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SUMMARY

Arm strength studies have typically been done for arm positions in
the frontal and sagittal plane. Little is known concerning arm strength
behavier in three dimensions or concerning strength variation in the
transverse plane. This research consists of four phases:

1. Design of an arm strength testing apparatus,

2. Collection and statistical analysis of preliminary data on

three dimensional arm strength behavior,

3. Examination of transverse plane strength and determination of

possible mathematical forms for a predictive equation, and

4. Final development of a useful predictive model for arm

strength in the transverse plane.

Two separate studies were conducted, called Study I and Study II.
In Study I, tests were made on 18 handle locations in representative
portions of the reach sphere, each locatlon uniquely determined by a
vertical plane passing through the center of the chair. (sagittal,
frontal, or 45 degree planes) and a vertical distance or height above
the seat level. (0, 20, or 40 inches) Each 6f the 18 handle locations
were tested at three distances from the body (near, mid-range, far), in
three forearm rotations (pronation, mid-position, supination), and in
six directions of force (left, right, up, down, push, pull). A total of
972 tests were evaluated for one subject.

Strength was found to be greatest 20 inches above the chair seat,

decreasing as the hand is raised or lowered from that level. Greatest



972 tests were evaluated for one subject.

Strength was found to be greatest 20 inches above the chair seat,
decreasing as the hand is raised or lowered from that level. Greatest
forces can generally be exerted in the right front quadrant of the reach
sphere, with lowest forces exerted with the hand directly behind the
head. All strength values are greatly dependent upon the direction of
force exertion.

Study II consisted of an analysis of push forces exerted in the
20 inch tramnsverse plane, forearm in mid-position. In the transverse
plane, strength varies parabolically with the distance of the hand grip
from the SRP. A computationally simple mathematical equation that will
predict arm strength as a function of spacial coordinates of the hand was

derived.



CHAPTER 1

INTRODUCTION

Statement of the Problem

The assessment of static muscular strength has been an area of
interest to both the military and civilian industrial communities for
decades. Static strength data can provide a method of predicting the
strength required to operate a hand control, and can help determine if a
given physical task can be accomplished. Human strength assessment is
also needed to establish population norms for the better design of
machines and tools.

Some of the emphasis design engineers are now placing on static
strength assessment originated from the requirements of new types of
military, aircraft, and electronics equipment and space vehicles. The
need to design these systems to optimize their use by human beings has
led to wider application of strength data to other types of vehicles and
equipment. The application of strength data has been, however, fairly
restricted; there are many vehicles and items of equipment in use today
by the military and civilian communities that could have benefited from
more extensive and systematic attention to the design of human operated

controls.

The military and civilian handbooks on equipment design provide
arm strength data only for handle locations in the mid~sagittal plane or
para-sagittal plane through the shoulder. Data on effects of changing
the direction of force are also provided only for sagittal plane exertions.

There is, themn, a need to provide more extensive strength data for the



design handbooks.

There is increasing emphasis in the field of human factors
engineering on quantitative methods as a basis for developing principles
or guidelines for equipment design. In keeping with this emphasis, it
would be helpful to provide the designer with, not only additional data
on arm strength, but also a concise mathematical model that will provide
reasonably accurate arm streﬁgth predictions in situations not yet explored
experimentally.

This study, sponsored by the U.5. Army Human Engineering
Laboratory, Aberdeen Proving Grounds, Maryland, was initiated with the
intention of providing information on human strength assessment that can
be of value in the design and construction of vehicles and equipment

requiring human operators.

Objectives

There were four objectives to this research.
Objective 1 |

Design and build an arm strength testing apparatus capable of
testing strength in any handle location around the body, any forearm
rotation, and any force direction.
Objective 2

Collect preliminéry data on arm strength to provide a general
understanding of strength variation in three dimensions, and to develop
general guidelines and recommendations for use of this data in the design

of hand controls.



Objective 3

Determine the mathematical form of any possible strength prediction
equations and determine the feasibility of developing a mathematical model.
Such models should be simple encugh to be useful to the designer, require
only hand computations, and yet provide reasonably accurate strength

estimates.

Objective 4

If feasible, develop a mathematical model for a subset of the

reach sphere data, and assess its applicability in industrial design.

Test Conditions

Two studies were conducted to meet the above objectives, Study I
and Study II. For study I, tests were made on 18 handle locations
selected in representative portions of the reach sphere. Each handle
location is uniquel& determined by a vertical plane passing through the
center of the chair (sagittal, frontal, or 45 degree planes), and a verti-

cal distance or height above the seat level. (0, 20 or 40 inches) Two

exceptions are the overhead position which is determined by the intersection
of the frontal and sagittal planes through the SRP, and the location

behind the head which is 30 inches above the chair seat. Each location
around the body was tested at three distances from the body (near, mid-
range, far). At each handle location, three forearm rotations were

tested (pronation, mid-position, supination), and six directions of force
examined (left, right, up, down, push, pull). These test conditions thus
provided 972 (18 - 3 « 3 +« 6) data points representing most segments of

the reach sphere.



