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INTRODUCTION

One of the traditional interests of the industrial
engineering profession has been the study and prediction
of man's ability to alter his physical environment.
Historically, the industrial engineer has employed the
time required by man to perform a specific manual activ-
ity to indicate the level of his proficiency (42:3,
50:131-132). In recent years, however, the need to have
better estimates of the stress imposed on a person when
he performs a manual activity has been formally acknow-
ledged (18:1-3,72347=55 ). The need for this knowledge
emanates from management's realization that in attempting
to maximize the work output of manual activities, time
must be allowed in certain types of activities to
recover from the strain incurred by the body during the
manual activity., The prediction of the duration of a
recovery period which will allow a person to maximize
his work output in a task without incurring injury to
his health, has been the stated objective of researchers
interested in manual labor since the beginning of the
Twentieth Century (70:24,37:3),

The preceding statements rely on having quantified
two types of knowledge: 1) the level of the physical
stress, and 2) the physical capacity of an individual
to recover from the strain resulting from that physical

stress,
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The research reported in this paper is directed
towards the first point, that of developing a method
for predicting the stress imposed primarily on the
cardiovascular and respiratory systems by the result-
ant metabolic rate during manual activities. The
latter point, which is concerned with methods for the
determination of a person's physical work capacity
will not be discussed in this paper, but excellent
discussions are presented by Astrand, Brouha, Bink,

and Robinson (6,15,18,64),

Scope of the Research Project

The research reported in this paper is based on
the concept that the tension developed by a contracting
muscle is the mechanical output of various metabolic
processes (36:463). Therefore it was hypothesized that
if the tension of various muscle contractions, or more
specifically the effect of the muscle tensions (i.e. the
torque at the various body articulations) could be
characterized, the magnitude of the metabolic reactions
could be predicted more accurately.,

This thesis is a report of the research performed
to quantify the relationship of a person's metabolic
energy expenditure rate and the torque created at his
wrists, elbows, and shoulders during various types of

arm activities, Limiting the research to arm activities
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was found to be a practical necessity in order to deter-
mine the individual and combined effects of different
physical conditions upon the proposed torque -~ metabolic
energy relationship, The major physical conditions
studied were: 1) the angle between the appendages which
form an articulation, 2) whether one or both arms were
active, and 3) whether the activity was static, e.g.
holding or bracing an object, or dynamic, e.g., lifting
an object,

The research reported in this thesis disclosed
that all of these conditions altered the amount of
metabolic energy expended by an individual who performed
arm activities. Furthermore, it was disclosed that the
effects of each of these factors could be combined into
a metabolic energy prediction model, which in turn
could be used to understand the stress of the activities
on a person's respiratory and cardiovascular systems,

The arm activities to which the prediction model
is applicable are confined to those meeting the following
conditions:

l, Involves one arm, or uses both arms in a
symmetric motion, i,e. both arms simultan=-
eously perform the same motion pattern on
their respective sides of the body

2, Be performed in a plane parallel to the
sagittal plane of the body, which is the

plane which defines the left and right sides
of the body
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3. Produce resultant torques at the wrists
and elbows which tend to pull the hand
or lower arm downward, of which some
typical motions are:

A, Lifting the hand or an object in
front of the body

B, Holding the hand or an object in
front of the body

C. Moving an object away from or
towards the body.

It was believed that the development of a metabolic
prediction model for arm activities would entail the
study of most of the general factors that would be
contained in a metabolic prediction model for physical
activities involving the whole body, thus giving a
basic structure to the larger problem, The imposed
restriction of confining the arm motions to the sagittal
plane was founded on the desire to maintain a fairly
simple, two dimensional, kinematic representation of the
forces and moments created during arm activities. Also,
there presently exists anthropometric data for kinematic
analysis in the sagittal plane (78:129-138,62),

The arm activities studied in the research project
were structured so that the net oxygen utilization rate
never surpassed 0,6 liters per minute above a subject's
resting rate (Chapter III explains the experiment pro-
cedure)., Brouha and Radford have shown that below this
limit the increase in the rate of oxygen uptake during

a manual activity is due only to the metabolic activity
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of the skeletal muscles, In other words, the oxygen
utilized by the cardiac and respiratory muscles, as well
as the brain, skin, and other organs does not increase
significantly above its normal resting level (18:11-13),
The level of arm activities studied ranged from
"no activity" to levels that were 2.5 times greater
than the eight hour work capacity level stated for arm
activities (16), Because of this wide range of study,
the results are applicable to levels of activity

including heavy work with the armsa1

Research Approach

The research approach was to first characterize
the physical aspects of the arm activities to be studied
by extending existing biomechanical models (78,61),
The output of these models are the resultant moments and
forces at the body articulations of concern,

The metabolic rate was then measured as a single
subject performed various manual activities with his

arms, The activities were structured so as to allow the

lHeavy work for eight hours has been defined as re-
quiring an excess of 1,5 liters of oxygen to be
utilized per minute if the whole skeletal muscle system
is involved in the task (72:79). Bou:zsett et al,,
have estimated that two arm activities require
30 percent of the total skeletal muscle system, thus
giving a limit of 0.45 liters per minute for
heavy arm work (16).
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determination of regression equations of the metabolic
rate for one and two arm activities in the sagittal
plane within the following conditions:

1. Varying amounts of torque are incurred during
static flexion and extension of the shoulders,
and flexion of the elbows and wrists,

2, Different included angles exist between the
appendages which form the shoulder and elbow
articulations.,

3. Different angular velocities are created at
the shoulder and elbow articulations during
dynamic flexions,

The resulting regression relationships of the
subject's metabolic rate and the above factors were
then combined into a model for prediction of the
increase in the subject's metabolic energy expenditure
for "whole arm" activities in the sagittal plane. The
accuracy of this "single subject - whole arm model" was
tested by comparing the predictions from it to measured
metabolic energy expenditure rates produced by the
subject during tasks involving the whole arm, such as
holding and lifting objects in various positions,

The "single subject - whole arm model" was then
used as the basis for a "general model" by introducing
parameters to adjust for individual differences. The
predictions from this "generalized - whole arm model"
were compared to measured metabolic energy expenditures
for static, "holding" activities for three additional

persons.,
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The Contribution of a Metabolic

Prediction Model

To be accurate, a prediction as to the level of a
specific variable must be founded on all of the factors
that are known to contribute to the level of that vari-
able, The metabolic energy expenditure rate is influ-
enced by many factors, as indicated by the past research
summarized in the next section., Because of this, a
metabolic prediction model will necessarily be complex,
Since this is the case, one must ask, "What is gained
by a prediction model as opposed to direct measurement
of the metabolic rate?"

The following points are an attempt to state
practical needs for developing a metabolic prédiction
model:

1, On the job measurement of the oxygen utilization

is difficult, if not impossible to perform, due
to the following conditions:

A, The job does not presently exist, as
is the case in space research,

B, The confines of the work place are such
that the measurement equipment would
interfere with normal work methods,

C. The social environment is such in the
work group that the addition of
professional personnel and equipment
would disrupt normal work methods,

2, With a prediction model it would be possible to
simulate, on paper, various job conditions to
determine the effects which the various alter-
natives would have on the metabolic energy
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expenditure rate, The following are examples
of such alternatives:

A, The addition of various types of
mechanical assistors, such as powered
conveyors, stock height regulators,
and overhead tool supports,

B, The rearrangement of workplace layouts
and work methods,

C, The inclusion of rest periods within
present work periods,

D, The placement of anthropometrically
different people into the task,

In addition, it is foreseen that a metabolic energy
expenditure prediction model would allow a broad quanti-
fied understanding of the results of physical work, Such
knowledge would serve as input information into present
and future descriptive models of the short and long term
effects of physical work on the human body (an example of
an existing model that requires metabolic rate predictions
is the Belding and Hatch Heat Stress Index Methodology
(12:11-18),

Present Status of Studies to Determine the
Metabolic Rate during Manual Activities

Many researchers have used the measurement of
oxygen utilization rate to estimate the metabolic energy

expenditure for various manual activities°1 In general,

lMetabolic energy expenditure rates for more than 1000
different types of activities, as measured by approx-
imately 100 different researchers can be found in
references (60,47,73),
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their studies can be categorized into the following two
groups, by referring to the objectives of each study:
The first group, which will be referred to as "macro-
studies", have as a common objective the determination
of the metabolic energy expended by wvarious people who
are performing complex manual activities, such as mining
coal, machining a work piece, or handling stock (630,71,
u8,46,47,73,56), The second group of studies, which
will be designated as "micro=studies", are attempts to
relate the magnitude of the metabolic energy expended by
a person to the magnitude of various common physical
measures of his manual activity, such as the speed of
walking or running, the amount of weight lifted, or the
position of the body members during a manual activity
(52,79,80,57,27,63,5,42),

The macro-studies have demonstrated that a large
range of metabolic requirements exist in common manual
labor, Based on these results, two researchers have
estimated that approximately five percent of the present
day industrial tasks produce physical stress to a high
enough level that the total productivity of healthy
acclimated workers is reduced (3), In addition, these
studies have revealed that the combined stresses of
manual activity and atmospheric heat are sufficient to
severely limit the length of time that a person can
perform many common industrial activities (41,35),

A major question is raised by the macro-study
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approach, This 1is, "What particular aspects of the
total task produce the high physical stress?" The
micro-study approach, which has recently become more
prevalent in the literature, is an attempt to answer
this question, Primarily through the use of analysis of
variance models, statistically significant changes in
metabolic energy expenditures have been demonstrated
when the following physical conditions existed in the

task:

l, The weight of a container, which was moved from
a conveyor 23 inches high, to a table 33 inches
high, and then to a second conveyor 43 inches
high, was altered in five pound increments,
from 10 to 25 pounds (42:60),

2, The rate of moving the container lifted in the
task described in number one, was changed in
increments of 6,9,12, and 15 times a minute
(u2360)0

3. Two arms were used, rather than one, in pulling
down on & shoulder high lever with 10,20, and
30 pounds .of force, and in cranking a hand
ergometer at 10,20,30, and 40 watts ( u4),

4, The following factors involved in walking and
running were changed:

A, Speed - in increments of approximately
0.5 miles per hour, over a two to six
mile per hour range (52,79,27,26:332,
60),

B, Grade of hard walking surface - at
levels of -10%, -5%, level, +5%,
+10%, +15%, +25% (52,263:332),

C, Composition of walking surface -
described as asphalt, grass track,
tread mill, potato furrows, stubble
field, and ploughed field (26:332),
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D, Weight cf person'’s body - for a range
of 80 to 200 pounds in increments of
20 pounds €26:332,80,79,27),

E, Length of a perscn’s legs - for a
range of 32 to 39 inches, while
walking at various speeds on a
hard level surface (27},

5, The amount of acceleration and deceleraticn
imparted to 22 and 17,5 pound containers when
being lifted from the floor to a 66 inch high
shelf was changed (893),

6, The horizontal velocity at which light and
heavy blocks were moved, was altered over
a range of 16 to 47 inches per second (57},

~J

- The height of a work surface for deomestic

tasks, such as beating, chopping, scrubbing,

and turning was changed 1n an average of

three inch increments over a range of 22 to

44 inches (83),
A general conclusion which is evident from the
results of micro-studies is that relatively minor changes
in the physical parameters that are commcnly used to
describe a person’s manual activity result in signifi-
cant changes in his metabolic energy expenditure,
Dr, Brouha displayed the complexity of the prcblem when
he stated, "Many industrial cperations can be made easier
if the position of the body (static contraction), the
nature of motion (dynamic contraction), and the speed of
motion (rate of contraction) are organized so that the
physiological cost of the job is reduced to a minimum”
(20), The metabolic energy prediction model developed
in this paper is believed to present an understanding

of the relative importance of each of these three
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general factors,

Metabolic Rate and Manual Activity

When a person performs a manual act, various
skeletal muscles are stimulated into "contraction
states" as dictated by the central nervous system
requirements., Gemmill indicates that for a muscle to
exert a force (i,e., contract) various metabolic pro-
cesses breakdown already digested foodstuffs, and in so
doing release kinetic and heat energy (36:463),
Robinson has stated, "Since the ultimate source of the
energy involved in all the metabolic processes is the
oxidation of fuel, the tissues must be supplied with
oxygen, and carbon dioxide must be removed, in amounts
that are proportional to the man's energy requirements
for the work" (64:494), Brouha reduces this thinking
to practice when he concludes that the physical stress
of manual activity is indicated by the amount of
metabolic energy expended by a person, and that it can
be estimated'by“measuring the amount of oxygen util-
ized by the person, This applies as long as the demand
for oxygen is below the maximum rate at which the
respiratory and cardiovascular systems can supply it to
the active muscle tissue (19,18:4-7),

This research effort relies on the assumption

that man's present and future advancement is dependent
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on his ability to perform manual tasks as well as

mental tasks. In addition, it has been found that man'’s
ability to continually perform a manual task is dependent
on the maximum supply rate of various inputs into the
metabolically active muscle tissue, It is therefore
proposed that the demand (i.e, stress) plaééd on the
supply systems by the metabolic rate must be character-
ized as a function of all of the parameters that can be
shown to affect the metabolic rate and which are

measurable in common manual activities,

General Problems Related to Manual Activity

Even though "heavy" manual labor in industry has
been drastically reduced since the turn of the century,
many problem areas still persist in our present society,
These problems support the need for continual research
into the effects of manual activity on the human body,
Some of these problems will be presented in the

following subsections,

Legal Responsibility

In the past two decades it has become more common
for employers to be held legally responsible for the
health of their workmen due to the increasing legal
association between a man’s job and certain types of

injuries or disabilities, As an example of this trend,
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McNiece stated the following in referring to court
decisions regarding heart diseases, "The inquiry of the
courts is not into all the causative factors of the
disease and the relative importance of each from the
medical standpoint, but simply whether the work contrib-
uted, in the slightest, to the result" (55:2). Warshaw
displayed the effect of heart disease on employment
practices when he summarized the results of a survey of
119 Minnesota Companies by stating, "... nearly 60 percent
of these companies reported that they seldom or never
hired persons with known heart disease" (72:39-40),

Yet there is growing medical evidence that many persons
who have suffered cardiac problems can be returned to
their previous levels of physical activity by a well
supervised reorientation program (22,17:187-218), The
cost of workmen's compensation reflects both the legal
responsibility by employers for an employee's health,
and the extent of various industrial medical problems,
Example data for this representation is found in

New York State where the cost of workmen's compensation
for heart disease has increased from $1,023,561 for 167
cases in 1947, to $5,962,769 for 619 cases in 1956
(72:26). This increase is some justification for why
management is becoming concerned with who they hire and

what stresses their employees incur in their jobs,
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Utilization of Manual Resources

Though "heavy" manual labor is the exception
rather than the rule today, management must operate
within the constraint that portions of the working
population have drastically reduced physical work
capacities due to the following conditions: First
are the effects of disease, Some indication of the
magnitude of this loss 1s seen from the fact that the
Social Security Administration has been adding 14,000
people, between 45 and. 65 years of age, to their lists
each year (for the last couple of years) who are in need
of financial support due to chronic respiratory disease
(58:112), In addition, during the Korean conflict
86,000 men were disqualified from active service due to
cardiovascular disorders alone (72:4), Also, of the
400,100 deaths due to heart disease in 1955, 32 percent
were between 25 and 64 years of age (72:3),

Secondly, the effects of aging have been shown
to reduce the capacity to perform manual activity for
prolonged periods of time ( 6 ), The average capacity
for manual work at age 55 is 25 percent lower than at
19 years of age (15). One might assume that older
workers have accumulated "senority rights" in various
organizations, thus allowing them to migrate to
"physically easy" jobs, Yet, Welford has stated that

in an industry where it was easy for the workmen to
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choose their jobs, over 96 percent of the men who were
found to be performing what he subjectively rated as
very heavy manual labor were greater than 55 years old
(76:122-126), Welford attributed this condition to the
desire of older workmen to seek jobs with low mental and
perceptual demands which often exist in jobs demanding

high physical effort,

Labor-Management Agreements

Presently, the manual time required to manufacture
a product is established by various time study or time
prediction procedures, all of which require a subjective
evaluation by an observer as to the rest time that
should be incorporated into the standard production
time, The inclusion of a completely subjective rating
of physical stress in time study procedures has resulted
in one labor spokesman stating that standard production
times will always remain as part of the labor-management
bargaining process until a more objective method of
rating the physical stress of the work is available

(38:71-94),

Exploration of Space

The Gemini space flights have disclosed that
extravehicular activities can create high physical
demands (34:54-113). These results have instigated

many questions as to the type and amount of manual
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activity preferable for future space flights,

Order of Reporting

The order for the reporting of this research
generally follows the research approach outlined at the
beginning of this chapter. Chapter Two presents the
various factors that could influence a person’s meta-
bolic energy expenditure during a given activity.
Chapter Three of the report discusses the measurement
techniques employed to quantify the metabolic energy
required in a specific task, Chapter Four presents
the results of experiments and the analysis which was
performed to develop a "single subject" model for one
and two arm static activities. Chapter Five develops a
"general subject" model for static activities, and
presents the results of validation experiments performed
with three other subjects, Chapter Six reports the
results of dynamic experiments and shows how these
results are used to modify the "single subject - static
model" of Chapter Four, Chapter Seven summarizes the
metabolic prediction model research, discusses the
relevance of the research to the broad objectives of
work physiology, and recommends logical extensions for

this type of.worko
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THE DEVELOPMENT OF A HYPOTHETICAL METABOLIC
ENERGY PREDICTION MODEL

This chapter reports the development of a hypo-
thetical metabolic prediction model for arm activities.,
The development of this model is based on a combination
of literature concerning the following subjects: 1) the
mechanics of manual activities, 2) the mechanics of the
skeletal muscles, 3) the utilization of groups of muscles
to perform a task, and 4) the physiology of individual
muscles,

To be reported first are the biomechanical
equations which combine into a single concept all of the
physical factors that have been shown to affect a person's
metabolic energy expenditure. This concept is repre-

sented by the resultant torques created by the external

and inertial forces which act on the various body members
during any manual activity. The second section of the
chapter develops a list of variables that could inter-
vene in any functional relationship between the resultant
torque at an articulation and the metabolic energy
expended by the skeletal muscles, This list of inter-
vening variables is used as the basis for the experiments
described in the next three chapters., The third section
of this chapter combines the information of the first

two sections into a hypothetical metabolic prediction

-18-
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model,

The Concept of Manual Activity

The term "manual activity" is many times used to
indicate that some particular aspect of a person's
physical action is under consideration. As an example,
in each of the micro studies described in the Introduction
some form of manual activity is used as the independent
variable and is then related empirically to one or more
person’s metabolic energy expenditure rates., Examples
of the different forms of manual activities used are:
the speed of walking or running (52,79,27,60), the rate

of moving objects (57,42), and the weight of objects

that are lifted (u42)., Also, some researchers have
indicated that the level of one person's manual activity

is different from another’s if their body dimensions

vary (26,60,79,27). In addition, it becomes apparent
from some of the micro studies that static activities
are considered as forms of "manual activities” (&),

Finally, one set of studies used the position of the

body members during the performance of a task as a

separate dimension of the manual activity (53).

