib) 5 90 120
Work per hour (kcal) 520 285 450
Bricks per hour 250 600 300

taken to clear the congested areas. The dimensions of all temporary storage areas and
devices should be computed on the basis of queueing theory, assuming that the arrival at
the handling station follows the Poisson distribution, and service times are exponentially
distributed. Frequently the following formula can be used to advantage (58):

N= log P
log R

(11)

where N = required capacity of the area
P = greatest acceptable probability that the area will become temporarily
overloaded; this principle is normally determined on the basis of a subjective
management decision
R =mean arrival rate of units per time divided by the mean processing rate;
these values are normally available from industrial engineers

It should not be forgotten that in addition to readily discernable or “overt” lifting tasks,
workplace design may embody hidden or “covert” situations. A covert lifting task exists
whenever a moment is exerted on the axial skeleton without an extraneous object being
handled. This may be the case when a typist bends her head over the typewriter, or an
arm has to be held out for extended periods of time because of the poor location of
storage bins, or working shoes have heels that are too high, so that they increase the
concavity of the lordotic curve of the lumbar spine (31). To assess the true severity of
such a situation, textbooks of classical biomechanics (18) or computerized mathematical
models should be consulted (39).

In conclusion, it is reemphasized that the elements of a lifting task are heterogeneous
in their physical dimensions and their physiological effects; therefore, although all
contribute to the level of work stress, the individual effects cannot be “‘summed.” The
reality of most materials handling situations will demand that each element be
considered separately and that those which are amenable to control be reduced in mag-
nitude and severity as far as possible.
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Unfortunately, at the present state of the art, there are only partial and no total solu-
tions available to eliminate hazards from manual lifting and materials handling tasks.

6 HAND TOOLS

Toolmaking is probably as old as the human race itself. Almost all the basic tools used
today, as well as the “‘basic machines,” were invented in the dawn of the prehistoric
ages, evolving gradually and parallel with the development of technology until modern
times.

However the current technology explosion proceeds too rapidly to permit the gradual
development of tools to suit the new industrial processes. Now ‘““instant” creation of new
and specialized implements often becomes an acute economic necessity, if an industry
wishes to accommodate itself to the rapid changes of workforce and technology. Hand
tools are more often than not standardized to be “fairly acceptable” to the broadest
possible spectrum of populations and activities. Only rarely are they designed to fit
perfectly the specialized needs of a particular manufacturing pursuit or the anthro-
pometric attributes of the workforce in a given plant.

Thus considering their widespread use, the number of varieties of hand tools is quite
limited, and each species of tool is normally employed by vast numbers of users.
Therefore hand-tool-generated work stress, trauma, and ergogenic disease may at times
reach epidemic proportions, disabling numerous individuals, seriously impairing the
productive capacity of a manufacturing plant, and having very detrimental effects on
labor-management relations. All this is quite apart from the medical costs and the
human suffering involved. Therefore the occupational health specialist should make the
proper selection, evaluation, and usage of hand tools one of his major concerns.

6.1 Basic Considerations in Tool Evaluation

Though the shapes of tools are varied and the functions of the different classes of imple-
ment diverse, there are nevertheless many principles of biomechanics and ergonomics
that are applicable to the prevention and solution of problems created by hand tools, no
matter how different their fields of application.

Many of the principles enunciated in this section extend in application beyond the
narrow field of hand tools proper. They are equally useful in the analysis of equipment
controls, since the latter are merely the “tools” that permit the operation of machinery.
The initial purpose of primeval tools, such as stone axes and scrapers, was to transmit
forces generated within the human body onto inanimate materials, food, or live animals
of prey. As the spectrum of artisanal and industrial pursuits widened, the basic purpose
of tools became more varied, and today these implements are designed to extend, rein-
force, and make more precise range, strength, and effectiveness of limb movement
engaged in the performance of a given task.
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In this context, the word “‘extend” does not solely imply a magnification of limb func-
tion. Often tools such as tweezers and screwdrivers also make possible far smaller and
finer movements than the unarmed hands would be capable of performing. An even
better example is the micromanipulator of the “master-slave” type, which serves as
attenuator rather than amplifier of human force in motion. A third example is a suction
tool that makes it possible to transport small, fragile, and soft workpieces without injury
either to their dimensions or their surface finish.

Selection and evaluation of all hand tools, whether manual or power operated, should
be based on all the following: technical, anatomical, kinesiological, anthropometric,
physiological, and hygienic considerations (59).

In the course of technological development, tool designers were conditioned to focus
their attention on a real or imagined need to maximize the tool force output obtainable
from a minimal muscular force input from the hand. This, however, should not be
overdone.

The operation of a tool should always require sufficient force to provide adequate
sensory feedback to the musculoskeletal system in general, and the tactile surfaces of the
hand.in particular. This is frequently a process of optimization. For example, if a fine
screw thread is tapped by hand and the handle of the threading tool is too large, the
force acting on the tool becomes excessive, resulting in stripped threads, broken taps, or
bruised knuckles. If, on the other hand, the ratio of force output to force input is too
small, an unduly large number of work elements must be repeated, and this makes the
job fatiguing. An example would be the pounding of a large nail with a very small
hammer. ’

A tool should provide a precise and optimal stress concentration at a specific location
on the workpiece. Thus, up to a certain limit, an ax should be as finely honed as pos-
sible to fell a tree with a minimum number of strokes, but the edge should not be so
keen that it requires frequent resharpening or is fragile. Preferably the tool should be
shaped so that it will be automatically guided into a position of optimal advantage
where it will do its job best without bruising either hand or workpiece. The Phillips
screwdriver, as compared with the ordinary, flat, blade tool, illustrates the latter point.

Hand tool usage causes a variety of stress vectors to act on the man-equipment inter-
face. These may be mechanical, thermal, circulatory, or vibratory, and they are often
propagated to quite distant points within the body, far from the actual locus of applica-
tion of force. The cause of severe pain in the neck muscles or numbness and tingling in
the fingers of the left hand may quite conceivably be due to the transmission of somatic
resonance vibrations triggered by a vibrating hand tool held in an unergonomic con-
figuration in the right hand. Numerous other examples could be cited. Whenever a
single specific anatomical region becomes the locus of repeated manifestations of signs
and symptoms of trauma, no matter how far away from the tool operating hand, the
work situation should be carefully analyzed for the possible implication of hand tool
design or usage as a traumatogenic vector.

Contact surfaces between the tool and the hand should be kept large enough to avoid
concentration of high compressive stresses (Figure 22.45). Pressure and impact acting on
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other irreversible injury. The ulnar artery and nerve may also be injured indirectly by
stress propagation whenever the palm of the hand is used as a hammer or repeatedly
pushes a tool against strong resistance. The resulting lesion, be it vascular or nervous, is
known as “hypothenar hammer syndrome” (61).

6.2 The Anatomy of Function of Forearm and Hand

Further chances of injury exist when the motions inventory demanded by specific fea-
tures in the design of the tool is not readily available from arm and hand. The
kinesiology of the upper extremity is basically determined by the structure and arrange-
ment of the skeleton of arm and hand (Figure 22.46). There are two bones in the
forearm, the ulna and the radius. The ulna is stout at its joint surface of contact with the
humerus and forms a hinge bearing there. It is, however, slender at the distal end,
where it articulates well with the radius but only poorly with the carpus formed by the
bones of the root of the hand. The radius, on the other hand, is slender at its point of
contact with the humerus and stout at its distal end. At the proximal end it forms a
thrust bearing with the humerus and a journal bearing with the ulna. The distal end
forms a joint with the carpal bones, the primary articulation between forearm and hand.
The unique configuration of the mating surfaces of this joint permits movement in only
two planes, each one at an angle of approximately 90° to each other. The first of these
maneuvers is palmar flexion, or when performed in the opposite direction, dorsiflexion
(Figure 22.47). The second set of wrist movements possible consists of either ulnar or
radial deviation of the hand (Figure 22.48). The wrist joint does not allow rotation of
the carpus .about the longitudinal axis of the forearm. Swiveling the wrist without
forearm rotation is not possible (Figure 22.49).