In summary, the micro studies indicate that the
development of a general prediction model would need to
be based on the individual and combined effects of all

of the preceding factors, It is estimated that such a
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development would entail many thousands of experiments,
However, if a single concept could be referred to when
describing any manual activity, then the metabolic
prediction problem could become greatly simplified. 1In
other words, any required metabolic experiments would
only need to establish the relationship between the
metabolic rate and the output of the general concept
used to describe the activity. If the concept of manual
activity encompassed all of the preceding physical
dimensions commonly used to describe manual activity,
generality in the prediction of the metabolic rate would
be possible,

A general concept to characterize any manual
activity was developed from the following facts.
Metabolism in the skeletal muscles is initiated by the
central nervous system stimulating the skeletal muscles

to contraction states (36:4632. The forces produced

by the contracted skeletal muscles act at finite
distances from the various bone articulations (78:35),
Therefore, when a skeletal muscle contracts it results
in a torque which, for this report, will be referred to

as the reactive torque at each articulation. The

logical implication being that if the resultant torgues

produced by external and inertial forces could be
computed for at least the major body joints involved in
a manual activity, they could serve as a basis for

predicting the level of metabolism required of the
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contracted muscles which produce the reactive torques,

It was also realized that all of the factors
listed in the micro studies which describe a particular
manual activity are involved in the computation of the

resultant torques produced at the major articulations

of the body., Thus, it appeared that having knowledge

of the resultant torques produced by external and

inertial forces would allow a fuller understanding of
the complete functions of the skeletal muscles and the
metabolic rate which they must sustain for specific

manual activities,

Biomechanics of Manual Activi;z

During the last two decades, anthropometric data
has been developed to permit the construction of free
body diagrams of the human body in the sagittal plane
(62,61). These diagrams, and more recently their
mathematical repfésentations (referred to as "biomechan-
ical models") have furnished a method by which the
resultant torques at the major articulations of the
body can be determined as a function of the direction
and magnitude of any exterior or inertial forces
(78:34=68), The éssumptions under which these models
operate are: 1) The skeletal joints are frictionless,
single point articulations, and 2) The body can be
segmented into solid links which do not deform during a

motion (61:2-3), These assumptions are imposed on the
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development of the biomechanical model of the arm
described in the following subsections., In view of the
relatively large changes in the external and muscle
forces that act to control a segment, these assumptions
did not appear to restrict the generality or accuracy
of the model employed in the research,

Introduction to Mechanics of Arm Activities, The

Principle of Moments states: "The moment of a force about
any point is equal to the magnitude of the force multi-
plied by the perpendicular distance from the action line
of the force to that point" (78:35), It is clear from
this statement that any factor that affects the magni-
tude of forces acting upon a body segment, or which
affects the perpendicular distance from the line of
action of the force to a body joint must be included

in the computation of the resultant torque at the joint,

Mechanics of the Wrist, To illustrate the manner

in which the resultant torque is computed for a single
articulation, let us consider the following physical
situation at the wrist, The lower arm is positioned
upon a support so that the wrist is directly over the
edge of the support with the hand extended into space

in a semiprone position, i.e. thumb upward, To add

a little realism, a handle which is attached to a
container of known size and weight (this could represent
a hand tool) 1is grasped and supported by the hand, The

sagittal plane location of the center of gravity of the
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container is positioned so it coincides with the center
of gravity of the hand, as defined by Dempster's anthro-
pometric data (ref, Table A-1 in Appendix A), Figure 1
displays this situation (page 24),

The resultant torque about the wrist, due to the
external and inertial forces exerted on the hand, i
computed by the algorithm outlined in Figure 2 (page 25
The input information required for a numerical solution
is essentially of two types. First, descriptive data
of the hand and object, which includes the weight,
size, and mass moment of inertia about the center of
gravity of each is needed (Table A=1 describes how
these are obtained). Second, a description of the
motion is required., TFor our example this is accom=-
plished by measuring the instantaneous horizontal and
vertical (including gravity) acceleration components
at the center of gravity of the hand throughout the
motion., In addition, the initial angle a of the
hand must be noted,

At this point it is necessary to define termin-
ology for the direction of rotation of the various
articulations, A tendency towards counter - clockwise
rotation of the more distal body segment of an
articulation will be called flexion at the articulation,
An effort towards clockwise rotation is called extension.
Therefore, the motion described in the preceding

discussion and depicted in Figure 1 (page 24) is a
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Algorithm for Computing Resultant Torque at Wrist
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wrist flexion.l

Mechanics of the Arm. The preceding example is

abstract in the sense that the lower arm is stationary.
A more realistic situation occurs when the arm segments
are allowed to rotate about the shoulder and elbow,

thus imparting a plane motion to the wrist joint. This
results in the acceleration characteristics of the hand
and object becoming a function of the lower arm acceler-
ations, which in turn are dependent upon the upper arm
accelerations, etc,, until a stationary articulation

is defined, As stated earlier, this report concerns

only arm motions, thus the shoulder joint is considered

to be the stationary reference point for the acceler-
ation computations.

A second problem arises during a motion of the
whole arm, in that the resultant torque created by the
forces acting on a particular body segment e,g. the
lower arm, must include the reactive torque created by
the more distal body segment, e.g. the hand. In other
words, the torques accumulate, by vector addition, from
the distal to the proximal segments, The equations for

computing the torques and forces created at the shoulder,

The term wrist flexion is adopted in this report due
to the moTion of the semiprone hand being in the
sagittal glane, rathe?’?ﬁgﬁ-fﬁ_fﬁg-hore typically

epicte rontal plane where the motion is called
wrist adduction.
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Initial Hand Horizontal Vertical
Size of Hand** TLocation in Respect||Acceleration|| Acceleration
to Shoulder* of cgh* of cgh*

Weight of Hand*¥

Weight and Size

of Object*

Hand Mass Moment §§§“§§§2§ST§§ques
of Inertia at Wrist

csht‘

Object Mass Moment
of Inertia at cgh**

|Lower Arm Weight**

Lower Arm Length** and Forces at

‘\Elbow

Resultant Torques)

Lower Arm Mass
Moment of Inertia
at cgla**

[Upper Arm Weight**

\
Resultant Torqué)

Upper Arm Length** and Forces at
Shoulder

Upper Arm Mass
Moment of Inertia
at cgua**

* Directly measured
** Described in Table A-1, page 217

Figure 3

Arm Articulation Torques due to External
and Inertial Forces on Arm
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elbow, and wrist by the external and inertial forces
which act on each arm segment during an arm motion in
the sagittal plane are presented in Appendix A,
Figure 3 is a representation of the biomechanical

equations described in Appendix A,

Summary of Mechanics of Arm Activities

The preceding subsections have developed the
mechanics equations for arm activities under these
assumptions: 1) The joints are frictionless, single
point articulations, 2) The arm is composed of three
solid links that do not deform, and 3) The motions are
within the sagittal plane, The computed torques at
the shoulder, elbow, and wrist articulations represent
the effects of only external and inertial forces
acting on each body segment., The next section of this
chapter presents the variables from the literature
that were recognized as possibly intervening in a
relationship between the resultant torques computed
by the preceding algorithm and the metabolic energy

expended by the muscles to create equal reactive torques.,

The InterveninvVariables between the Resultant
Torque at an Articulation and the Metabolic

Energy Expended by the Articulation Muscles

The preceding biomechanical model provides a
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mechanism by which the resultant torques due to external
and inertial forces can be characterized., The question
which now arises is, "What is the relationship between
the computed resultant torques at each articulation

and the metabolic energy expended by the muscles to
produce equal reactive torques?" A literature search
disclosed no empirical research on this question,
Because of this and the apparent complexity of the
metabolic prediction problem (as displayed by the
results of the various micro-studies reported in the
Introduction), it was deemed necessary to perform
experiments to gain quantified information as to the
existence and possible form of this relationship.

This section presents a discussion of some of
the major factors foreseen to be possible sources of
error in the establishment of an empirical relation-
ship between the metabolic energy expenditure and the
muscle reactive torques at the shoulder, elbow, and
wrist, Muscle mechanics, recruitment, and physiology
are discussed in the context of their expected indi-
vidual and combined effects on a torque =metabolic
energy relationship, The expected effects of these
concepts on a person's metabolic energy expenditure
are stated in the form of questions which are answered
by the results of metabolic experiments reported in

later chapters,
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Muscle Mechanics

As stated earlier, when a person contracts a
skeletal muscle it produces torque about one or more
articulations by acting at finite moment arms from the
articulations. To produce a given level of torque,
the required muscle tension varies inversely as the
length of its moment arm (78:35), Since the metabolic
energy expenditure rate is related to the muscle
tension (36:463), it was expected that the expenditure
was also inversely related to the muscle moment arm
length.

The Angle of an Articulation. What influences

the moment arm length in an individual? One factor

is the angle of the articulation at which the torque

is being produced, Williams and Lissner (78:72) have
graphically demonstrated this effect, and their
representation is duplicated in Figure 4. It should

be noted, however, that the muscle tension may not

vary directly with the size of the flexion angle.

This is due to the muscle's moment arm length being a
function of not only the angle but also any restraining
tissue through, or by which, the muscle's tendons

must pass., Since there does not exist, at present, any
practical means by which to determine the change in the
moment arm lengths of the individual muscles at different

angles of an articulation, an empirical definition
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"In A, the forces [M] applied are fully effective in
rotating the segment, while in B a portion is lost,"
from Williams and Lissner (78:72)

Figure 4

Representation of Muscle Moment Arm Effect

on Elbow Flexion
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appeared to be necessary to account for any change in the
torque to metabolic energy relationship. Thus, the
following question:

Question 1 to be Answered by Experiments -

What is the effect on an individual's metabolic

energy expenditure rate when a constant level of

torgue is created by the muscles but at varying

angles of the articulation?

Anatomical Differences between Subjects. It was

also speculated that anatomical differences between
individuals would alter the muscle moment arms, thus
possiblylaffecting any metabolic energy to torque rela-
tionship., This propogated the following question:

Question 2 to be Answered by Experiments -
What is the effect of individual differences on
the metabolic energy expenditure rates for

specific torgue levels and articulation angles?

Muscle Recruitment

The variables discussed in this subsection are
those which influence the recruitment of specific muscles
at an articulation., From the literature describing
muscle functions in the arm, it becomes evident that
many variables can influence the relative utilization
of specific skeletal muscles, and thus the amount of
metabolic energy expended by each, TFigures 5,6, and 7

summarize the results of electromyographic analyses
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reported by Basmajian (11:97-124) for the arm actions
included in the scope of this project.

The Direction of the Resultant Torque. As may be

noted in Figure 5, two separate muscle groups are usually
stimulated by an individual to extend and flex the
shoulder joint, i.e. rotate the arm clockwise and

counter clockwise respectively, Because of the possibil-
ity that each of these two groups of muscles could have

a different mechanical advantage when rotating the arm,
the following question appeared to be appropriate:

Question 3 to be Answered by Experiments -

Is there a significant difference in an individ-

ual's metabolic energy expenditure rate for

shoulder flexion activities as opposed to

shoulder extension activities?

One Arm versus Two Arm Activities, Since the

scope of the project also includes the study of symmetric
two arm activities, i.e, activities where both arms are
simultaneously performing the same action, a question
arises as to whether the metabolic energy expended in

two arm activities is twice that of one arm activities.
Basmajian has concluded that there is no appreciable
muscle activity in a resting limb while the opposite

limb is active (11:57-58). Thus from a neurological

view the metabolic energies expended by the muscles of
each arm should be additive.

However, the proximal side of the shoulder joint,
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i.e, the scapula and clavical in Figure 5, are supported
by the trapezius, the levator scaulae, and the upper
digits of the serratus anterior muscles (11:99), which
exert forces across the upper trunk and neck when
contracted, Therefore, the possibility of a conser=
vation of metabolic energy when the external loads on
both ends of these muscles are balanced, which occurs

in the two arm symmetric motions, appeared to substan=-
tiate the following question:

Question 4 to be Answered by Experiments =

What is the difference between a person's

metabolic energy expenditure for one arm as

opposed to two arm flexion and extension

activities involving the shoulder and elbow

joints under equal loads?

The Resultant Torque. Figures 5,6, and 7 are

representations of the "usual" muscles involved in arm
activities, However, differences between individuals
exist in the recruitment of specific muscles, As an
example, Basmajian measured the action potential levels
in twenty persons while they flexed their elbow with a
two pound weight held in their hand. The results of
these experiments are summarized in Table 1., The
differences between individuals substantiated the need
for empirical research of individual differences under
Question 2 on page 32,

The level of torque itself can change the
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recruitment of specific muscles, Basmajian has stated,
for example, that the biceps and brachioradialis usually
do not act in elbow flexion with just the weight of the
lower arm and hand., However, with an extra load of

just two pounds held in the hand they both can become
quite active, as depicted in Table 1 (11:106=112),

Thus the following question appeared to be in order:

Question 5 to be Answered by Experiments -

How does the metabolic energy expenditure rate

change with different torques at each articulation,

of the torque (i.e, flexion or extension)?

The Angular Velocity. The speed of an isotonic

contraction, which is reflected by the angular velocity
of the appendages that form an articulation, was also
shown to influence which muscles are used (Table 1 also
depicts this effect). In a situation where fast flexions
are required, those muscles that act along the moving
bone are contracted to provide a centripetal force,
These are called the shunt muscles. The brachioradialis
has been classified as belonging to this class (l1l:64),
In contrast, a slow flexion instigates activity in
spurt muscles, of which the brachialis and biceps
brachii are examples (51),

The preceding results provoked the following

question:
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Question 6 to be Answered by Experiments -

In an isotonic muscle contraction, what is the

effect of the rate of angular change (i.e,

angular velocity) at an articulation on the

metabolic energy expenditure rate under constant

torque conditions?

The Conditions that Exist at Two Adigcent Articu-

lations. Additional electromyographic muscle studies
disclosed that some major muscles span two articulations,
The short head of the biceps (Figure 6) and the extensor
carpii longus and brevis (Figure 7) are examples of
this configuration. ‘These muscles produce torques at
both of the articulations that they span (11:68-72),
Theoretically then, if the torques desired in two
adjacent articulations are compatible, i.e, their
directions are the same, then use of these muscles
could result in a reduction in the metabolic energy
required as compared to the energy required by two
single articulation muscles,

However, the torques at two articulations can
be incompatible, which is often the situation in
lifting and moving an object towards the body, This
action requires the shoulder to be rotated clockwise,
i.e, extended, while the elbow rotates counter clock-
wise, i,e, flexed, In this case, the use of a two-
articulation muscle would theoretically hinder the

desired motion at one of the two articulations, In
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other words, it could be said that it was functioning

as an annist at one joint and an antqgonist at the

otherol If this muscle action could occur (and quanti-
fied evidence is not obvious to either prove or disprove
this possibility), then an additional metabolic energy
expenditure would probably be required of the person

to overcome the torque created by the antagonistic
muscle action at one of the two joints,

Because of the existence of two articulation
muscles in the arm, the possibility that they could
influence the relationship of metabolic energy expen-
diture to the torques at the shoulder, elbow, and wrist
was perceived to be great enough to warrant the perfor-
mance of torque interaction experiments, to answer the
following question:

Question 7 to be Answered by Experiments -

What is the effect on a person's metabolic energy

expenditure rate when different levels of com-

patible and incompatible torques are created at
adjacent articulations?

When an object is held in the hand, such as in

the situation depicted by Figure 1 on page 24, the

1 . . . s .
An agonist 1s a muscle which assists in the performance

of @ particular action as opposed to an antqgonist
which inhibits a desired motion,
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muscles that flex the fingers have been shown to also
assist in stabilizing the wrist joint against rotation
(29)0l This latter function of the finger flexion
muscles could, therefore, assist or hinder the desired
action at the wrist joint. Because of this, any
relationship between the resultant torque computed at
the wrist and the metabeolic energy expended by the
muscles that span the wrist would be dependent on

what external forces were acting on the fingers.
Therefore, the experiments to define the wrist torque
to metabolic energy expenditure relationship would
need to contain a control over the actions of the

fingers,

Muscle Physiology

This subsection is based on the empirically
proven relationship that the energy stored in the
foodstuffs metabolized by the human body is expended
as heat and kinetic energy (u45:987)., The significance
of this concept to the design of metabolic experiments
is realized when one poses the question of how much
heat is liberated for a given amount of useful work

done,

lDempster has referred to this joint stabilizing
function of some muscles as a synergistic action (29),
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Dr. A, V., Hill has studied this muscle physiology
problem in detail, and has recently proposed the
following hypothetical energy model for the case of an
isoloated muscle which is being forcibly stretched

(45:897-898):

o
]

T A+ ax + W

ET - total energy expended by a muscle

A - heat energy expended to maintain a contraction
state

a = parameter representing energy required per
unit distance of stretch

X = distance that muscle is stretched while in
a contraction state

W - @:chanical work done on the muscle to stretch
it,

Hill does not present values for A and a,
but shows that when an isolated stimulated muscle 1is
stretched, i.e, work W is done on it, its total heat
output does not increase above the initial heat created
when it changes from the resting to the active state,
This provides indication of a reversible reaction during
muscle stretching, in which the mechanical work W done
on the muscle provides the energy to resist the
stretching action with no additional energy loss in
the form of heat a above the heat A required to

transform the muscle from rest to a contraction state,
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This concept, which has been referred to as
"negative work", i.e. work input effect on a muscle,
was empirically displayed by Abbott ( 2), By measuring
the oxygen utilized by persons who maintained a constant
resistive load against the motion of the pedals on a
motor driven bicycle ergometer, he was able to show
that the speed of "back pedalling" did not increase the
oxygen utilization significantly above that required
to maintain a static position. The oxygen uptake that
he found to be required for the static loads increased
as a positively increasing function of only the loads.
This oxygen uptake, under static conditions, represents
the metabolic energy which would be equivalent to the
energy A in Hill's formulation, since no mechanical
work W or displacement x occurs in the static
activities,

The contribution of Hill's and Abbott's research
to the present project is as follows, If the metabolic
energy required to maintain an isometric contraction
could be predicted for different torque levels, then
the metabolic energy expenditure for performing negative
work would be the same as the predicted static energy.
This realization placed an extra emphasis on being
able to predict the metabolic energy expended for the
static situation where isometric muscle contractions
are involved., This is stated in Questions 1 thru 5

(pages 32-39),
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Non-Isometric Contraction Effects on Einc The

prediction of the metabolic energy expended by a muscle
when it is creating a tension and shortening, i.e. when
it is performing mechanical work during an isotonic
contraction, appears to be more complicated,

Hill formulated an empirical equation to represent
the tension-velocity relationship of a fully stimulated

muscle, His equation is (uu4):
(P + a)(V + b) = (Po + a)b
which rearranges to:

P Db - av
P = 0

V +Db

Where:

P - average isotonic tension developed
during shortening

a and b - empirically derived constants with a
in force units and b in velocity units

V - average velocity of shortening muscle

P - average tension developed by muscle
during isometric contraction when it is
at its "resting" length,

Various researchers have empirically determined

values for P a, and b for different muscle

09
tissue (1), The effect of increasing velocity on
the tension producing capability of an isolated muscle

of a frog's leg (the sartorii of the Rana temporaria),
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is depicted in Figure 8, as determined by Abbott and
Wilkie ( 1). As may be noted in Figure 8, the empirical
measures correspond closely to Hill's model and clearly
indicate a large reduction in muscle tension capability
when a high shortening velocity occurs. Karpovich has
summarized Hill's and Fenn's thinking on this pheno-
menon as follows: "Contraction of a muscle depends on
energy liberated during certain chemical reactions in
the muscle, These reactions are characterized by the
constancy of the rate, which means that the rate of
liberation of energy necessary for contraction is also
constant" (47:17), This restriction on the rate of
availability of energy in a specific muscle could
explain the electromyographic observations presented

in the preceding section, Table 1, As is displayed

in Table 1, if the "prime mover" muscle (which is the
brachialis at the elbow) cannot produce tension at a
high enough rate to achieve a desired shortening
velocity, additional muscles (the biceps and brachio-
radialis) are stimulated to assist the initial "prime
mover",

The "accumulation" of muscles to achieve speed
could affect the metabolic energy expenditure due to
the "secondary" muscle moment arms being different than
the initial "prime mover" muscle, Therefore, the
overall effect of the speed of contraction on a torque-

metabolic energy relationship could be to increase the
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metabolic energy expenditure for a fast flexion over
that expended for a slower flexion under equal torques,
This possibility placed an additional emphasis on the

quantification of the speed of isotonic contraction

effect discussed under Question 6 (page 40),

The Length of the Muscle when Contracted. A

second functional aspect of skeletal muscle tissue is
that the isometric tension it produces under a constant
level of stimulation is dependent on the length of the
muscle, When a muscle is shorter than its normal
"resting" length in the body, the tension that it
produces decreases steadily until at 60 percent of

its resting length it completely loses its ability to
produce tension (33), At this point the muscle is
called "actively insufficient"., Conversely, when a
muscle is stretched beyond its resting length and then
stimulated, the tension produced by the chemical
reactions is lower than at the resting length, but the
resilience of the connective tissue of each muscle fiber
contributes a passive tension, thus raising the total
muscle tension, The effects of these processes were
depicted by Elftman (33) and are presented graphically
in Figure 9, As may be noted in Figure 9, the metabolic
energy expenditure for a given tension level is highly
sensitive to the length of the muscle. The result of
this tension-length relationship on the total metabolic

energy expenditure required to produce a given level
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Legend:
M - Tension due to Metabolic Processes
C.T. - Tension due to Connecting Tissue
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of torque at an articulation, could be to require
additional muscles to be stimulated to assist the
"prime mover" due to it being too short to exert the
required tension, Since muscle resting lengths and
length changes cannot practically be measured in a
person but have been qualitatively related to the angle
of the articulation which they cross, further sub-
stantiation was given for an empirical definition of

the articulation angle effect on the torque-metabolic

energy relationship posed in Question 1 (page 32),

A Hypothetical Metabolic Energy Prediction

Model for Arm Activities

The physical factors which have been used to
describe manual activity involving the arm can be
represented by a single concept, i.e, the torques that
they produce at the shoulder, elbow, and wrist joints,
However, the literature on muscle mechanics, recruit-
ment, and physiology indicates that the following
factors could influence any relationship between
these computed articulation torques and the metabolic
energy expended by the muscles to produce equal-in=-
magnitude but opposite-in-direction reactive torques:

l, The included angle between two appendages
that form an articulation (page 32),
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The anthropometric and muscle recruitment
differences between individuals (page 32)

The direction that a resultant torque is
acting at an articulation (page 36)

Whether an activity is being performed by
one arm or both arms (page 37)

The magnitude of the torque at an articu-
lation (page 39)

The magnitude of the angular velocity at
an articulation during dynamic activities
(page 40)

The magnitude and direction of the torque
at an articulation which is adjacent to
the one under consideration (page 41)

The intervening factors when combined with the

torque computation algorithm presented in Appendix A,

resulted in the formulation of the hypothetical metabolic

prediction model diagrammed in Figure 10 on the next

page. This hypothetical model has served as the basis

for the design of the metabolic experiments described

in the next four chapters,
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Chapter III

METABOLIC ENERGY EXPERIMENT METHODOLOGY

This chapter presents the procedures employed to
empirically answer the questions stated in the preceding
chapter, The first section reports the controls and
procedures developed to determine a person's metabolic
energy expenditure rate, The next section presents the
procedure used to create the resultant torques which
are required in the experiments described in the later

chapters,

Measurement of Metabolic Energy Expenditure

This section is divided into two subsections, The
first discusses the biochemical factors involved in
muscular contraction, The second subsection presents
the methods utilized to obtain empirical relationships
between resultant torques at an articulation and the
metabolic energy being expended by a person'’s skeletal

muscles to produce equal reactive torques,

Biochemical Factors in Muscle Contractions

As mentioned previously, the ability of the human
body to produce muscle tension is dependent on the
metabolism of various foodstuffs, This subsection

briefly describes the development of the technique

-53=
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utilized to estimate the amount of energy liberated
from food metabolism,
When various foodstuffs are burned in oxygen,

which is known as direct calorimetry, the amount of

chemical energy stored in the foodstuffs can be obtained
for given amounts of oxygen utilized, and free carbon
dioxide and water liberated. Two representative

reactions are (71:637):

Carbohydrate (glucose): C6H1206 + 60, —*GCO2 +
6H20 + Heat
Fat (tristeran): C57H11006 + 81.502-—“57C02

55H20 + Heat

With this knowledge in mind, a theory was proposed
by early 20th Century biochemists., They theorized that
the human body obeys the law of conservation of energy
and that animal metabolism is an oxidation process
(36:467), If true, the energy expended by animal
metabolism could be estimated by measuring the amount
of oxygen utilized and carbon dioxide expelled, since
the liberated energy would be equal to that available
in the foodstuffs eaten by the animal. The results of
the investigation of this theory are summarized by

Consolazio et al, (26:5):
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"Atwater and Benedict (1903) and their group
applied the modern-day techniques of direct
and indirect calorimetry to the demonstration
of the validity of the law of conservation of
energy for the human organism by first using
carbon dioxide production as a measure of
gaseous exchange and later using oxygen
consumption [Benedict and Milner (1907)], 1In
their experiments they showed that the energy
intake balanced the energy expenditure within
0.1 per cent, The confirmation of the law
of conservation of energy placed calorimetry
upon a secure basis,

Because of the difficulty of performing
direct calorimetry, it was important to show
that indirect calorimetry was as accurate as
the direct method, Comparative studies were
performed on both animals and man, For example,
in one series of experiments comparing both
methods, there was agreement within 0,17
per cent of each method over a range of RQ,
[i.e, Vol, CO, expired/Vol, 02 utilized]
between 0,77 and 0,97 [Gephart and Du Bois]
(1915),

Following the confirmation of results
showing the validity and accuracy of calori-
metry, studies were performed in two areas,
the measurement of metabolic rate in health
and disease and the measurement of energy
expenditure,"

The above reported experiments were based on
subjects eating a controlled diet, In a more recent
study, Weir formulated the relationship of metabolic
energy expenditure rate (with the single assumption
that 12 1/2 percent of the diet was protein) as a
function of the percent of oxygen used and carbon
dioxide expired (75), His reported coefficient of
variation for the values predicted, as compared to the
actual measured heat and kinetic energy liberated, was
1,5 percent, The form of this relationship, as

presented by Liddell, is (49):
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K = 11,0324 - 0°0u9327(OE) + 0.000673(CE)
Where:

K - Kilogram calories/liter of expired air

O - Percent of oxygen in expired air (percent
inspired was 20,93%)

CE - Percent of ca?bon dioxide in expired air
(percent inspired was 0,03%)

The use of the above relationship negates the need
to know the specific type of foodstuff that is being
metabolized by a person during continuous, sub-maximal
activity, (Table 2 on page 57 displays the range of
energy expenditure rates for various foodstuffs,)

A further refinement was made by Liddell when he
performed 335 separate studies with 14 different subjects
who performed dynamic and static tasks with their arms
and legs., These tasks required energy expenditure rates
from two to eight Kilogram-calories/minute., The results
of these studies showed that the percent of carbon
dioxide in the expelled air could be estimated as a
function of the percent of oxygen in that air., His

regression is depicted in the following expression (49):
%CO, expelled = 15,60 - 067051(%02 expelled).,

This regression has an estimated standard deviation of
the data about the regression line equal to 0,15 percent

CO, (u49):

2
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Nonprotein RQ= Fuel
[éoz ExpiredJ Carbohydrate Fat Ene?gy
0, Used (Keal/Liter 0,)
grams grams Keal,
0,718 0,000 0.516 4,735
0,72 0.009 0,512 4,737
0,73 0,052 0,494 4,748
0.74 0.096 0.476 4,758
0.75 0,140 0O.457 4,770
0.76 0.183 0.u439 4,781
0,77 0,227 O.421 4,793
0.78 0.271 0.403 4,804
0.79 0,315 0,384 4,815
0.80 0,358 0.366 4,826
0.81 0.402 0.348 4,837
0.82 O.4u46 0.329 4,848
0,83 o.,u89 0.311 4,859
0.84 0,533 0.283 4,870
0.85 0.577 0.274 4,881
0.86 0,620 0,256 4,892
0.87 0,664 0,238 4,903
0.88 0.708 0,220 4,914
0,89 0.751 0,201 4,925
0.90 0,795 0.183 4,936
0,91 0.839 0.165 4,947
0.92 0.882 0.1u46 4,958
0,93 0,926 0.128 4,970
0,94 0.970 0.110 4,981
0.95 1.104 0,091 4,992
0.96 1,057 0.073 5,003
0,97 1.101 0.055 5.014
0,98 1,145 0,037 5,025
0.99 1.188 0.018 5,036
1,00 1,232 0.000 5,047
Table 2

Energy Equivalents for Various Basic Foods (71: 6u41)
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Liddell then combined his equation with Weir's
under the assumption that the percent of oxygen in the

inspired air is constant at 20,93 percent, and produced:

K=1,0429 - 00,0498 x OE

Referring to this simplified equation, Liddell

states (u439):

"The standard deviation of an estimate based on
this formula (due to the substitution for Cp)
is (0,000673) x (0.,15) or 0,000l Kilogram
calories per liter of air, so that the error is
less than 0.1 percent [coefficient of variation]
and completely negligible in practice."

Thus it appears from the preceding discussion

that an estimate of a person's metabolic energy expen-
diture rate, from a measurement of his oxygen utilization
rate alone, will have a coefficient of variation of 1,6
percent. This error is considered to be the accuracy

of indirect calorimetry without a CO0, measurement,
because it reflects the difference between the estimated
metabolic energy expenditure rate as determined by a

person's oxygen utilization rate, and the actual energy

liberated by the person,

Determination of Incremental Metabolic Energy Expenditure

It has been empirically substantiated that when a
person performs a manual activity, his metabolic energy

expenditure increases above that required to maintain
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the vital functions of the body (gu:u494), The magnitude
of this increase in metabolic energy expenditure has

been referred to as the incremental metabolic energy

expenditure (5:21 ), The rationale for the concern with

this incremental quantity rather than the absolute
metabolic energy expenditure is presented in the following
subsection, along with a procedure developed to estimate

its magnitude,

Why Incremental Metabolic Energy Expenditure?

Many factors have been empirically shown to affect a
person's metabolic energy expenditure rate while they

are not manually active, i.e., when there are no resultant
torques about the major body articulations, Gemmill
discusses the following factors as being the major
contributors to a change in the "resting" metabolic
energy expenditure rate (36:478-485): 1) age, 2) sex,

3) body surface area, 4) extremes of thermal stress,

5) prior ingestion of food, 6) strong emotional stress,
and 7) disease,

The first three factors have been studied, and
their effects on the resting metabolic rate are presented
by Consolazio et al, (42:22-32), Average effects
reported are:

l, A 10 year old boy expends approximately

25 percent more metabolic energy while
resting than a 45 year old man,

2, A female expends about five percent less
energy than a male while resting,
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3, A person who is 5'3" and weighs 140 pounds
will average 19 percent less metabolic
energy expenditure while resting than a
person who is 6'0" and weighs 180 pounds,
It can be seem that a large variation in the resting

metabolic energy expenditure rates occurs between
T —

individuals,

The thermal stress has been shown to be insignif-

icant in changing a person's metabolic rate if the
environmental conditions remain between 70 and 85 degrees
fahrenheit with a 30 percent relative humidity (25),
However, an average increase in the metabolic rate of
nine percent has been reported when the external thermal
conditions vary from 70 to 85 degrees fahrenheit with a
relative humidity of 86 percent (8)., This latter
study also showed that the metabolic energy expenditure
change with temperature and relative humidity was
statistically independent (at a statistical confidence
level of 90 percent) of the physical activity level,
Thus the temperature and humidity could affect the
absolute metabolic energy expenditure but would not be
expected to affect the incremental energy expenditure
at different levels of manual activity.