This geometry of joint movement causes the axis of longitudinal rotation of the
forearm-hand aggregate to run roughly from the lateral side of the elbow joint through
a point at the base of the ulnar side of the middle finger (Figure 22.46). The palmar
aspect of the carpal bones forms a concave surface roofed by the transverse carpal liga-
ment. The resulting channel is known as the “carpal tunnel.” Through this conduit pass
the tendons of the flexor muscles of the fingers, which originate from the medial side of the
elbow. Some blood vessels and nerves also pass through this tunnel. A similar, albeit
much shallower, passage for the extensor tendons and some nerves is formed on the dorsal
surface by another ligament and the dorsal aspects of parts of the carpus, the radius, and
the ulna (Figure 22.50). Each of the two passages is further divided into several longi-
tudinal compartments, and this produces considerable friction and lateral pressures
between tendons, tendon sheaths, adjacent nerves, and vascular structures. If the fist is
forcefully opened, closed, or rotated, these forces, as well as the friction between ana-
tomical structures, can become unduly high whenever the carpal tunnel and its homologue
compartment on the dorsum of the hand are not properly aligned with the longitudinal
axis of the forearm. Such alignment exists only if the wrist is kept perfectly straight, so
that the metacarpal bone of the ring finger is reasonably parallel with the distal end of the
ulna. A potentially pathogenic situation may exist whenever manipulative maneuvers,
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Figure 22.46 The construction of the skeleton of the forearm. (A) The hinge joint between
ulna and humerus from the medial side. (B) The right forearm outwardly rotated. (C) The right
forearm medially rotated: a, humerus; b, trochlea of humerus; ¢, capitulum of humerus; d, thrust
bearing formed by capitulum and head of radius; e, head of radius; f, radius; g, ulna; h, attach-
ment of biceps; i, axis of rotation of forearm; j, optimal axis for thrust transmission. From
Reference 48.

especially forceful ones that require ulnar deviation, radial deviation, palmar- or dorsi-
flexion, either singly or in combination with each other, are performed. The misalign-
ments of tendons at the wrist under such circumstances and their bunching up against
each other multiply drastically the already high interstructural forces and frictions
produced by the muscles operating the hand; early fatigue may result, among other unde-
sirable manifestations (Figure 22.51). The long interval of time (several weeks, months,
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Figure 22.49 The bones of the wrist articulate with only one of the two long bones of the
forearm, the radius, with which they form a firm aggregate. Therefore swiveling the wrist without
rotating the forearm is impossible. (A) Forearm in supination. (B) forearm in pronation.
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are implicated in the generation of the undesirable work stress, elimination of one of them
may successfully reduce the stress to a nonpathogenic level. In this case ulnar deviation
was eliminated by bending the tool handle (Figure 22.35).

In some other work situations involving the same wrist configuration, it may be more
desirable, or easier, to reduce excessive palmar flexion by small medifications in
workplace layout. A simple change of the distance between worker and work bench,
location of the work chair, work surface height, or the degree of tilt of the workspace,
may constitute adequate remedial action (40). The experienced practitioner will apply
the same principles to the improvement of other pathogenic work situations, such as the
manual insertion of screws, the manipulation of rotating switches, or the operation of
electrical or air-powered nut setters suspended over the workplace.

In Figure 22.52 the left hand is engaged in pronation, radial deviation, and dorsi-
flexion of the wrist. This configuration is conducive to pressures between the head of the
radius and the mating joint surface of the humerus (Figure 22.46). This posture should
be strongly discouraged through proper tool design because it may produce a high inci-
dence of the group of diseases known in the vernacular as “tennis elbow.” The condition
may occur in such tasks as overhead use of wire brushes in maintenance work. This is a
good example of the basic principle that work strain may affecct a site distant from the
location of work stress. The wrist is being stressed, but it is the elbow that gets sore
(62). Strong and repeated dorsiflexion of the wrist, especially in combination with some
other hand or forearm movement, is conducive to carpal tunnel syndrome—a disease
that may also be provoked by direct trauma to the region of the hand over the carpal
tunnel, compression of the median nerve in the tunnel through tenosynovitis and swell-
ing of the flexor tendons, as well as several other causes that are not occupationally
related (61). Implicated in unergonomic imposed patterns conducive to carpal tunnel
syndrome are tossing motions, the operation of valves located overhead or on vertical
walls, and a number of poor handle designs of power tools. This list, however, is by no
means exhaustive.

Finally, the wrists of both hands can be severely stressed when a two-handled tool is
designed so that the longitudinal axes of both handles coincide. Under such circumstances,
the included angle between the axes of the handles should approximate 120°.