The fifth factor affecting the resting metabolic

energy expenditure rate is that of ingestion of food,

The food ingestion effect occurs in two ways: 1) due to
the energy required in the digestion processes, and 2) by

altering the foodstuffs that are being metabolized, thus
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changing the thermal efficiencies of the biochemical
processes, These effects usually increase the resting
metabolic rate by six percent above that of the fasting
level (71:669), The effect decreases slowly after the
first hour following ingestion, and is negligible after
the sixth hour (9:142-151, 71:668 ). Because of this,
the time between a meal and testing has become a neces=
sary control procedure in metabolic experiments, with
limits from one to four hours having been reported
(5:106,42:40),

The last two factors listed as having an effect
on a person's resting metabolic energy expenditure are
disease and severe emotional stresses acting on an
individual., The effect of emotional stress has been
investigated in three different settings, all of which
showed no statistically significant effects on the
subjects' metabolic rates, One of these studies used
vocal reprimands and/or praise for the subjects (53),
Another study employed various types of background music
varying from marches to slow classical music (83), The
third study compared students while in the contrasting
activities of answering questions orally and resting
quietly (84), These experiments do not negate the possi-
bility of an emotional effect on the metabolic rate,
however, Mental anxiety, if sufficient, will many times
arouse overt muscle responses, such as finger or foot

tapping., It has been stated that these actions will
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increase the metabolic energy expenditure and therefore
the experiment setting should be such as to discourage
severe changes in sensory input information (36:482),
The effect of a disease which raises the body
temperature can increase the resting metabolic rate by
13 percent for each centigrade degree (36:482), Thus,
a control in the experiments is necessitated to prohibit
the testing of a subject with an elevated body tempera-
ture, Also, various thyroid gland conditions (particu-
larly hyperthyroidism) are related to the resting
metabolic rate, The possible effects of these conditions
required that the resting metabolic rate be measured
prior to the commencement of each activity to be studied.
It seems evident then, that many factors can
affect the absolute level of an individual's metabolic
energy expenditure, The next logical question appeared
to be, "What is the minimum day-to-day variance in the
metabolic energy expenditure of a group of resting
people in a controlled experiment?"
One recent study by Andrews resulted in an
estimated standard deviation of the day-to-day error
in the observations (averaged for six subjects) equal
to 0,086 Kilogram-calories per minute (5:102-152),
The experiment controls were:

1, Oxygen volume-measuring equipment --
calibrated each day

2, Subjects =~ six male students in good health
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3, Timing =-- three observations each dayj; the
first after eating, the second between one
and four hours after eating, and the third
at least four hours after eating,

4, Instructions =- told to relax completely in
a sitting position

5, Measurement period =- observations initiated
after heart rate achieved a steady state
for two minutes and then measurement taken
for six minute period

6. Environment -- comfortable temperature and
humidity

As will be shown in the results of this report,
some of the metabolic energy expenditures for the
lightest torque levels studied average less than Andrew's
day-to-day error in the resting activities, Therefore,
in addition to test controls, a test procedure was
also adopted which it was hoped would further eliminate
some of the previously listed expected effects, This
test procedure was developed from the concept that the
effects of most of the factors discussed do not vary
greatly over a half-hour period, Therefore, if the
resting metabolic energy expenditure was estimated by
measuring the oxygen utilization rate of the test

subject immediately prior to estimating it while he

was performing a manual activity, it was believed that

the incremental metabolic energy expenditure would be

more apt to reflect gaixxthe effects of the manual
activity, From this belief a test procedure was developed

which required the estimation of each subject’s metabolic
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load for a ten minute "resting" period prior to each

ten minute "active" period,

Incremental Metabolic Energy Estimati&g?rocedure0

The following procedure was adopted to estimate the
magnitude of the increase in a person's rate of metabolic
energy expenditure when he uses his arms to perform a
manual activity. The experiment controls, oxygen
measuring procedure, and equipment design are discussed
below,

The controls adopted during each study were as

follows:

l, Each of the four subjects was judged as being
in "good" physical condition with reference
to individual medical examinations, including
the following special aspects:

a, Lung Vital Capacity Test (7:243-278)

b, Time Rate Expiration Volume (7:243-278)

¢, New Modified Step Test (u4Q)

d, Medical History = (similar to U,S,
Government Form 89 = Medical History)

2, Anthropometric dimensions were obtained as
described in Table A-1 in Appendix A,
(Subject data is summarized in Table B-1l in
Appendix B,)

3, The subject was instructed not to eat or
drink more than 10 fluid ounces of liquid
for four hours before each study,

4, The room temperature was maintained between
70 and 80 degrees fahrenheit with the
relative humidity between 30 and 85 percent,

5. During the test sessions any outside distur-
bances were discouraged, and soft "background"
music was played to mask low random noises,
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6. During the last five minutes of each ten
minute test period, the percent of oxygen
in the expired air was measured each minute
and compared to the previous minute, If
more than 0.4 percent variation occured
from one minute to the next, it was noted
on the data sheet, This limit was set
because past experience showed inconsis-
tencies in the estimates of the metabolic
rates due to the subject apparently not
achieving a steady-state oxygen withdrawal
rate, If over 0.4 percent per minute
variation was noted, the study was usually
repeated at a later date,

7. The subject was instructed to refrain from
any body motions besides those involved in
the experimental task while being tested,

In addition to the above controls, the incremental
metabolic energy expenditure rate was determined by first
estimating the "resting" metabolic energy immediately
prior to estimating the "active" energy, and then sub-
tracting the two energy estimates, The procedure for

this is as follows:

1, The "resting" period was established as ten
minutes, of which the last five minutes were
used to determine the average steady=-state
metabolic energy expenditures.T  During this
"resting" period the subject lifted his arm(s)
into the position to be used during the active
portion and then immediately relaxed, He
repeated this procedure at equal intervals of
time for the same number of times that the

lSteadxmstate oxygen uEtakes during submaximal activ-
1tles have Deen reporte o occur from one to five
minutes after the onset of the activity by nine
different researchers (5:100),
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experiment task was to be performed in the
next "active" portion of the total test,
(The usual experiment conditions required
this "move to position and relax" cycle to
be performed every 15 seconds,)

2, The "active" period, which directly followed
the "resting" period, also lasted ten
minutes, Again the first five minutes of
the cycle were used to acclimate the subject
to the task as well as to allow his oxygen
uptake to achieve a steady-state, During
the "active" period, the subject performed
the experimental tasks for a specified
period, rested for a controlled period, and
then repeated the task, etc,, for the total
ten minute segment, This alternating of
work and rest during the "active" period
was required to alleviate local muscle
fatigue due to poor circulation in the
contracted muscle tissue, It was also
necessary to keep the cardiovascular and
respiratory muscle actions small to avoid
any significant increase in the total
metabolic energy expenditure due to the
required actions of these supporting
systems (See discussion on page 4 for
background on this latter point).

A diagram of the above test procedure is outlined
in Figure 11, To test the additivity of the energies
expended during the "resting" and "active" portions of
a study, an experiment was performed which utilized
different length active and resting periods, If the
energies expended in the two periods were independent,
the computed Einc (incremental metabolic energy expen-
diture rate) should be equal for the different time
intervals., The results of this experiment are contained
in Table B-2, in Appendix B, The conclusion was that the
computed Einc's did not differ significantly for the

various time intervals, In other words, the test
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E_ - Average measured steady state metabolic energy expenditure rate
for "rest" segment (based on last 5 minutes)

E. - Average measured steady state metabolic energy expenditure rate
for "active" segment (based on last 5 minutes)

- Average metabolic energy expenditure rate for moving arms to
active position in rest segment

E - Average metabolic energy expenditure rate for subject at
rest during resting segment

- Average metabolic energy expenditure rate for moving arms to

active position and performing experimental task during active
segment

Era - Average metabolic energy expenditure rate for subject at
rest during active segment

Assumption:
Err = Era (Discussed in preceding subsection on factors that effect
resting metabolic energy expenditures,)

Measured Average Variables: (Discussed in next subsection on
measuring procedure,)

Er' Ea' tar?

ot taa' tra' with condition t. ® t,

By definition, the average incremental metabolic energy expenditure
rate for just the experimental task can then be expressed as:

{(f:aa X Eaa) - [(EBI‘ x tar) * .EI‘I‘ x (Eaa - Ear):l}

(t,, - tap)

Eine °©

Substitution of:

t
and:
£ Bgaa X t) t (B, % tra)]
a t

a

Results in:

- [i:a x (Eaa - [Er x ({r)]
Eipe * T

1
- tu)

Figure 11

Computation of Einc
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procedure appeared to give an unbiased estimate of the
incremental metabolic energy expenditure rate Einc
in respect to the resting and active times,

It was noted in the preceding test, however, that

the variance in Ein increases slightly as the ratio

c

of active time t__ to resting time E;a decreases,
Because of this the largest ratio of E;a/ E;a was
sought during the tests, under the following conditions:
1) the test would not cause local muscle pain in
succeeding days, and 2) it would not require the
average oxygen uptake in the active segment to exceed
0,6 liters per minute above the rate of uptake in the
resting segment., This is equivalent to approximately
three kilogram-calories per minute difference between
the average resting metabolic energy expenditure rate

Er and the average active metabolic energy expenditure

rate E_ o Since both of these conditions could not be
evaluated until after a given test, the experience
gained from the results of previous tests was used to
derive the test time limits presented in Table B-3

in Appendix B, These limits were used as a reference
throughout the 400 tests described in this paper,

The oxygen measurement procedure adopted was as

follows:

1, Prior to each test, a nose and mouth mask was
fitted to each subject's facial contours so
that under forced exhalation no leaks could be
detected by the subject or the experimenters,
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2, During the initial experiments with each
subject, electrodes were taped to the skin over
what was expected to be the most active muscle
group for a particular experimental task, These
were attached to a differential amplifier
which drove an oscilloscope within the subject's
sight, By setting the horizontal sweep trigger
on the oscilloscope to a level that would
synchronize the scope sweep and the onset of
the muscle action potentials, both the subject
and the experimenters could time the duration
of the activity by a muscle group,

3. The subject was informed of the average time
that his muscles should be contracted (i.e,

t.a in Figure 11) during the last 10 minute

"active" segment, For static activities
typical cycles were composed of 5,0 or 7,5
seconds contracted followed by a rest period
of 10 or 7,5 seconds respectively, To
provide this information a timer with a 15
second per revolution sweep hand and a dial
marked "active" and "rest" was placed so as
to be easily viewed by the subject.l

4, The subject was carefully instructed on the
type of activity to be performed by him
during the "active" segment, Usually a few
pretest "active" cycles were then performed
to assist in establishing the details of the
designated experiment task,

5. The average metabolic energy expenditure rate
Er was estimated for the first 10 minute

"resting" segment by measuring the volume of
oxygen utilized by the subject at one minute
intervals during the last five minutes (see
discussion on page 65 for a more detailed

1

After the subjects had practiced with the timer, it was
found that they did not require the electromyographic
information gathered from Step 2, preceding, to repeat-
edly contract a muscle group for the specified average
period, This occurred usually after no more than ten
test sessions, each of which required 40 individual
"contraction-rest" cycles, After this "learning" period
only occasional monitoring by E.M.G. analysis was util-
ized,
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description of the "resting" segment).2

6. The average metabolic energy expenditure rate
E, was then estimated for the 10th and 20th

minutes, which has been designated the "active"
segment of a study. This was accomplished by
measuring the volume of oxygen utilized by the
subject each minute during the last five
minutes, while he repeatedly relaxed, performed
the experiment task, and relaxed, etc, for the
ten minute period (see discussion on page 66
for a more detailed description of the

"active" segment),

7. The incremental metabolic energy expenditure
rate Einc was then computed from the
procedure presented in Figure 11 (page 67),

Consistency of Einc Estimations for a Single Subject,

As was hypothesized in Question 2 for Experiments, indi-
vidual differences in both muscle recruitment and
mechanics were expected to affect the metabolic energy
expended by various people performing the same task
(page 32), Unfortunately, the published metabolic energy
expenditure studies reviewed by this author did not
separate this source of variation from the variations
due to measurement and subject acclimatizations to the
different test situations., Since the metabolic energy
expenditure estimations in this research project were

to be made with only four subjects tested over a one and

one half year period, the question of how much variation

2Appendix C describes the format of the oxygen data,
equipment used, and calculations for estimating the
average metabolic energy expenditure rates,
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in the estimation of Einc would be due to each experi=-
mental task configuration and how much would be caused
by day-to-day variation in a subject, as well as the
measurement technique, required evaluation,

In testing for the consistency of the estimates of

Einc the following concepts appeared to be relevant:

1, The learning process required to activate only
the mechanically efficient muscles to perform
a specific task could take longer than the five
minute adjustment period allowed in each
"active" test period,

2, The strength in more mechanically efficient
muscles may be developed slowly by the repeated
use of these muscles during the testing pro-
gram,

Both of the above ideas posed the possibility of

long term acclimatizations of the subjects which could
result in a gradual decrease in the metabolic energy

being expended to produce a given torque at a specific

articulation, Therefore, the following repeatability

analysis was included in the experiments to be performed
by the subject who was to be involved in the majority

of the metabolic experiments reported in this paper,

The analysis was based on the following concept which
has been displayed empirically by Basmajian, This
concept is that specific muscle activation is sensitive
to: 1) the level of the total torque required (page 39)
2) the direction of the torque (page 36), and 3) the

articulation inwvolved (page 39). The repeatability
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procedure employed required three or more identical
static studies to be repeated at different times during
each of the test periods required for the experiment
conditions displayed in Table 30l
The objective of the repeatability analysis was
to determine the expected "long term" variation in Eie
throughout each test period., By comparing the average

aase

Eincgs computed from the Einc°s obtained at the begin-
ning, middle, and end of each test period, confidence
could be gained as to the long term effect of the
experiment tasks on the incremental metabolic energy
expended by the subjects, Replication of experiments
on one day were not performed because of local muscle
fatigue at the higher torque levels which created the
possibility that other "supporting" muscles would be

used rather than the "normal" muscles. Thus, an

estimate of the variance within each day was not possible,

As is displayed in the three average E; _ values

in Table 3, no consistent long term trend in the estimates
appeared to be present, Because of this, the three

individual observations of Ei for each experiment

nc

condition were pooled to derive an estimate of the means

lA test period for a particular set of experiment con=
T one eI T o T T Tt be
seen from the earliest and latest test dates for each
set of conditions described in Table 3,
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and variances in Einc for the different experiment
conditions. The results of this analysis showed that
the standard deviation of the error, o, increased as
the expected value E{Einc} increased, A linear least
squares regression of this effect resulted in the

following formulation (the variables are in units of

Kilogram-calories per minute, abreviated Kcal/min,):

g, = 0,021 + 0,07963 E{Einc}

which was found to have a correlation coefficient of
0.96,

A speculative interpretation of this regression
relationship is as follows: If the subject continued
performing the "resting" activity during the "active"
segment of the study, the standard deviation of the
error (0,021 Kcal/min.,) could be contributed to measure-
ment error and the lack of a true steady state during
the last 15 minutes of each study period., In addition,
if the subject is required to perform a task which
requires a significant increase in muscle involvement
during the "active" segment of the study (which in turn

raises the expected value of E,

inc)» the standard deviation

of the error increases with Einc‘ This could possibly
be attributed to the larger number of alternative
muscle motor unit recruitment possibilities becoming

available as a larger number of muscles are involved

in the task., Or, possibly it could be due to a change
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in the day-to-day muscle efficiency which would be
magnified by the amount of metabolism required to
perform the task, Whatever the rational, the impli-
cation of this relationship for subsequent experiments
is that the confidence in a point estimate of a low

value of E, for a person is much higher than if

C

the point estimate of Ei has a 1ar§e value, This

nc

concept is used in the analysis of data described in

the next chapters,

Creatigg»Resultant Torques

The first part of this section presents the
methods used to establish a static resultant torque,
while the latter part discusses the method used to
maintain a constant torque during dynamic flexions of

the elbow and shoulder,

Static Resultant Torque Procedure

The concept employed to create a static resultant

torgque at an articulation was simply to support the
proximal appendage of the articulation while exerting

a known load at a finite distance from the articulation
on the distal segment, The procedure used for this is

as follows:

l, With reference to the following data, the
resultant torque at an articulation, due to
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the weight of the distal segments, was
estimated by equations A-1 through A-=6
in Appendix A:

a, Subject'’s weight

b, Subject’s radius length

¢, Subject's hand length

d, Angles formed by body segments
and the horizontal axis,

The resultant torques due to the body segment
weights were subtracted from the resultant
torques desired at the body articulations
under study.