6.4 Trigger-Operated Tools

Occasionally the condition of ““trigger finger” is encountered. The afflicted person typi-
cally can flex the finger but cannot extend it actively. It must be righted passively by
external force. When snapped back in such a way, an audible click may be heard. This
has been attributed to the generation of a groove in the flexor tendon which snaps into a
constriction produced by a fibrous tunnel guiding the tendon along the palmar side of the
finger. Small ganglia arising in the tendon sheath have also been implicated (63). This
affliction has been observed under conditions of overusage of the index finger as an equip-
ment control, such as the trigger of a tool embodying a pistol grip. The association
between overusage of the index finger and the lesion seems to occur most frequently if the
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tool handle is so large that the distal phalanx of the finger has to be flexed while the mid-
dle phalanx must be kept straight. This can easily be the case when females, with rela-
tively small hands, operate tools designed for males. A tool handle a shade too large may
put a female working population to distress, but the tool designer who errs on the side of
smallness will produce an implement that can be operated with equal effectiveness by both
sexes (48). As a rule, frequent use of the index finger should be avoided, and thumb-
operated controls should be put into tools and implements wherever possible, because for
all practical considerations, the thumb is the only finger that is flexed, abducted, and, in
addition to muscles crossing the wrist, opposed by strong, short muscles located entirely
within the palm of the hand. It can therefore actuate push buttons and triggers repeatedly,
strongly, without fatigue, and without exposure to undue hazard.

6.5 Miscellaneous Considerations

Numerous handheld tools, especially of the power-driven type, are advertised as “light.”
The lightest tool is not always the best tool. Optimal tool weight is dependent on a
number of considerations. If a power tool houses vibrating components, it should be
heavy enough to possess adequate inertia. Otherwise it may transmit vibrations of
pathogenic frequency onto the body of the operator (see Section 4.3) (42, 43).

Heavy tools should be designed so that the center of mass of the implement is located
as close as possible to the body of the person holding it. When this type of facilitation is
inadequate, recourse should be taken to suspension mechanisms and counterweights.
Strength of handgrip is the most important single factor limiting the weight of a tool
that must be held without external assistance from supporting mechanisms. Under such
circumstances, a reliable and specialized reference work should be consulted (64).

The design of the tool~hand interface should be based on carefully selected anthro-
pometric considerations. There are a number of specialized anthropometric reference
works available (65-67). However not all the hand dimensions identified in literature
are necessarily representative of a working population of specialized age, sex, or ethnic
origin. Furthermore, the geometry of manipulative movements imposed on the hand by
the specifics of tool design or usage may force the user population to employ a geometry
of hand movement based on special anthropometric parameters quite different from
those available from the majority of reference works. Likewise, the use of working
gloves changes the dimensions of the hand. Gloves vary in design and thickness of
material used. This does affect grip strength and sensory feedback from the tool (see Sec-
_ tion 4.4).

It is recommended that producers as well as consumers of handheld tools conduct
their own anthropometric testing based on the hand and other body dimensions of the
specialized working population under study, as well as of the tools and gloves to be
used. Of course basic reference charts can be employed with advantage as the point of
departure for anthropometric hand studies designed to suit specialized needs (68).

Gloves may affect the working hand in a number of additional ways. Mild trauma
due to pressure may be aggravated through contacts with irritants entrapped uninten-
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tionally in working gloves. In the case of abrasives, such as metal chips or mineral parti-
cles, the foreign substances may be worked into the skin, producing in some cases benign
tumors, such as talcum granuloma. Certain fat-soluble chemicals, such as many common
solvents and detergents, may be soaked up in the material of the glove and transferred
onto the skin, causing maceration, dermatoses, or other tissue damage. Sometimes it
may be advisable to wear thin cotton gloves under these working gloves to absorb
perspiration and improve hygiene.

Any study of work stress, occupational disease, or safety involving hand tools is
incomplete unless the potential effects of working gloves are fully considered, inasmuch
as they could modify fit between tool and hand, change the distribution of pressure, or
become detrimental to the integrity of the skin.

7 CHAIRS AND SITTING POSTURE

Many jobs require performance in the seated posture, and chairs are among the most
important devices used in industry. They determine postural configuration at the
workplace as well as basic motion patterns. A well-constructed chair may add as much
as 40 productive minutes to the working day of each productive individual (48).
Furthermore, poorly designed seating and inadequate policing of seating posture
constitute frequent and definitive occupational hazards. Properly designed working
chairs are a prerequisite to the maintenance of occupational health and safety of many
working populations, including individuals with preexisting disabilities of the back.

A number of reference works (69, 70) provide dimensions for working chairs and
benches considered by many as optimal. However such optimality can never be general;
it applies only to the restrictive parameters of a population defined by age, sex, ethnic
origin, cultural background, and specific working conditions. Sliderulelike devices (71)
are available that permit the adaptation of anthropometric data to a wide variety of
body dimensions, and in some countries the anthropometric basis for industrial seating
has been subject to national standardization (72, 73). However all dimensional aids to
chair design must be personalized and revalidated for each individual application on the
basis of certain aspects of functional and surface anatomy.

7.1 Anatomical, Anthropometric, and Biomechanical Considerations

It was realized almost a century ago, that ““. . . our chairs almost without exception are
constructed more for the eye than for the back . ..”” (74). This statement was made in
an article appearing in a journal of preventive medicine and stating the urgency of pro-
viding better lumbar support to seated workers. Unfortunately, in many instances, the
same plea can be made today with respect to some of the most modern office and factory
furniture. Somewhat later Strasser (75) quantified the forces exerted by the backrest and
the seat on the lumbar region and the buttocks. He also showed how these changed
drastically as a function of the slope of these features. The first comprehensive study of
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the biomechanics of seating was not conducted until 1948 (45). This existing body of
knowledge should be put to good use in the design of working chairs.

To facilitate a description of seated work situations, a nomenclature of planes of
reference suitable for the definition of relationships between postural configuration and
the position of equipment controls, as agreed by convention, is employed throughout this
section (Figure 22.53). The “axis of support” of the seated torso is a line in a coronal
plane passing through the projection of the lowest point of the ischial tuberosities on the

2 = CORONAL PLANE
8 = MID-SAGITTAL PLANE
9 = TRANSVERSE PLANE

Figure 22.53 The basic planes of reference for biomechanical and anatomical description. From
Reference 76, by permission. © W. B. Saunders Company, Philadelphia, Pa.
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several hours per worker per week may be wasted by the effort needed to keep such
improvised cushioning devices in place. Properly designed backrests are much cheaper
than improvisation, both in the long run and in the short run.

Some working chairs are equipped with castors. These make possible limited mobility
of the worker and permit materials handling without abandoning the seated posture. In
many situations castors reduce unnecessary torsional moments acting on the lumbar
spine. Also, in some cases of circulatory disturbance in the lower extremity, a chair that
can be pushed around by leg movement, while the person maintains seated posture, can
activate the “‘muscle pump,” consequently improving circulation. The disadvantage of
any chair mounted on rollers resides in the risk that the chair may roll accidentally
away or be inadvertently removed while the user gets up for a brief time. If the same
person afterward tries to sit down without being aware of the changed situation, a dan-
gerous fall can result. Whenever possible under such circumstances, therefore, a cheap
restraining device, such as a nylon rope, or chain or, sometimes, a more rigid linkage
between chair and work bench should be considered.

7.2 Adjustment of Chairs on the Shop Floor

A frequent but sometimes dangero response to chair-generated discomfort is tempo-
rary absenteeism from the workplace. When the level of personal tolerance has been
exceeded, many individuals simply ‘‘take a walk.” It is found occasionally that indi-
viduals involved in accidents are at the place of injury without authorization. Since no
accident is possible unless victim and injury-producing agent meet at the same spot and
at the same time, temporary absenteeism from the workplace may result in unnecessary
exposure to potentially hazardous situations (40).

To guard against this, especially in new plants or when existing working chairs are
being replaced by different models, the workforce should be polled and a subjective
assessment of chair comfort established through attitudinal measurement techniques
specifically designed for the evaluation of seating accommodations (78). Although sub-
jective comfort evaluations decrease the longer a chair has been in use, it should also be
remembered that a comfortable chair is not necessarily the “best chair,” regardless of
whether high levels of productivity or optimal physiological compatibility with the
anatomy of the worker are the guiding considerations. Therefore it is essential that the
necessary initial attitudinal measurement be either preceded or immediately followed up
by rational adjustment of the seating accommodations as related to the work bench on
the basis of biomechanical and ergonomic considerations.