A force was applied to the distal body segment
by weights acting at a measured distance from
the articulations under consideration. The
magnitude of the weights and the direction

of their actions were selected to produce the
difference between the desired resultant
torque and the torque already produced by the
body segment weights as computed in steps one
and two,

The following special test conditions were evoked

in creating resultant torques at each articulations

1,

2,

3,

The single wrist flexion torques, designated
(WFTIT; were produced Dy Having the subject
grasp a roughly finished handle of 1.5 inch

diameter to which a specific weight was
attached (Figure 12 depicts the test setup),

The two wrist flexion torques, designated
(NPT —ereproduoed 57— FavTag the subject
grasp a roughly finished handle of 1.5 inch
diameter in each hand, These were attached
to the ends of a 14 inch long by 12 inch

square container of a known weight (Figure
12 depicts the test setup),

The one and two elbow flexion torques,

dos i SR TSI TETTTSm TP T —ere o7 T ed
by applying loads at the wrist joint while
supporting the upper arms and shoulders,

(Figure C=1 in Appendix C depicts this
test setup).
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4, The production of one and two shoulder
flexion torques, designated (SrTll and SfT2),
required the following procedure, First, the
arms were placed in plastic half-casts of
known weights and center of gravity locations.
The purpose of the casts was to support
the lower arm and hand so the resultant
torque at the elbow due to the weight of these
appendages was zero, The required torques
were then produced by applying forces by
means of weights attached to straps which were
centered over each elbow joint (Figure 13
displays a typical test setup).

5. The one and two shoulder extension torques,
desiEﬁEf33'T3ETT'EHE'SET7TT'WEFE'E?SHE%€3'in
the same manner as the shoulder flexion
torques, but the load was applied in the
opposite direction (Figure 13 also depicts

this test setup).

The maximum deviation of the weights used in the
study was measured and found to be * 1,8 percent of the
stated weight., In addition, a series of X-rays were
taken of the major subject used in the experiments,
These disclosed that the body segment lengths, as deter-
mined by the procedure described in the first part of
Appendix A, were within * 2,0 percent of the measured

segment lengths,

Dynamic Resultant Torque Procedure

The following is a method employed to produce a

relatively constant resultant torque duringrdynamic

flexions of the shoulder and elbow articulations. It is

based on the concept that at a constant angular velocity
the inertial forces (with the exception of the segment

weight) are zero., This idea is consistent with a
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question posed in Chapter II in which the effect on

E. by different magnitudes of angular velocity at an

inc

articulation are desired (page 40). In the experiments

discussed in Chapter VI, it will be seen that the

different angular velocities were created by the

following procedure and equipment:

1,

4.

The articulation under consideration was
positioned opposite the center of rotation
of a "half-wheel" having a 10 inch radius
(Figure 14 depicts the test setup for the
dynamic elbow flexion study).

A padded stop at the periphery of the
"half-wheel"” was positioned against the
forearm to apply the desired load to the
arm,

The load creating weight was supported from
a cable, the other end of which was attached
at the periphery of the "half-wheel",

A linear accelerometer was attached to the
weight to detect its vertical acceleration
which was used to compute the angular velocity
and acceleration of the lower arm,

The subject was instructed to repeatedly jerk
against the weight but not move it signifi-
cantly, This was the activity of the first
10 minute "rest" segment of a study.

During the next "active" 10 minute segment,
the subject was instructed to jerk the

weight into motion and keep it in motion at

a constant speed through the required flexion
angle, which was determined by the point at
which the experimenter pulled the weight away.

With repeated practice of the preceding steps five

and six, the subject was able to maintain a constant

angular velocity for speeds of up to 3.5 radians per

second throughout a 100 degree flexion angle, By
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requiring the amount of weight moved to be much greater
than the arm and hand weight, the total torque variation
due to the angular change effect of the arm and hand
weights was minimized. Because the effect of the arm

and hand weight was still present, however, two different
external loads were used in the dynamic studies discussed

in Chapter VI,

Summary of Chapter

This chapter has attempted to present the technical
background and procedures used to estimate the incre-
mental metabolic energy expenditure rates. It briefly
reviews the biochemical aspects of metabolism, followed
by a more detailed discussion of actual measurement
problems, and why the incremental metabolic energy
expenditure rate is more applicable to the objectives
of the research project than the gross metabolic energy
expenditure rate, The experiment controls and procedures
are then presented, The chapter concludes with a
description of the methods employed to create the resul-
tant torques which are utilized throughout the experiments

discussed in the next few chapters.



Chapter 1V

THE DEVELOPMENT OF A SINGLE-SUBJECT METABOLIC

PREDICTION MODEL FOR STATIC ARM ACTIVITIES

This chapter describes the static activity experi-
ments which were performed with one subject (designated
Jo. K, in Table B-1l in Appendix B), The general objective
of these experiments was to quantify the change in the
incremental metabolic energy expenditure rate of the
subject for the types of static arm activities contained
within the scope of this research project, as delineated
on pages 2 and 3 of the Introductory section of this
paper,

The experiments performed were attempts to answer
the questions presented in Chapter II, The order of
reporting in this chapter is as follows: The first
section describes the experiments that were performed
in order to determine the variation in E. o at different
levels of torque for the following major factors:

1) the articulation involved, 2) whether the action

was a flexion or extension, 3) the articulation angle,
and 4) whether one or two arms were active, The next
section presents the interaction effects on E:co i.e,
the change in Einc when two adjacent articulation angles
and torques were varied simultaneously, The Chapter
concludes by combining the results of these experiments

-83=
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into a metabolic prediction model for static activities.
The predictions from this single subject model were then
compared to Einc data obtained while the subject held

weights of various magnitudes in different positions

with cne and bhoth arms,

The Experiments to Determine the Effects of

the Maipr Factors

In summary, Questions 1,3,4, and 5 in Chapter II
presented the concept that any relationship between the

resultant torque at a single articulation and the level

of E:ne resulting from the creation of a reactive torque
by the muscles at that articulation could be dependent

upon the following factors:
1, Which particular muscle group was involved
(i,e, which articulation and what was the
direction of the action)?
2, What was the angle between the appendages
which formed the articulation being used?
Because of their direct relationship to the conditions
involved in this research project, these factors will be

referred to as major factors,

The objective of the research reported in this

section is to quantify the effects of these major
factors on the previously implied relationship between

Einc and resultant torque,
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The Experiment Design for Determining the Effects of the

Major Factors on Einc

It was hypothesized (based on the concepts of
Question 5, Chapter II) that the increase in E; o for
increased resultant torques could probably be depicted
by a monotonic continuous function, The basis for this
is that skeletal muscle actions are smoothly integrated
into the total action required, i.e, one muscle does not
become highly active with a small change in load, and
for that matter no single muscle decreases in activity
as the total load increases, Based on this hypothesis,
which was empirically displayed in earlier reported
research (24:10), the decision was made to study the

change in E; ¢ for four different resultant torques

c
created within each experiment condition selected to
test the effects of the major factors,

The selection of the four torques (within each set
of experiment conditions) was accomplished by a prelim-
inary analysis of the maximum torque which the subject

was willing to sustain for the required twenty minute

study periodsol Once the maximum torques were estab-

lIt was later disclosed that the incremental metabolic

energy rates found for these maximum torques would
categorize them as heavy work with the arms (page 5),



-86=

lished, the three remaining torque levels were equally
spaced between the maximum torque and a minimum torgque.
The minimum torque was approximately double the torque
created by just the weight of the body segments,

The possible effects of the torque and the angle
of an articulation on the metabolic energy expended by
each muscle group considered in this project resulted
in the establishment of the following experiment
conditions:

1, Both shoulders perform static flexions (i.e.

they sustain resultant torques in the c. W,

direction), at angles of Oo, +30°, +60°9 +90°9

and +110 degreesol

2, Both shoulders perform static extensions (i.e,
they sustain resultant torques in the c. c. Wo
direction), at angles of -30°9 0°9 +30°9 +60°9

+90°, and +110 degrees,

3, One shoulder performs static flexions with
angles set at -30°, 0°, +30°, +60°, +90°, and

+110 degreeso2

lAngle measured with a goniometer from trunk to upper arm,

with counter-clockwise direction being positive, The
range of angles studied was chosen to characterize what
was intuitively believed to represent a typical working
range,

2Preliminary experiments showed no significant difference

in the subject's left and right arm Ejp. values, There-
fore, when only one arm was studied in an experiment, no
specific distinction was made between arms, This
permitted additional experiments to be performed, because
the one arm experiments could generally not be repeated
with the same arm in one day.,



-87=

4, One shoulder performs static extensions with
angles of -30°, 0°, +30°, +60°, +30°, and

+110 degrees,

5, Both elbows perform static flexions with the

angles between the upper and lower arms at

55°, 80°, 110°, 140°, and 170 degrees.

6o One elbow performs static flexions with the
angles between the upper and lower arms at

55°, 80°, 110°, 140°, and 170 degrees,

7. Both wrists perform static flexions with the

hand and lower arm center axes in line,

8, One wrist performs static flexions with the
hand and lower arm center axes in line,

It was recognized in designing the above described
experiments, that the angle and torque at an adjacent
articulation to the one being studied could interact
with the effects of the experiment conditions on Binc°
To avoid this possibility the adjacent articulation
angles were held constant for all of the listed test
conditions. Also, the resultant torques at the adjacent
articulations were minimized by supports., (The adjacent
articulation interaction analysis described in the next
section of this report (page 127), was also performed to
determine the extent of these possible effects.)

A summary of the test conditions for determining

the effects of the major factors on E:n is presented in

C
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Table 4, as well as the resulting E. o value determined
when the subject sustained the torque designated by each
test condition, The Einc values were obtained by the
procedure outlined in Figure 11, and discussed on

page 67,

The Analysis of the Major Effects

The objective of the preceding experiments was to

determine how the value of Ein changes for different

c
resultant torques when these torques are produced within
the stated test conditions for the major factors, This

objective required the hypothesized torque-E, relation-
ship to be quantified for each test condition, An anal-
ysis of these relationships was made to determine if the
various test conditions (such as changing the angles, or
using one arm or both arms), significantly altered the

tor-*queuEinc relationships,

The Quantification of Torque-Einc Relationships,

It was speculated in Question 5 of Chapter II that any
torquemEinC relationship need not be linear. Because of
this speculation; a regression model which could be
linear or non-linear was selected to be fit to the
resultant torques and corresponding Einc values for each
of the major factor test conditions listed in Table U4,

The procedure employed in estimating the value of the

parameters in the model was to produce the smallest sum
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E;hc Response in Experiments of Major Factors
One Arm: Einc Values(Kcal/min) for:
Sights of Adjacent One Shoulder Torque (S-T1)
Activity Direction Shoulder Elbow in Kgm. - cm.
(Articulations) of Action Angles (¥) Angles 140 210 280 350
. -30°%—— 140° 0.13 0.40 1.00 2.70
/ (o] o
/ 0 140 0.12 0.33 0.89 2.30
/
/ +30 140° 0.10 0,27 0.85 1.70
Flexlon °
+60 140 0.12 0.32 0.76 2.31
+90° 140° 0,15 0.40 1,25 2.71
+110 140° 0,13 0O.44 1.50 3.95
Shoulder
-30° —— 140° 0.04 0,18 1.00 4,01
0° —140° 0.06 0.22 0.86 2.80
+30° 140° 0.12 0.20 0.33 0.75
Extension ° °
+60 140 0,13 0.26 0,65 1.10
+90 1u40° 0.08 0,30 1.02 2.11
+110° —— 140° 0.06 0.35 1,20 2.95
Adjacent One Elbow Torques (EFT1)
Elbow Shoulder | 1M Kem. - cm.
Angles({) Angles 75 125 200 250 325
+559——— 0° 0.12 0.25 0.60 1.20 =
+80°———— 0° 0,10 - 0,30 0.52 0.85
Elbow Flexion +110°——— 0o° 0.09 0,19 0.35 0.70 -
+140° _ 0o° 0.09 0,15 0,42 0.90 =
+170°— 0° 0.10 0.24 0.47 0.92 -
Adjacent One Wrist Torques (WFT1)
Wrist Elbow in Kgm. - cm.
Angle Angles 20 40 55 70
Wrist Flexion +180° 80° 0.05 0.25 0.42 0.98

Table 4 (continued on next page)

Experiment Design and E,

inc Values for Major Factors
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Eincikeaponse in Experiments of Major Factors
Both Arms: ‘ Einc Values(Kcal/min) for:
Sights of Adjacent .z:oksxou}d:;'Torques(o-TZ)
Activity Direction Shoulder Elbow gm. ‘
(Articulations) of Actions: Angles(d¥) Angles 280 420 560 700
140° 0.39 0.62 1.32 1.91
140° 0.30 0.61 0,95 1.75
Flexion 140° 0.56 0.95 1,51  2.22
140° 0.55 1.02 1,41 2,72
140° 0.59 1,15 1.75 2.91
Shoulder
-30° —— 140° 0,55 0,85 1.85 3.16
0° —— 140° 0.38 0.85 1.35 2.65
+30° —— 140° 0.28 0.60 1.01 1.98
"Extension ° °
+60° —— 140 0.3% 0,70 1.17 2.19
+90° — 140° 0.51 0.85 1.30 2.56
+110° ——— 140° 0.49 0.98 1.51 2.98
Adjacent g:oKEéboz z:rques(EFTZ)
Elbow Shoulder gm. .
Angles(d) Angles 100 175 250 325 400
+55°—— o° 0.17 0.32 0,50 0.61 -
+80° —— ¢° 0.12 0.27 0.31 0.39 0.47
Elbow ————— Flexion +110° —— ¢° 0.15 0,26 0.40 0.44% -
+140° — 0° 0.18 0.33 0,43 0.54 -
+170°— ¢° 0.17 0.31 0.53 0.56 -
Adjacent z:oKW;lsE 2:rques (WFT2)
Wrist Elbow gm. .
Angle Angles 40 55 70 85
wrist Flexion +180° 80° 0.08. 0.25 0.38 0.56

Table 4 (continued from
preceding page)

Experiment Design and Einc

Values for Major Factors
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of the squared error between the actual and predicted
Binc valueso1

One general requirement to obtain unbiased and
consistent least squared error estimates of the unknown
parameters in any regression equation is that the Einc
observations be normally distributed about their expected
value, Because of the large number of underlying proces-
ses which could contribute to a particular value of Eiles
it would have been logical to assume that their cumulative
effects resulted in Einc being normally distributed,
A statistical test of the data presented in Table B-2,
Appendix B, was performed to verify this belief, and is
tabulated in Table B-4, The conclusion from this test
is that the distribution in Einc values for known
resultant torque conditions, does not differ significantly
(a=0,10) from a normal distribution,

A second condition to insure unbiased and consis-
tent estimates of the unknown parameters in each of the
proposed regression models is that the standard error of

the estimates, designated o, must remain constant for

o As was discussed in

various expected values of Einc

Chapter III (page 74), this was not the situation, and

1 . . . .
The analysis techniaue chosen is often referred to as

the "General Linear Model-Full Rank", sometimes referred
to as a statistical "Prediction Model" (39:106-145).
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in fact, the value of O, Was found to be approximately
proportional to the expected value of E. .. Because of
this condition, some form of transformation of the Eine
data was necessary in order that greater importance in
estimating the regression equation parameters be assigned
to the Einc values which were expected to have the

smallest variances,

The data transformation procedure used in this

endeavor was suggested by Davies (28:u44), After trans-

forming the data by this procedure, the transformed Einc

values (these will be referred to as Ew values) were
found to be distributed normally about their mean
(Table B-5), have homogeneous variances over the range

of E,; . values studied (Table B-6), and converge to zero

when Ei equals zero (which is by definition when there

nc

is no resultant torque at an articulation (page 59)),
Davies transformation is based on Og = £y,

The transformed variable E., is defined as:

W

By assuming u = E {Einc

- 1
Ew -jr dE{Einc}

f[E{Einc}]

}, this becomes:

Then substitution of the following equation for o as
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. ] .
a function of EtEinc} (page 74):

Q
]

= 0,02147 + 0°07963E{Einc}

t
"

1
dE{E._}
W Jﬂ : inc
0,021u47 + O°07963E{Einc}

or, to assist in later computations

1
E, = ' dE{E, _}
0,01[2,147 + 7,963E{E; )]

1
100J dE{E. } .
: inc
2,147 + 70963E{Einc}

When integrated this becomes:

. Lo {10gl2,147 + 70963E{Einc}]} . o

7,963

or

. logl2.147 + 7,963E{E; .}] .
0,07963

Applying the restriction that when B{Einc}equals zZero,
Ew also equals zero, allows the integration constant C

to be determined as follows:

logl2,147 + 7,963(€0)]

By = 0,07963 rco= 0
c = - Q33183 . 4 1673

0,07963
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Therefore, *he transformation of each Einc value

observed is:

logl2.147 + 7.,963(E,_ )]
E. = inc - 4,1673 .