Supervisors as well as workers should receive formal instruction in the proper adjust-
ment of working chairs. First, the height between seating surface and top.of the work
bench is adjusted so that an angle of abduction of approximately 10° between the upper
arms and the torso can be maintained during activity (Section 4.2). In specialized work
situations, adjustment for an angle of abduction other than optimal may be necessary. It
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Figure 22.57 The natural motions pathway of the wrist changes with the angle of abduction. From
Reference 48.

should be taken into consideration that the natural motions pathway of the wrist
changes with the angle of abduction (Figure 22.57), and the implements of work—
components, tools, jigs, and fixtures—should be arranged accordingly on the work
bench, otherwise imprecise movements, poor eye-hand coordination, and early fatigue
will result. Second, correct seat height with respect to the floor as well as the popliteal
crease 1s established by means of an adjustable footrest. Footrails, because they cannot
be easily adjusted, are less desirable. Occasionally drawers located underneath work
benches may interfere with proper seat height adjustment, and these should be removed
if necessary. Third, the height and ‘position of the backrest should be arranged so that
the minimal distance of 5 inches between the front edge of the seat and the popliteal
crease is maintained. The adjustment of the backrest should enable the worker to have it
low enough to permit freedom of trunk movement as demanded by the work situation,
but not so low that it interferes with the bony structures of the pelvis.

Sometimes it is desirable to provide the opportunity to perform a job from either the
seated or standing posture, or to alternate both postures in the course of the working
day, according to the personal preference of the worker. Then the basic angle of abduc-
tion of the upper arm should be attained by a suitable height of the work bench. To
maintain this for both postures, the chair and the footrest should be of the appropriate
dimensions (Figure 22.58).

Finally, the distance of the backrest of the chair from the near edge of the work
bench should be standardized to optimize skeletal configuration (Sections 4.2 and 4.4),
to facilitate the development of the most effective kinesiology.
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7.3 Ancillary Considerations

No single chair design can possibly be optimal for all work situations. Seating analysis
should always be conducted to meet the needs of specific, not generalized situations,
giving due weight to all relevant features of the task under consideration. It is highly
desirable that standard reference works (68-70) be available for perusal.

In addition to the analysis of the seated posture with respect to physical comfort and
biomechanical correctness, it is necessary to consider the changes in kinesiology of the
lower extremity resulting from seated posture. The seated leg and foot can rotate only
with difficulty, and unless the height of the chair is extremely low, such as is the case in
motor vehicles, operation of foot pedals may become cumbersome and fatiguing. On the
other hand, the seated “leg and thigh aggregate’ can abduct and adduct voluntarily,
precisely, and strongly, without fatigue for long intervals of time. It is therefore
frequently advantageous to make use of this kind of movement in the design of machine
controls. In the seated posture, knee switches, such as are oftrn employed in the opera-
tion of industrial sewing machines, are generally superior to foot pedals.

Figure 22.58 When work is possible in either seated or standing position, work bench and seat-
ing design should permit change of posture without change of musculoskeletal configuration.
From Reference 48.
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8 ERGONOMIC EVALUATION OF WORK SITUATIONS

Historically, all industrial and technological development in the United States has been
triggered by the need to overcome and solve problems in the design, production, dis-
tribution, and use of manufactured articles. Traditionally, industry has subscribed to the
“improvement approach’ as the principal avenue toward economic efficiency and via-
bility of American enterprise.

Before the development of industrial and human engineering, it was common practice
to conceive products hastily, determine an adequate manufacturing process intuitively,
and gradually remove deficiencies in product design or manufacturing methods during
actual production. Such improvement extended over a period of several months or even
years. This approach was to some extent acceptable in past decades, and the model T
Ford remained in production for approximately 30 years. In today’s fast-changing mar-
ketplace, this kind of policy often leads to economic disaster. By the time a product has
been improved, it may have become redundant. Unfortunately the ‘“‘improvement”
approach to product design and manufacture is still maintained in many industries
under the guise of the term ‘“‘continuous cost reduction.” This often conveniently excuses
failure to design the product and process correctly before production.

In some industries “‘cost reduction’ is expected to be practiced routinely by supervi-
sory and engineering personnel during the first months or years of production of a new
article. This tempts those who are responsible for “efficiency’ to design new products
and work methods initially imperfect, so that easy opportunities for later cost reduction
are not lost.

Unfortunately, a similar attitude often prevails when the occupational health and
safety of the working population is at stake. Too often industry waits for evidence of
work-induced occupational disability before commissioning an occupational health spe-
cialist to identify the causes, which are then removed by a process of not always satisfac-
tory gradualism.

Only too often the practitioner of ergonomics is challenged to justify the removal of
pathogenic vectors from the working environment by a prediction of potential savings in
medical costs, or an increase of productivity likely to accrue from his activities. It is
therefore important that those who are engaged in the practice of ergonomics be ready to
prove that the maintenance of occupational health and high levels of productivity are
inseparable. Three main areas of ergonomic evaluation are of prime interest to the practi-
tioner in industry: (a) historical evaluation, (b) analytical evaluation, and (¢) projective
evaluation.

8.1 Historical Evaluation

An active interest of management in ergonomics is often initially triggered by noticeable
breakdowns in occupational health occurring in the performance of a well-defined,
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essential, and easily identifiable productive operation. This then results in increased
manufacturing expense, high medical cost, potential retribution by a regulatory agency,
and other undesirable side effects. Under such circumstances,~a request for historical
evaluation of past activities and events may be made. Such study is best conducted keep-
ing in mind the “four big C’s’ of occupational health investigation:

Cause.
Consequence.
Cost.

Cure.

N

Frequently consequence and cost are known, and the cause and the cure remain to be
discovered. Here theoretical analysis is the most expedient tool of research. Experi-
mental methods are generally an unnecessary expense and quite superfluous in develop-
ing a critique of past events. Furthermore, a theoretical analysis offers a degree of confi-
dentiality not available in experimentation with man. :

It must be reemphasized that this book concentrates only on those narrower aspects of
ergonomics (79) that are related to its subspecialty: biomechanics (80). To treat all the
disciplines tributary to ergonomics and their applications within the confines of the space
available would have led to a superficial discussion or sometimes mere mention of
numerous important aspects of the industrial environment, its evaluation, and control.

It is important that no evaluation of work situations be undertaken unless the
investigator is familiar with the ergonomic aspects of climate control, noise, vibration,
illumination, circadian rhythms, and related topics. All these should be included in an
environmental workup, which should always precede the general study of physical
interaction between man and the implements of the workplace. Figure 22.2 should
provide helpful guidance in the systematic conduct of such a preliminary workup. The
next step would be to ascertain whether the prerequisites of biomechanical work
tolerance (Section 4.1) were to some extent disregarded in the design of the product
manufactured or the work method. A step-by-step checkout of each situation with Table
22.2 in hand is the best approach; afterward it should be possible to suggest some
potential causes for the observed anatomical, physiological, or behavioral failure. Some-
times it may then be possible to*suggest remedial action immediately. However the use
of tables and ‘“‘cookbooks” is no substitute for speculative analysis based on sound
professional knowledge.

Superficial study of occupational accident or disease vectors based on mere guidelines
may very often obfuscate cause and effect relationships. What may appear to be the
cause of an accident could be, in fact, an effect produced by a less obvious mechanism.
Discussion of an actual case may illustrate the need to probe energetically for the
primary cause of occupational injury.

In a chemical factory the number of workers hit by forklift trucks while crossing aisles
increased suddenly and dramatically without any apparent cause. Whenever such a
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“lost time” accident report was filed, either pedestrian error or driver error was listed as
the cause. Subsequently, common human factors engineering approaches likely to
eliminate the problem were explored. The trucks were made more visible by painting
them in conspicuous colors, and illumination in the aisles was improved. At some of the
places of greatest accident frequency, automatic warning horns were installed which sig-
naled whenever a vehicle approached. When none of these measures proved to be suc-
cessful, investigators began to try to discover why so many individuals were walking
around the factory instead of remaining seated safely at their workplaces. Accident fre-
quency was proportional to the number of pedestrians present in the aisles at any given
time. Brief periods of absenteeism from the workplace suddenly increased dramatically,
leading in turn to an increase in pedestrian traffic density.

The time of this change coincided with the introduction of a new tool (see Figure
22.33). An electrical brush used to clean trays was replaced by a much less expensive
but equally effective paint scraper that produced insults to the ulnar artery (Section 4.3).
This reduced blood supply to the ring and little fingers. The resulting numbness and
tingling caused the individuals afflicted to lay down their tools occasionally and seek
relief by exercising their hands. To avoid ensuing arguments with supervisors, workers
were tempted to make use of every opportunity of brief absences from the job. Trips to
the washroom, the toolroom, and so on, became much more frequent, and this was the
true cause of increased exposure of the factory population to the risk of traffic accidents.
Thus the first of the four big C’s was identified. The cure: the handle of the paint
scraper was redesigned. The result: the workers spent more time per day in productive
activity; thus the output and economy of the operation increased, while at the same
time, because of diminished risk exposure, the accident rate returned to normal.