W 0,07963

A graph of this relationship is displayed in Figure 15,

As may be noted in Figure 15, as E. . increases, the
proportional amount of change in Ew decreases, The

result of this concept is that the occurrence of a high
E:ine value will have a smaller effect on the determination
of the parameter estimates than lower Einc values, A test
of the homogeneity of the Ew values for the repeatability
data (Table 3, page 73) disclosed that the variances of
the weighted Einc values were constant for the range of

expected values of Ein to be investigated in this

c
research project, (Table B-6 in Appendix B presents the
homogeneity test results,)

It was therefore concluded that the least squared
error regression analysis procedure would produce
unbiased and minimum variance estimates of parameters in
a linear regression equation of the weighted Einc values
on resultant torques, In essence then, the regression

procedure used to quantify the relationship between the

Einc values and the preset resultant torques was:

1, Each Ej . observation was transformed to a
weighte3 Ey value by the equation:
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logl2.,147 + 7,963E, ]
E, = inc - 4,1673

0,07963

2, A regression analysis was performed on the
pairs of Ey and resultant torque data using
the procedure of minimizing the squared
deviations, of the Ey observations and the
predicted %W values,

3, The predictedAﬁw values were then transformed
to predicted Ejn. values by the inverse of the

preceding equation, which assumes B; = f(E)),
and is:
R antilogl0,07963(E, + 4,1673)] - 2,147
E. =

ine 7,963

The majority of the analysis described in this
section was in respect to step 2, above, Essentially it
was concerned with deriving a regression model which
accounted for the greatest amount of Ew variation for
the different resultant torques and other experiment
conditions,

The Selection of a TorquemEw Regression Model, The

selection of the particular form of the regression
equation to be used to explain the variance in Ey with
a change in the resultant torque, was baseéd on the

following conditions:

1., The expected Ej; values for zero torque
conditions should be zero due to the method of
defining Ejpc (pages 64 and 67), This was a
desirable quality due to it maintaining additiv-
ity of the torque effects for each muscle group's

E.
inc
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2, The regression equations should centain only
one or two parameters due to the limited
degrees of freedom available for each estimate.
This restriction was also substantiated by the
desire to be able to maintain an intuitive
relationship between the parameters and the
functional aspects as presented in the
Questions of Chapter II,

3, The value of Ej,. (and thus Ey) should contin-
ually increase with the resultant torque
(page 37).

Based on the first and second conditions above,
it was realized that the regression equations would need
to be of a configuration which would have the estimated
parameters as multipliers of the resultant torque T

The following proportionality model is an example of this:

E = aT +

W Se/W °

In this equation O /W is the standard deviation of the
error between the weighted Einc values E; and the
predicted weighted values based upon the estimated
value of the parameter a at different torque levels T ,
However, from the discussion that resulted in
Question 5 (page 39) the proposition arose that E,; does
not necessarily increase at a proportional rate to T |
as is depicted in the preceding model, It could increase
as the square of the torque, or for that matter as any
power of the torque, It therefore became necessary

to evaluate transformations which enabled the torque
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scale to increase at a rate that would be proportional

to the E; scale. In the proportionality model depicted

on the preceding page, the Ew and T scales are already
proportional, If however, Ey increased at some higher
rate than T , a transformation of the T scale would

be necessary to make the two scales proportional, A

typical example of this would be the square of the torque,

thus giving the following regression model:

E, = a T2 + 0

W e/W °

Since the appropriate torque scale transformation
was unknown, it was decided to formulate a torque-Ew
regression model which contained a second parameter to
indicate the magnitude of an appropriate T scale

transformation, The regression model chosen for this

objective was a logarithmic model of the form:

E. = a Tb

W * Se/w

or

log Ew = log a + b log T + log Oo/W °

This model was believed to have the necessary flexibility

to represent the various possible types of torque-»Ew

relationships which could occur within the restrictions

set forth by the three conditions on page 96, Figure 16



-39~

(L)F

Bu 7o suydean

a7 @2an3tj

(s3tun Aaeairqae ut) sanbao] jue3lTnsay

S

1 4

€ [

% ¢Se o0'1<a @30
"e¢fe ‘g1 :a ®3IO
te¢Te 0'1>a @10

—

$aN3IOT1

(S3Tun Ageaijqae uT)

ajey sanitpuadxy ABasul Te3uUaWdIOUT poi1y3Tom



-100-

graphically represents the various types of relationships
that could be modeled,

The results of Fitting the Logérithmic Model to

Weighted Einc Values, Table 4 on page 83 is a summary

of both the experiment conditions established to determine

the effects of the major factors on E.

inc?® 28 well as the

Einc values obtained from performing the designated
metabolic experiments with one subject., As was discussed
on pages 85 and 86 , four different resultant torque
levels were employed to determine the torque—Einc
relationship for each of the major factor experiment
conditions, Therefore, for each condition four pairs of
torque-Einc data were available, Before performing a
regression analysis on each of these sets of data, the
Einc values were weighted by the procedure developed on
pages 92-93, The resulting weighted Einc values
(designeated E,) and their corresponding resultant
torques T were then used as inputs into the regression

model

E. = a Tb + 0

W e/W °

The model was made linear by using logarithms of both
E;, and T , After performing this transformation, the
values of the two parameters a and b were estimated
by minimizing the total squared error between the

logarithmic values of the E, data and predicted log(Ew)
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values from the model, The resulting a and b esti-
mates are summarized in Table 5 on the next page.,
In using this procedure, it was realized that the

minimized squared error of the logarithms of E, could

W
result in less than minimum wvariance estimates of the

a and b parameters, since the logarithmic transforma-
tion could destroy the normality and homogeneity of the
E, data, This however, was not considered as an
important constraint., The use of the logarithmic model
was intended to permit only a first approximation to the
form of the final metabolic prediction model,

Two general observations were made from the results
of the regression analysis using the logarithmic model,

These were:

1, The logarithmic model accounted for a large
amount of the change in the Ey values at the
different levels of T due to the cumulative
effects of: a) using a two parameter model to
account for the variance in only four values
of Ey, b) having the Ej,. data weighted in
such a way as to decrease the importance of the
values which would tend to have a high variance,
and c¢) employing a type of model which takes
advantage of the functional definition of the
dependent variable (i.e, E,;=0 when T-=0),

2, The value of the b parameter did not vary
greatly when the angle of each articulation

was varied, but appeared to be sensitive to
which muscle actions were involved,

The first observation led to the hope that a more

rational model than the logarithmic model could be
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Estimated Parameters for nggrithmic Model

of Ew Values

Std, Dev., of Percent of Eg Variance
Least Squared Error Parameter Estimates Predicted
Muscle Action | Number |Articulation Error 2 log Uze/w
Group Arns Angle y ax107? b log a;/w rs |:1 v .]
20 e/
Shoulder Flex One -30° 0,01311 1,966 0.038 93, 8%
" " " 0° 0.01060 1,99 0.082 99.6%
" J J +30° 0,00646 2,061 0.108 99.2%
" " " +60° 0.01247 1.956 0.066 99,6%
" " " +90° 0,02160 1,885 0.080 99.u%
" " " +110° 0.00527 2,152 0.070 99.6%
Shoulder | Flex Two 0° 2,103 0,961 0.092 97,0%
" " " +30° 1.0576 1.088 0,047 99,44
" " . +60° 9,1036 0.747 0.007 99,8%
" " " +90° 6.3759 0.808 0.071 97.4%
" " " +110° 6.5999 0.811 0.031 99.6%
[Shoulder | Extend One -30° 0.0000083 3.032 0.129 97.6%
" " " a® 0.0001145 2,707 0.130 99.4%
" " " +30° 0,2315651 1.356 0.177 94, 7%
" " " +60° 0.0798254 1.592 0.103 98.6%
" " ) +30° 0.0012470 2.367 0.151 98,64
" " " +110° 0.0001392 2,772 0.275 96.8%
Ehoulder | Extend Two -30° 3,174y 0.925 0.099 96.4%
" " " 0° 1,2207 1.062 0,056 99.2%
" " " +30° 0.5316 1.1711 0.043 99.6%
" N " +60° 1.0604 1.072 0.032 99.6%
" " " +90° 4,9308 0,841 0.079 97.2%
" " " +110° 2,9817 0,930 0.053 B 99,0%
E1bow Flex One +55° 1,1195 1.188 0,024 99.8%
" " " +80° 1.6162 1,087 0,258 95, 4%
" L " +110° 0.9282 1.187 0,120 98.2%
" w " +140° 0.0617 1.710 0,048 99,44
" " ol +17¢° 0.8217 1.243 0.102 39.0%
P1bow Flex Two +65° 7.9385 0.767 0.064 98.6%
" " " +80° 9.3867 0.685 0.220 91,8%
» " » +110° 10,0934 0,694 0.089 96.8%
" " " +140° 14,5594 0.647 0.068 97.8%
" " " +170° 8.6916 0.748 0.119 | 95.28
birist Flex One +180° 0.609% 1.697 0.290 96,24
» " Two +180° 0.13u8 1.920 0.252 92.3%
avg r? = 97.9%
* log UZE'/H = log var, of Ew
Table 5 data about their mean.
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employed as the final metabolic prediction model, The
second observation resulted 'in the first concept employed
in producing a rational prediction model., Essentially

this was that the magnitude of the b parameter

(which represents the degree of transformation required
to make the torque scale proportional to the Ew scale)

could be considered as the quantified representation

of the different muscle group responses (as depicted by

their Einc)’ o relative changes in the resultant

torguesol In other words, as the torque at any articu-~
lation increases, different muscles are recruited to
assist in managing the increased load, This increased
muscle involvement may not, however, result in a
corresponding proportional increase in the incremental
metabolic energy expenditure rate, since each additional
muscle has a different mechanical advantage in creating
the required reactive torque., Therefore for each
different muscle group, such as the shoulder flexion
group or the elbow flexion group, the value of the b
parameter could be different because of anatomical
differences in the muscle groups (Figures 5,6, and 7
display these differences), as well as the various ways
in which the individual muscles in the group would be

recruited,

“The discussion of the torque effect on page 37,

presents the background for this rationale,
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With this rationale in mind, it was decided to

consider the value of the b parameter as a constant for

the different shoulder and elbow angles studied, In other
words, the value of b was only dependent on which muscle
group was active. The magnitudes of b were chosen as
the average values (rounded to one tenth) of the b

values estimated from the logarithmic model (Table 5),
without regard to the articulation anglesol Thus by
identifying the value of the b parameter with each
muscle group, the a parameter (which now must be
estimated with b considered as a constant) becomes

indicative of the articulation angle effect on E To

wo
estimate the value of a for the various articulation

angles, the following model was employed:

b.
i
E = a, T. + o
WiY iy iy e/WiY
where:
Ew - weighted incremental energy expenditure
iy per minute of resultant torque Tj
(Ey transformations from page 96 with
Einc data from Table 4),
Yy =~ denotes articulation angle, from smallest
to largest at shoulders and elbows,
i - denotes which muscle group's action is
considered:
1

The b parameter for the wrist flexion action is
discussed later (page 123),
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shoulder flexion
shoulder flexion
shoulder extension
shoulder extension
elbow flexion
elbow flexion
wrist flexion

wrist flexion

b. - constants equal to average (rounded to one

1 tenth) of b

muscle group

= 2,0
= 0,9
= 2.4
= 1.0
= 1,3
= 0,7
= 1,9
= 1,7

U v o v U v o o
0 N 0O 0 F ow N

parameter estimates for i
action (Table 5), which ares:

- resultant torque at <y articulation angle

1Y of i muscle
equivalent to

T =

H
i

a. - parameter to
1y
muscle group
angle,

group activity, which iz
(examples):

One shoulder flexion torque
(abrev, SFT1l) designated in
Kgm-cm,, with the shoulder held
at a 30° angle to trunk (c.c.w,
= positive),

Two elbow flexion torque
(abrev, EFT2) with 80° angle
between upper and lower arm,

be estimated for each 1
and at each Y articulation
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- residual error between E data and
e/WiY WiY
predicted values at given torques for each
i muscle group's action and y articulation
angle, using ajy estimated by least squared
error technique,
The least squared error estimates of aiY and the

predicted percent of E, variance were computed for

W
comparison to the results when both a and b were
estimated in the logarithmic model (Table 5), The aiY
estimates and the variances are displayed in Table 6
on the next pageo1 Because the initial a and b
estimates in Table 5 were obtained by a logarithmic
transformation of the already homogeneous Ew values

(page 94 ), a direct statistical test of whether a
significant loss in precision had been made by assuming
the Db to remain constant for the different articulation
angles was not possible, However, inspection of the
percent variance accounted for by the regression
indicated that the simplifying assumption of a constant
bi for different articulation angles did not substantially
increase the residual error, as depicted by the average

2

r” value decreasing from 97.,9% to 97.0%, It was concluded

that the ability to relate the parameters to the physical

lFigures D=1 through D-6 display the predicted and
observed Einc values for these parameter estimates,
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Percent of Ew Var.
__!uscle Group Actions Articulation |Constant | Est. Predicted gy model
i Angles ¥ b, a. o
(1) (Zigrees) i i, 2l 2e/wi
e, *
1
1 | One Shoulder Flexion -30° 2.0 0.000108 99.8%
" " " 0° 0,000101 99,2%
" " " +30° 0.000091 98.8%
" " " +60° 0.000098 99.6%
" " " +90° 0.000111 98.8%
" " " +110° 0.000124 99 ,4%
2 [Two Shoulder Flexion 0° 0.9 0.0311 97.6%
" " " +30° 0.0287 97.4%
" " " +60° 0.0346 96, 6%
" " " +90° 0.0357 97.2%
" " " +110° J 0.0376 98,6%
3 | One Shoulder Extension -30° 2.4 0.0000114 97.2%
" " " 0° 0.0000104 98.8%
" " " +30° 0.0000059 86.3%
" " " +60° 0.0000077 86.8%
" " " +90° 0.0000099 97.4%
" " " +110° 0,0000111 99.0%
4 |Two Shoulder Extension -30° 1.0 0.01981 98,.2%
" " " 0° 0.01812 99.0%
" " " +30° 0.01571 97.6%
" " " +60° 0.01675 99.2%
n n " +90° 0.01818 96.8%
" " " +110° 0.01924 98.8%
s |one Elbow Flexion +55° 1.3 0.0066W4 99.4%
" " " +80° 0.00427 96.2%
" " " +110° 0.00513 97.6%
" " " +140° 0.00567 94, 2%
" n " +170° 0.00607 98.6%
6 |Two Elbow Flexion +55° 0.7 o.11u52_.h‘— 98.5;“"_ h
" " " +80° 0.08590 91.2%
" " " +110° 0.09726 96.2%
" " " +140° 0.10878 97.0%
" " " +170° 0.11306 94,.6%
Table 6 2 avg. r' = 9.08
* g E/w. = Est. var. of Ey.
Estimates of ajy with b; Constant for Angles ' data about thei;
mean value.
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system out weighed the loss in prediction accuracy,

The Analysis of aiY for the Different Articulation

Angles. The transformation of the torque scale T to a
scale that was proportional to the Ew scale for each
muscle group's action, resulted in the 3y parameter
becoming a proportionality constant between the two

scales, The value of an iy parameter is a quantified

representation of the amount of Einc required of an

individual to sustain a given level of torgue at an

articulation for a one minute period, Its dimensions

would be in Kilogram-calories per Kilogram-centimeters
to the bi power per minuteol As long as the bi
parameter doesn't change for each i muscle group

(as defined in the preceding discussion), the value of
ajy for each Yy articulation angle could be compared
to determine if the various angles that were studied
resulted in statistically different amounts of Ew for
given resultant torques,

The analysis of the possible angle effect on Ew was

performed in the following manner: For each i muscle

1 a broad definition of system efficiency is accepted,
i.e, the output rate diviH%H'E?’?HE‘TﬁEE?Xbate9 then the
inverse of the ajy parameter is the efficiency of the
muscle systems, since it reflects the level of static
torque (or a transform of it) that is maintained per
minute for a specific amount of metabolic energy expended
per minute,
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group action the torque and Einc data presented in
Table 4 were pooled (i.e, no y articulation angle
stratification) and a single a; parameter estimate
was obtained by minimizing the squared deviations

between the Ew data and the predicted values from the

model:

The a; estimates from this model were then used

to form the following all angle prediction equations:

For One Shoulder Flexion (i=l)g

2 _ 2,0
E = 0,0001052(SFT1) r

= 95,.4%
wl
For Two Shoulder Flexion (i=2):
Vel
E, = 0.03355(5FT2)%°? r? = 86.8%
2
For One Shoulder Extension (i=3):
~ ' 2.4 2
Ew = 0,00000946(SFT1) r° = 84,2%
3
For Two Shoulder Extension (i=u):
FaN
E, = 0,01797(sET2)}0 r? = 92,5%
4
For One Elbow Flexion (i=5):
A
E = 0,00507(EFT1) Y3 r? = 81,7%

Wg
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For Two Elbow Flexion (i=6):

2 - 0,7 2 _
EW = 0,09988(EFT2) r- = 75,8%
6

The a; parameter estimates were then assumed to

be constant in a parameter significance test presented
by Graybill (39:128-133), The null hypothesis of the

test being:

Hos The value of the ajy parameter in each of the
regression equations (for each vy articulation
angle) does not vary significantly (a=0,05) from
the parameter values a; estimated with the
angle effect excluded,

An example of this parameter test follows for the
two elbow flexion activity (i=6) with the elbow angle Ye
equal to 55° (data from Table 4), The null hypothesis for

this example is:
Ho: a6955 = ag = 0,09988 (value from above)

An analysis of variance table for the data is:

Source 'DOFO Sum of Squares| Mean Square Fratio
a6 = 0,09988 4 1,771 0,443
a6055 1,647 1,647 39,9%
error 3 0,124 0,04l
* critical £a=0005 = 10,13
Table 7

Sample A,0,V, Table for Angle Effect




=111-

As can be seen in the example, if the elbow angle
is 55° it results in a significant change in the value
of the ag
equation fit to the all angle data, The next question

parameter estimated from the regression

isy, "What about 80° or 110° elbow angle effects on as?“
To answer this question, the data from each of the angle
conditions described in Table 4 were analyzed in respect
to the all angle models summarized on page 109, The
results of these analyses are contained in Table 8, The
conclusion drawn from these analyses was that the angle
of the shoulder and elbow articulations were significant
factors in the prediction of ﬁﬁ” and therefore the value
of the a parameter should remain as a function of the
articulation angle in the prediction model,

Since the preceding angle effects were established
from data obtained at discrete angle conditions, a
method was needed to interpolate the effects for other
angle conditions, This requirement became of particular
importance during the analysis of dynamic tasks (reported
in Chapter VI) which required the shoulder and elbow
angles to be continually changing during the experiments,

The interpolation procedure employed is based on
the concept that n pairs of =x, y data can be
uniquely related by an nth order polymonial, Thus,

by pairing each of the aiY parameter estimates with the

magnitude of the <y angle at which each was obtained, a
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ANOV

of Articulation Angle Effect on

critical F

a= 0,05

ajy Parameter

Articulation | Constant | Est, of | Est. of Frdtio
Muscle Group Actions (gfgi::.g‘) bi e 3
i) (pagel09)| (Table 7)

1 One Shoulder Flexion -30° 2,0 0.000108 | 0,0001052| 6.99
" " " 0° 0.000101 6.80
" " " +30° 0.000091 25,76%
" " " +60° 0.000098 14,424

" " " +90° 0.,000111 2,89
" " " +110°° 0.000124 57.69%

4 Two Shoulder Flexion ® 0.9 0.0311 0.03355 8.99
" " " +30° 0.0287 32,15%

" " " +60° 0.0346 1,47

" " " +90° 0.0357 6.02
" n " +110° 0.0376 39,91

3 One Shoulder Extension -30° 2.4 0,0000114} 0,0000095 8,06
" " " 0° 0.0000104 14,06%
" " " +30° 0.0000059 41,25%

" " " +60° 0.0000077 6.35

" " " +30° 0.0000099 0.65

" " " +110° 0.0000111 11.05

4| Two Shoulder Extension -30° 1.0 0.01981 [0.01797 17.99%
" " " 0° 0.01812 0.21

" " " +30° 0.01571 22,17%

" " " +60° 0.01675 20.21%

" " " fgo° 0.01818 0.16

" " " +110° 0.01924 13,05%

5| One Elbow Flexion +55° 1.3 0.00664 0.00507 [253.80%
" " " +80° 0.00427 51,92%

" " " +110° 0.00427 0.10

" " " +140° 0.00567 2,45
" ow " +170° 0.00607 f 45.38%
6|Two Elbow Flexion +55° 0.7 0.11462 [0.09988 39.90%
" " " +80° 0.08590 30.28%

" " " +110° 0.09726 0.79

" " " +140° 0.10878 11,23
nom " +170° | 0.11306 8.96
Table 8 ®indicates Fratio exceeds

(1,3)=10.13
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polynomial was determined which would relate the value
of the parameter to any given angle, An example of this
procedure for the two elbow flexion activity follows,
From the regression equations (Table 6), the following
parameters were obtained for each of the five angles

studied:

o o o

Elbow Angle (y)| 55° 80° 110 140 170

parameter a 0,11462 | 0,08590} 0,09726 | 0,10878|0,11306

6oy

Table 9

Two Elbow Flexion Parameter a

BgYe

The fifth order polynomial that was found to describe the
value of the parameter as a function of the angle is
tabulated (Table 10) and is depicted in Figure 17,

Table 10 presents a compilation of the polynomials for
each of the regression models selected to represent

the muscle actions at the shoulder and elbow articulationsol
These polynomial equations provided the method for
including the angle effect on Qinc into the total single

subject metabolic prediction model,

lThese polynomials are also plotted in Figures D=8 through
D=13,
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The Analysis of One Arm versus Two Arm Actions at

Each Articulation Muscle Group. The analysis of the

two arm symmetric activities was based on the following
hypothesis. If the muscle actions are independent in
each arm, the %inc predicted from the regression equation
for two separate one arm actions should be equal to the

A

E predicted from the regression equations for two

inc
arm symmetric actions, throughout the torques studied.
This infers that the forms of the regressions are also
similar and thus the b parameters are equal, In other
words, if a proportionality model (i.e, b=1l,0) describes
a two arm activity best,; then it should also describe
the corresponding one arm activity., Since the b
parameter estimates for one and two arm activities were
not similar (as displayed in the all angle regression
equations on page 109), the question of whether %inc

for two separate one arm activities was the same as for
one symmetric two arm activity, required a comparison of
the predicted %inc values at different resultant torques.
The first analysis performed was of the one and

two shoulder flexion activities, The hypothesis tested

. = 2]1E. . »
:I.n02 1n<.l

where the total resultant torque for the two shoulder

was

action is assumed equally divided between each shoulder,

i.,e, SFT2 = 2(SFT1l). With reference to the all anglg
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regression equations presented on page 109, the above

hypothesized relationship becomes: *

E. = £(B. ) = £l0.03355¢(sFT2)?*%7 = 2[Eincl]=

lnc2 W

2

2[}’(lﬁw )] = 2%[0.000105(3?’1‘1)2'0]} .
1

A graphical representation of this relationship is
presented in Figure 18 (page 119). The result of this
graphical analysis is that for up to 255 Kilogram-
centimeters of torque on each shoulder, the one arm
flexion model predicts a slightly lower ﬁinc for two
separate shoulder activities, When the resultant torque
is increasing above 255 Kgm-cm, for each shoulder, the
two arm flexion model predicts increasingly less energy
for the simultaneous shoulder actions., This latter
result was expected since high torques require scapula
stabilization by muscles in the upper trunk and neck,
These stabilizing muscles were proposed in Question U4
(page 37) as possibly being more efficiently used if

the load was balanced on both shoulders, When measuring

error intervals were projected about the predicted values

A A : 2 _
96, E = £E) = antilog(0.7963(E +4,1673)]-2.147

lFrom page inc

7,963
which is graphically presented in Figure 15, page 95
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for the one shoulder flexion, it was seen that at the
higher torques the difference between the ginc values
for two separate shoulder flexions and one simultaneous
flexion becomes significanto1 From this graphical
analysis it was concluded that separate functions should
be retained to predict Einc for each type of activity.

A similar analysis of the one and two shoulder
extension activities was performed, The all angle

regression equations from page 109 produce the following

hypothesized equality:

A

E = £f(E. |= fr 797(sET2)1°07 = 2 E =
inc, = T2, Jr fto.02 * o Bine, | °

2{f[§w ]} = 2{£[0,000003u6(SETL)?**]
3

where again it is assumed that SET2 = 2(SET1l)., The
results of these relationships are graphically displayed
in Figure 19, This analysis disclosed that at higher
torques the simultaneous two shoulder extension activity
predicted less Einc than if the same torque was divided

in half and performed by two separate one shoulder

1., . . . .
Using the measuring error interval for the, comparison

assumes that the average value of Ejjq is Ejpeco. Because
of the high correlations, Table 6, this did not appear
to be a serious assumption,
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activities, From this it was concluded that two
separate expressions should be retained to predict

A A

Einc and Einc °
3 1)

A
The Einc values for one elbow and two elbow
flexion activities were compared in a manner similar to

the preceding shoulder analysis, The hypothesized

equality for this analysis is:

E.
inc

>
o
1]
N
1>
[N
o
0
o
J

inc

>

[e)]

' i
H

' Sm'

C__
n

0.7 _ (A _
£[0,09988(EFT2)°° 7] = 2|E, =
:Ln05
Zf[?w:] = 2{ft0,00507¢EFT1Y?* %1}
5

The results of the comparison of the predicted %inc values
for both types of activities are presented in Figure 7,
As is depicted, the %inc required to perform two separate
one elbow flexions is greater than the ﬁinc to perform a
simultaneous two elbow flexion at higher resultant torques,
A rationale for this result which is based on the discus-
sion of muscle recruitment and mechanics in Chapter II,
follows: Basmajian reports that at higher flexion loads
the biceps became assistors in elbow flexion,; thus also
applying a flexion torque on the shoulder (page 39).

Since two separate one shoulder flexions have already

been shown to require a greater Ein than a symmetric

C
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two shoulder flexion (page 117), it was conjectured that
the resulting imbalance in the shoulder loading during
the one elbow flexions could account for the higher Einc
values in these types of activities, Because of these
results the two different types of expressions (Table 6)
were maintained to predict Binc for the one elbow and
two elbow flexion activities,

The wrist flexion activities were next analyzed,
The parameters presented in Table 5, page 102, were used

)
to predict the two Ein values to be compared, These

(o}

equations form the basis for the following hypothetical

equality which was analyzed:

£ = £ |- auu(WrT2)L°%7 = o|E
E, . = f[%WS = £[0,1344(WFT2 ] =2 ine, | =

A . 1.7
2{%[?W7I}- 2{tro.609u(wrT1)T 7}

These left and right hand expressions were graphically
compared in Figure 22. It was concluded from the results

A
of this comparison that the Ein for two separate one

Cc

wrist flexions was not significantly different from the

A

Einc for a symmetric two wrist flexion, This result was

expected; since the muscles that flex one wrist are

mechanically remote from the same muscles in the opposite
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arm.

It was therefore decided that a single prediction
equation could be employed for both one wrist and two
symmetric wrist flexions, The a parameter in this
wrist flexion equation was developed by pooling the Einc
values for the two types of wrist flexion activities
presented in Table 4, pages 89 thru 90 ., The equation
resulting from the pooled data (which is expressed in
terms of the Einc predicted for one wrist) is:

E. =f[:’ﬁ ]: £L0,00417(wrT1) e8]

inc, w7
This equation becomes a prediction equation for a
symmetric two wrist flexion by simply doubling the
predicted value of Ein for each wrist's action. 1In

c

other words, the two wrist flexion prediction is:

l I 8
A ) ) r WET2) " B
Einc - Z[Finc7] - 2{%19000417 ( vl ) - 2

8

and the coefficient 0,00417 is constant for both types
of actions, This will be designated as a, or ag,

depending on which type of action is being considered,

Summary of Results of the Effects of the Maior Factors

This section has reported the effects of the

following major factors on a torque-Binc relationship:
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1, Which particular muscle group was active

2, Which angle was maintained at the shoulder
or elbow during the activity,

The analysis of the results disclosed the following:

1, The weighted Einc values Ew could be predicted

by the formulation
t

E =z aT
Ew—a °

The parameters a and b can be functionally
related to the skeletal muscle system as
follows: 1t

b - defines the manner in which a muscle
group metabolically responds to a
change in torque (page 103),

a - defines the effect on the metabolism
of a muscle group when the angle at
the elbow or shoulder changes for a
given resultant torque (page 108),
It is the proportionality coefficient
between Ey and the resultant torque
at an articulation,

2, The effect of changing the angle of the
shoulder or elbow on the value of the a
parameter is statistically significant
(page 111),

3, The use of both shoulders performing a flexion
or extension, or both elbows performing a
flex1on9 requires less Ejpn. for high torques
than if the resultant torque was divided into
half and sustained by two separate one arm
actions (pages 116-123),

4, The Elnc predicted for a,single wrist flexion
is equal to half of the E; nc predicted when
both wrists were flexed with the same torque
at each wrist (page 125),

1The b parameter values are presented in Table 6, and
a parameters are predicted by the polynomial equations

in Table 10, or by the graphs, Figures D=8 through D-13,
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The Effects of Adjacent Articulation Conditions

Since there are very few actions of the arms which
involve just the muscles of one articulation, it becomes
of practical importance to define the interaction effects

A
on E. due to simultaneous actions at adjacent articu-

inc
lations, Already the analysis of one and two symmetric
shoulder actions has disclosed that the effects of the
muscles involved at these two laterally adjacent articu-
lations can not be considered to be additive. Also, the
problem of additivity of the effects due to elbow muscle
actions appears to be related to whe+her shouldsry and
elbow flexion muscle actions interact, as proposed in
Question 7 (page 4l),

Specifically, two types of interaction effects
were foreseen as possibly being able to alter the
additivity of the major factor effects defined in the
preceding section., Both of the types of interaction
effects foreseen were based on the concept that describes
the action of muscles that span two articulations, as
discussed on pages 40 and 41, The possible effects on

A

Einc due to these types of muscles were:

1. The two articulation spanning muscles's
ability to create tension, for a given
level of Ej,., is altered by its length
(discussed on page 48) which in turn is
dependent on the angle of both articula-
tions,
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2, The two articulation spanning muscles can
produce compatible or incompatible reactive
torques at both articulations bridged by
the muscle, thug possibly reducing or
increasing the Ej . predicted for each
articulation when considered as acting
separately,

The Adjacent Articulation Interaction Experiments

The concepts presented in the preceding discussion
were the basis for two types of experiments, The
objectives of these experiments were to determine the

~"
effects on E,; of: 1) the angle of an articulation that

inc
is adjacent to one that is sustaining a resultant torque,
and 2) the combination of different resultant torques at

two adjacent articulations,

The Adjacent Articulation Angle Effect, Each of

the preceding reported experiments of the effects of the
major factors on Einc were performed on one articulation
muscle group with the adjacent articulation angle held
constant, For example, during all of the shoulder
studies,; the elbow angle was maintained at 140 degrees,
For the elbow experiments, the shoulder angle was fixed
at zero degrees (i,e, the upper arm longitudinal axis
was in line with the trunk axis), The wrist studies
were performed with the elbow at an 80° angle, The
effect of this type of constraint on the generality of
the preceding results was determined by performing 28

additional experiments, In these studies the primary
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articulation angle (i.e, the articulation that was
incurring a resultant torque) was held constant while
the adjacent articulation angle was altered, The
conditions and results of the experiments are presented
in Table 11,

An analysis of variance was performed to determine
if changing the adjacent articulation angle would signif-
icantly raise or lower the value of Einc for the four
resultant torques employed at the primary articulation,

The statistical two way analysis of variance model that

was used is(43:46-=49):

E = u+ T, + A, + 0..
wij 1 ] 1]

The variables are:

E,;. . - Observed weighted incremental metabolic
ij energy expenditure rate at i resultant
torque and Jj adjacent articulation in

Table 11,

U = Average E, for all i and Jj conditions

studied W

T. = Resultant torque exerted at primary
articulation (four levels employed)

A. - Angle of adjacent articulation (two
] levels employed)

= Residual error of Ey after variations
which were consistent with resultant
torques and adjacent angles were

O..
1]
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1
removed,
The hypothesis of main concern was:

Ho: The Ey (and thus Ejpe) values are not
different (a=0,05) for each of the two
different adjacent articulation angles
j , within the conditions of the exper-
iments described in Table 11.

The analysis of variance results are summarized
in Table 12. From these results, it was concluded that
changes in the adjacent articulation angles do not

exert a large enough effect on Ei to be statistically

nc
significant, Therefore, this effect was not included in
the final metabolic prediction model for static tasks.

The adjacent Articulation Torgue Interaction

Effect, This section presents the experiments (and
results) that were performed to estimate the extent of
variation in Einc values when a task involves the use
of muscle groups that heretofore have been considered

in only independent actions, The experiments were

performed due to Question 7 in Chapter II, which presents

lThe residual error contains both measurement error and

a possible torque-adjacent angle interaction effect on Eigo
Replication was not attempted to separate these two
sources of error since it was disclosed earlier (page 106
that the major part of the Ey variation was predicted by
a model that did not contain an interaction between the
torque level and primary articulation angle., Thus the
torque-adjacent angle interaction effect was assumed to
be small,
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Study F of
No. Source Variance ratio
(Table 11) of Variance Estimate Angle LEffect
Torque (Ti) 4,25
1 Angle (A) 0.13 1.78
Residual Error 0.073
Torque (Ti) U.26
2 Angle (A;) 0.140 1.51
Residual Error 0,093
Torque (Ti) 4,77
3 Angle (A) 0.030 0,34
Residual E%ror 0.087
Torque (Ti) 2,09
4 Angle (Aj) 0.010 0.77
Residual Error 0.013
Torque (T;) 2,30
Residual Error 0.0u47
Torque (Ti) 2.40
Residual Error 0,197
Torque (Ti) 2,25
7 Angle '(A;) 0,080 0.,96U
Residual Error 0.083
Critical Fa=0.05 (1,3) = 7.81

Conclusion: Null hypothesis that Adjacent Articulation
Angle Effect is Insignificant is not rejected.

Table 12

Analysis of Variance Table of Adjacent Articulation
Angle Effects
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the possible effects of two articulation spanning muscles
(page 40).

The empirically developed E prediction equations

inc
for muscle actions at each articulation (i,e, values

A -
obtained from predicted Ew values by using Table 6
parameters) were used as a basis for comparison in the

. 1 . .
experiments, As an example, using the combined one arm

shoulder and elbow flexions, the comparison is:

A
Einc - Einc * Ainc * Binc
1,5 1 5 15
The variables are:
Einc = the Einc value observed when both the

1,5 shoulder and elbow of one arm are flexed
simultaneously at given shoulder and
elbow angles (i,e, Yg and Ye and resultant

torques (SET1 and EFT1).

1)

- the predicted Elnc value from the

iney transformation (page 96 ) of

A spr192:0) q
Ewl = angs (SFT1) J , for given

shoulder angle Yg and resultant torque

SFT1 , with a value from Table 10,

l,v,

w2

lA multiple analysis of variance was not possible due to
the proposed additivity of Ej ne values at each articula-
tion not having a constant vam.ance6 When transformed to
Ey values the homogeneity was achieved, but his transfor-
mation was non-linear, Thus, the Ew values at each
articulation were not expected to be additive.
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A
Einc = the predlct?d Ei?c value from the
5 transformation o
A
E, = a (EFT1)L° 3 , for given
w5 Saye

elbow angle Yy_ , and resultant torque
EFT1 , with ag value from Table 10,
e

Einc - the Ej,. difference to be estimated between
15 the sum of the predicted Ej,. values for
the shoulder and elbow flexion when
considered as acting independently, and
the observed Ej,, when the shoulder and

elbow are flexed simultaneously,

By rearranging the preceding equality, the inter-

action energy term Eine could be estimated when various
15

were determined by experiments, In

levels of Ei

nc

other words:
E. = E. - E. + ﬁ.
inc, ¢ J.,nc195 {ylncl 1ncé]

With reference to the scope of this project, the
possible interaction of three types of muscle actions

were defined for study, These weres:

l, Both the shoulder and elbow were flexing,

2, The shoulder was extending while the elbow
was flexing,

3, The elbow and the wrist were flexing,

Because the angle effect on Einc was found to be

significant at both the shoulder and elbow (Table 8),
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all of the above types of muscle actions involving one
arm were performed with each articulation set at two
different angles, By including this condition, the

angle effect on the Ein due to the hypothesized muscle

c

interaction was balanced,
" The resultant torques at the two articulations

were established in a (2)2factorial experiment design,

Graphically, the design is depicted in Figure 22 (y43:96):

High I~ ® @— Torque
Torques at (1=2) Conditions
A articulation Studied
muscle actions
Low
Gi=1 [ @ ®
| l
Low High
(j=1) (3=2)

Torque at B articulation
muscle actions

Figure 22 (2)2 Torque Interaction Experiment Design

The experiment conditions, and the E o response of
one subject to the conditions, are displayed in Table 13
on the next page.

The analysis of the torque interaction effect was
accomplished by first computing the difference in the Ein

C

values presented in Table 13, and the sum of the ﬁinc

values predicted for the two active articulation muscle
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groups, This is represented as:

A A
E. = E. = | E. + E.
lnCAB 1ncA§B [ 1ncA 1ncB]

where the A and B subscripts indicate which two
articulation muscle actions are being considered (A

and B values are the same as 1 explained on page 104),
Since there was no prior knowledge of how the inter-
action of two different adjacent articulation torques

could effect Ei s & cross product of the two torques

AB

was used, Thus, for the various torques TA and TB

designated in Table 13, the interaction effect E,

nc

NCAB

was estimated by minimizing the squared differences

in the followings:

3 4%_ ?
Q = };; & £ E. - e, (T T )]
=1 1=1 3Jj=1 inc AB""A. "B.
ABijl ir T3k

M:\)

where [ represents the particular articulation angle
configuration studied (Table 13), and i and J

designate the specific torques for which E. values
inc,p

were computed, The parameter is estimated by

€AB

differentiating the above equation in respect to €rp

which gives:

n 2 2
(T, T, )(E, )
% z = [Aiz By lncAB..£]
e - £F1 1=1 j=1 1]
AB
s i % ( )2
T T
4=1 i=1 §=1 [ Ajg Bsg ]
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The resulting estimates of e,p are summarized in

Table 14 on the next page. Since the parameter

€AB

was estimated for various torque and angle combinations,
its value represents the average effect for the three
types of torque interactions studied in this research
project,

From inspection of the values of the e, parameter,

the following conclusions were made:

1, When two adjacent articulations are sustaining
simultaneous resultant torques, the total Einc
is less than if the resultant torques are
sustained in two separate actions, (as displayed
by consistent negative values of epp in
Table 14), For the compatible torque conditions
this could be explained by the existence of
the two articulation spanning muscles, But
since incompatible torques (i.e, shoulder
extension-elbow flexion) also resulted in a
decrease in the total Ej, ., some other mechanism
appears to be acting to result in the Ejp.
conservation, Perhaps the two artlculatlon
actions are closer to "normal" everyday actions,
which results in the recruitment of more
efficient muscle groups.

2, The elbow-wrist simultaneous flexion actions
result in the greatest conservation of energy,
(approximately 10 times greater than the
shoulder-elbow flexion), The simultaneous
shoulder extension-elbow flexion actions result
in the least energy conservation (approximately
five times less savings than in the more
compatible torque situation where the shoulder
and elbow are both flexing simultaneously).

Since the torque interaction effect was related to
the cross product of two resultant torques, its effect
on the total Ei for a given activity has to be analyzed

nc

in terms of the magnitudes of both torques., This is
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Torque Interaction
Number Muscle Actions Studied Parameter Estimate
Arms e ..
AB
Shoulder TFlexion(A) -6
one Elbow Flexion(B) -1.162 x 10
Shoulder Extension(A) -7
one Elbow Flexion(B) =2.254 x 10
Elbow Flexion(A) -5
one Wrist Flexion(B) -1.6556 x 10
Shoulder Flexion(A) -6
two Elbow Flexion(B) =1.606 x 10
Shoulder Extension(A) -7
two Elbow Flexion(B) =3.040 x 10
Elbow Flexion(A) -5
two Wrist Flexion(B) -1.089 x 10

Torque interaction parameter estimates from
experiments and data in Table 13,

Table 1u

Torque Interaction Estimates for €rp
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done graphically in Figure 23 on the next page,

Because there appeared to be a consistent
conservation of energy in all of the muscle actions
studied (this is depicted by the negative e,p parameter
estimates in Table 14), exclusion of the effect from the
final prediction model was not justified, In other words,
the torque interaction effect could not be contributed
to a random error, Therefore, exclusion of the torque
interaction effect from the final prediction model would

. A
introduce a constant bias of the Ei predictions towards

nc
higher values of Einc than actually exist,

The Single Subject Metabolic Energy Prediction

Model for Static Activities

This section combines the effects on %inc ( due to
the major factors and torque interactions) into a single
subject metablic energy prediction model, The model is
used to predict the ﬁinc of the subject performing weight

holding tasks which involved the whole arm or arms,

A
The Single Subject Prediction of E, _ for Static Tasks

The results of the experiments pertaining to the
major factors disclosed that three types of information

were required to predict the ﬁinc for a particular muscle
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group's action, These were:
1, whether one or both arms were involved in
the task,

2, the magnitude and direction of the resultant
torque at each articulation

3, the angle of the shoulder and elbow articu-
lations,
The result of the torque interaction analysis was
that the torques at adjacent articulations had to be
. . . . A
combined to predict an interaction effect on Ei o

nc
The consolidation of these effects on ﬁi

nc
resulted in the metabolic energy expenditure rate
prediction model depicted in Figure 24, The input
resultant torques and articulation angles in this
model were obtained by the algorithm outlined in

Appendix A, and schematically represented in Figure 3,

page 27,

The Validation of the Single Subject E: e Prediction

Model for Static Tasks

To estimate the prediction accuracy of the Single
Subject Model, a series of weight holding activities
were performed by the same subject used in the preceding
experiments, The three variables manipulated in the

experiments were:

l, the involvement of one or both arms in the task
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2, the position of the arm(s)
3, the weight of an object held in the hand(s).

All of the studies were replicated to obtain an estimate
of the variation in Einc for each test condition., The
specific test conditions employed were selected to

study the prediction model under what was judged to be
relatively "typical" weight holding conditions, but ones
which also had significant differences in the articulation
angles and resultant torques., The experiment conditions

and resulting E. observations are depicted in Table 15,

c
with the resultant torques computed by the algorithm
presented in Appendix A,

The ﬁinc for each of the validation studies in
Table 15 was predicted with reference to the prediction
model presented in Figure 24, The predicted values are
displayed in Table 16, Because the observed Einc values
were found to not have the homogeneity required to make
a direct comparison of the accuracy of the prediction
model, both the actual and predicted values were trans-
formed to EW values in order to create the required
homogeneity for the analysis, A linear regression
analysis was then performed on the transformed variables
by seeking the least squared error between the observed

Eie and the predictions from the following model:

A
Ew = d(Ew.) + Og/

. a
1 1
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where the variables are:

E,; - transformed Ej,, observaticns in Table 15,
i (transformed by Ej,. Weighting procedure,
page 96)

d - proportionality parameter to be estimated

A
transformed predicted Ej,. values from
i  prediction model, Figure 3&.

>
1

- estimated standard deviation of E

e/a gzservations about the predicted

Wi
) values,
i

The results of this regression showed that the
predicted ﬁw_ values were relatively unbiased, since d
was found tolequal 0.983, (if d=1,000 the predicted £, _
would be completely unbiased), A statistical test of
whether the change in the slope from d=0,983 to d=1,000
(performed by the procedure outlined on page 110),
disclosed that at a=0,01 the difference was not signif-
icant,

Confidence intervals about the regression line were
then computed (based on the estimated O¢/a which was
found to equal 1.57), The procedure used was proposed
by Graybill (39:120-122), The intervals were computed
for the 95 percent confidence level, and were then
transformed to Einc values by the inverse transformation
[?inc = f(Ew?] y depicted on page 96 , TFigure 25 displays
the results graphically.

If the weight holding studies employed for the
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- 95% Conf, Limit - Regression
Line
Range of E,
inc

Observations (Table 15)

] ] ] | ]

1.O 2.0 3.0 4.0 5.0
Predicted ﬁinc from Model (Figure 2U4)

Figure 25

Actual vs, Predicted Ein for Single Subject

C

Static Arm Activities




=]1149=

validation are considered to be typical in position and
weight range, then the fact that 94 percent of the total
E. o Vvariation was predicted indicates that the model can

be used to gain some insight into the effects of various

static activities on one subject's metabolic rate,

Chapter Summary

The results of the preceding metabolic experiments
have disclosed that an unbiased estimate of the average
incremental metabolic energy expenditure rate for the

subject can be achieved by knowing:

1, the resultant torques at his shoulder, elbow,
and wrist articulations,

2, the angle of his shoulder and elbow articu=
lations,

3, whether he is using one or both arms in the
activity,

The relationship of these "external" factors to
A
the value of his Einc resulted in the following obser=

vations:

1. The amount of change in Eine for a given
change in the resultant torque varies with:

a, which muscle group is involved in
the task (discussed on pages 103-104
and depicted by b parameters in
Table 6),

b, whether one or both arms are employed
in the task (pages 116-123),



2,
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The magnitude of Ej for a specific torque
created by a given ' miscle group's action at the
shoulder and elbow is a function of the angle
of these articulations (Figures D-8 through
D-13, and pages 108-=115),

Less Ej,o occurs in activities involving two
adjacent articulations than is predicted by
considering the articulation actions to be
independently performed (pages 131-141l),
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THE DEVELOPMENT OF A GENERAL SUBJECT METABOLIC
PREDICTION MODEL FOR STATIC ARM ACTIVITIES

It was postulated in Chapter II that the following
two processes were the major causes of variation in the
Einc values of different individuals performing the same
task:

l. Anatomical differences which would change

the mechanical advantage of the muscle
groups (page 32),
2, Muscle recruitment differences which could

result in "less mechanically efficient"
muscles being used in a task (page 27),

Because of these jpostulated effects on Einc9
three additional subjects were employed in experiments
to estimate the value of the speculated individual
differences, and how any resultant effects could be
included in the single-subject metabolic prediction
model deveioped in the preceding chapter. The
experiments [that weré€] performed with each of the
subjects had slightly different specific objectives,
Therefore the order of reporting will be to present

the experiment designs, results, analyses, and

conclusions pertaining to each subject,

The Second Subject's Effect on the Model

The specific objective of the experiments performed

=151~
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with the second subject (designated J.J. in the subject
data summary, Table B-1l, Appendix B), was to determine
if the value of the a and b parameters estimated
for the first subject (preceding chapter) would remain
the same, To determine this the following concepts

served as a basis for subsequent experiments:

1, If the value of the b parameter (exponent)
is the same for both subjects, it would
indicate that both subjects' muscles respond
to changes in torque in a similar manner,

2, If the value of the a parameter (as well as
the b parameter) remains the same, then for
a given torque at an articulation the values
of Eine will be equal.,

3, If the value of b remains the same but the
value of a 1is different for the two subjects,
then the difference could be due to a change
in muscle efficiency at various angles, or
due to a different "total efficiency" in the
muscle groups of each subject., Either type
of change in muscle efficiency could be
caused by differences in muscle anatomy or
muscle recruitment, both of which are
unmeasured quantities in this research project,

The Second Subject Experiments to Estimate the b

Parameter

The objective of the first set of experiments
performed with the second subject was to determine the
effect of different articulation torque levels on Einc°
In other words, the experiments were to estimate the
value of the b exponent, To accomplish this, Einc
values were obtained for four torque levels in each of

the eight muscle group actions performed by the first
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subject (Table 6). These are described in Table 17 on
the next page., Replication studies for five different
experimental conditions provided enough information to
substantiate that the standard deviation of the Einc
values (for given levels of the experimental conditions)
was related to the expected value of Einc in the same
manner as was found for the first subject (page 7u4),
Because of this condition, the E. e Values were
transformed to Ew values for the following analyses,

First, the logarithmic model Ey = a‘?b was fit
to the E ~torque values for each muscle group action
(the regression procedure is described on pages 96-100),
The results of the regression are summarized in the
upper half of Table 18,

From inspection of the values of the b parameter,
it was observed that the values varied for each muscle
group action in a similar manner as the first subject'’s
(page 102), To confirm this observation the first
subject’'s b parameter values were substituted for
the exponent in the preceding logarithmic model, and
the resulting model was fit to the Ey-torque data by the
procedure outlined on pages 103 through 106 . The results
of this regression are presented in the lower section of
Table 18, |

From a comparison of the percent of Ey variance

accounted for by both regression models, it was concluded

that the value of the b parameter was the same for each
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subject. In other words, both subjects' E,

e ded
ine respon

in a similar manner to changes in torque for the partic-

ular muscle actions studied,

The Second Subject Experiments to Determine the Effect

on the a Parameter

Since the value of the b parameter was found to
be similar for each subject, the a parameter was
evaluated in a manner similar to its analysis with the
first subject (pages 108-116). The first question
considered was in regards to how a could change in
respect to each articulation angle. In other words,
was the value of the a parameter (which reflects
the efficiency of a muscle group) dependent upon the
angle of each articulation for the second subject as
was found to be the case with the first subject?

To determine this, eight additional experiments
were performed with the second subject. The muscle
action involved was a two-elbow flexion, in which
torques of 100 and 250 Kilogram-centimeters were
sustained with the elbow angles set at 550, 1100,
1u0°, and 170 degrees. The Einc results of these
experiments are presented in Table 19,

By fitting the elbow prediction model used for
the first subject (page 107) to the data in Table 19,

the a6Y values were estimated for each angle, The
e
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Elbow E, o Response (Kcal/min) to Torques of:
Angle (y.) 100 Kgm-cm, 250 Kgm-cm,
55° 0,21 0.66
110° 0,18 0.5u
140° 0.19 0,58
170° 0,20 0,63
Table 19

Einc Values for Different Elbow Angles

results are summarized in graphical form in Figure 26

on the next page. The a6Y parameter values for the
e

first subject are plotted for comparison, As is

depicted by this comparison, the a5y

for the second subject was also dependent on the

2 parameter value
e

articulation angle, and in fact, varied in a manner
which corresponded to that of the first subject's,

The conclusion drawn from this result was that
differences in the Einc for the two subjects apparently
did not depend on the angle of the articulation,
Instead, it was attributed to a more general effect,
possibly due to anatomical differences in bone size and
muscle structure, or possibly a consistent use of

"less efficient" muscles regardless of the articulation
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