Whenever the frequency of incidence of occupational ill health or accident increases
after a manufacturing process has been in safe operation for some time, the following
question should be asked: what change in equipment, product design, tools used, work-
ing population employed, or work method applied has taken place immediately before
the breakdown of occupational health?

8.2 Analytical Evaluation

The procedures of analytical evaluation are called for whenever an existing manufactur-
ing operation is generally satisfactory but has to be improved to make it more competi-
tive, to reduce training time, or to eliminate operator discomfort and ill health.
Theoretical analysis (Section 8.1) is the initial step in all analytical evaluation.
However this should often be followed by some additional procedures. The simplest and
perhaps most effective aid in this kind of study is cinematography and subsequent frame-
by-frame analysis. This permits a detailed evaluation of the workers’ reaction to each
event at the workplace and to each contact with tool, machine, or manufactured article.
Slow-motion viewing of the operation not only reveals biomechanical or ergonomic
defects but is instrumental in discovering reflex reactions to mild localized repetitive
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trauma that cannot be detected by the naked eye because of the brief duration of many
such events. Stage magicians know that the hand is quicker than the eye. The current
trend toward the use of video tape for work analysis should be discouraged because the
tapes are inadequate for the detection of fine details of expression (81) or blanching of
the skin, or frame-by-frame analysis. Furthermore, color video taping is exorbitantly
expensive, whereas color film, especially in the Super-8 size, is economical and tells
much more than a black and white picture. Finally, manufacture of a video tape from
movie film is very inexpensive, whereas the converse (i.e., the manufacture of a movie
film from video tape) is a very costly operation. Furthermore, being magnetic, video tape
requires more careful storage, is sensitive to magnetic fields, and often is erased
accidentally.

It is important for motion picture analysis of a work situation to allow the viewing of
the workplace in at least two different planes, if necessary, with the aid of mirrors.
When motion picture analysis alone is not adequate for process evaluation, recourse to
other experimental technologies must be taken. Some investigative procedures, such as
metabolic measurement, electromyography, and electromyographic kinesiology, have
already been described (Section 3). This work can often be complemented by the
production of biomechanical profiles, which are of special usefulness when the potential
pathogenic effects of individual and brief motion elements of work are under discussion
(37); therefore their main field of application resides in projective evaluation.

8.3 Projective Evaluation

Whenever possible, a job should be ergonomically evaluated while it is still in the
planning phase. This makes it possible to *‘design out™ of a task features, equipment, and
maneuvers that are potentially traumatogenic. Projective evaluation should include relia-
ble predictions with respect to the work tolerance of a specific population, estimated dura-
tion of training, and counseling procedures useful in overcoming difficulties in the training
process.

All projective evaluation should include, when necessary, biomechanical profiles (82,
83), both as a means to establish reliable effort input-production work output rela-
tionships and to predict potential anatomical failure points.

The profile is a polygraphic recording produced during the performance of a standard
element of work that includes displacement, velocity, and acceleration of at least one
anatomical reference point. Such measurement is performed by kinesiometers—
apparatus that permits the performance of a specific motion element against a known
resistance. Displacement is indicative of range and pattern of motion; velocity serves as
an index of speed as well as strength (slow joint movement is often associated with mus-
cular weakness) (37).

Finally, acceleration reflects control over precision and quality of motion (84).
Abnormal acceleration and deceleration signatures are invariably associated with
imprecise and unsafe movements due to the inability to terminate a motion at the correct
place and time. These biomechanical parameters are recorded simultaneously with
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9 PURPOSE OF CHAPTER

This does not purport to be a comprehensive treatise on the practice of the broad field of
ergonomics. The discipline draws on so many aspects of the biological, behavioral,
medical, and technological sciences that a complete coverage of the field within the
confines of a chapter would have been impossible. Instead, the subject matter presented
relates to the aspects of ergonomics pertinent to the biomechanics of work situations,
very often requiring immediate decisions in the field. The analysis of problems created
by the general industrial environment—including those stemming from noise, light, cli-
mate, and fatigue—has been omitted. Separate descriptive chapters are contained
elsewhere in this volume.
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