Study II consisted of a more detailed analysis of push forces in
the transverse plane 20 inches above the chair seat, with the forearm in
mid-position. This test combination was selected because it is a common
one which arises frequently in military and industrial equipment operation.
A total of 34 models were fit to the data.

In both studies, no harnesses or body restraints were used during
testing. The subject was allowed to assume a 'normal-natural" position
for each force exertion. Tests were conducted on a single subject

representing approximately the 84th percentile of static strength scores.

Conclusicns

0f the three heights tested, strength was found to be greatest 20
inches above the chair seat, decreasing as the hand is raised to 40 inches
or lowered to seat level. The effect of forearm rotation and horizontal
position on strength are extremely dependent on the direction in which the
force is exerted. 1In all handle locations, pulling produced the greatest
forces, with the lowest forces exerted to the left and right. The pre-
liminary data collected in Study I were used to develop general guidelines
for the design of hand controls positioned anywhere in the operator's
reach sphere.

The results of Study II indicate that strength varies in the
transverse plane parabolically with the distance of the hand grip from
the SRP (Seat Reference Point). A computationally simple mathematical
equation that will predict arm strength as a function of spacial
coordinates of the hand is presented. It also appears feasible to extend
the equation to three dimensions without greatly increasing the

complexity of the model. The equation which can be used to predict



strength in the transverse plane, 20 inches above seat level, forearm in
mid-position is:

Loge(é) = 2.837 - .003438(X - 10.5)% - .002649(Y - .5)2

{1.1)

v 137 V1002 + (3-.1)2

Order of Reporting

Chapter II provides a review of the current literature on strength
testing and compares the results of previous tests of arm strength. The
experimental procedures followed and a description of the equipment that
was designed and built for use in these tests 1s discussed in Chapter
ITI. Chapter IV presents the data collected and experimental results,
with a more detailed discussion of these results provided in Chapter V.
Additional conclusions of this research and recommendations for their

application are presented in Chapter VI.



CHAPTER II

LITERATURE REVIEW

An abundance of literature exists today on strength testing.
This chapter provides a consolidation of the literature as it relates
to testing methods, arm strength data, and the interpretation of arm

strength test results.

Terminology

Muscular Exertions

Three types of muscular effort will be referenced: Isometric,
concentric, and eccentric. Isometric denotes an effort in which the
length of the muscle remains constant as the tension of the muscle varies.
Isotonic contraction is constant tension as the length of the muscle
varies. Concentric indicates that the muscle shortens actively against
an applied resistance; eccentric indicates that the muscle is lengthened
by an external force applied to it.

Joint Angle Measurement

Measurement of angles at the joints can be somewhat confusing when
it is noted that so many researchers will use procedures which facilitate
reporting of their particular experiment, rather than using a standard
reference system. For this review, all angle measurements will be
referenced from the anatomical position.

The anatomical position is the erect standing position, arms at

the sides, palms facing forward. From this position, flexion at any



joint will be ventral bending which decreases the angle between the body
parts. Thus, for shoulder flexion, 0 degrees will refer to the position
of the arm parallel with and held along side of the body; 180 degrees
refers to the arm pointing directly overhead. An elbow angle of 180
degrees refers to the arm held straight at the elbow. Extension,
conversely, will be an increase in the angle between the body parts.
Abduction is the movement of a body segment away from the midline of the
body; adduction is movement toward the midline. Horizontal adduction is
a similar movement executed in the transverse plane through the shoulder,
30 degrees being the arm directly out to the side, level with the
shoulder in the transverse plane. 0 degrees horizontal adduction would
thus be the arm level with the shoulder, parallel to the sagittal plane.

Forearm Rotatiocon

Forearm rotations (sometimes referred to as forearm positions) are
of three types: pronation, supination, and mid-position (semi-pronation).
Pronation is the position with the thumb pointing toward the wmid-sagittal
plane, supination the position with the thumb pointing away from the mid-
sagittal plane, and mid-position the rotation with the thumb pointing
parallel to the sagittal plane.

Regardless of the original terminology used, each study referenced
herein will be labeled to allow these quite standard terms to be properly

applied.

Strength Testing Methods

The simplest technique for objective muscle testing that is widely

used in clinical work is the spring balance method developed by Lovett



and Martin (1916). Clarke, Elkins, Martin and Wakim (1950), in a study
of normal muscles, measured the amount of tension applied to a cable with
a specially adapted tensiometer. This instrument worked oﬁ the spring
principle, but was geared to be sensitive tc contractions which are
almost isometric. Wakim, Gersten, Martin and Elkins (1950), noted some
disadvantages of a spring balance system, such as high inertia or inter-
nal resistance, which could cause variations in recorded results due only
to the measuring device; such systems also suffer from a low range and
often changing level of sensitivity.

Among the many types of pressure systems employed is the myometer.
Newman (1949) designed such an instrument consisting of a pressure gauge
set in a small cylinder, from the end of which extends a short shaft and
a pressure-transmitting device. A built-in hydraulic pressure converter
transmits the linear force exerted on the device to a pressure gauge.
There are no springs, cams, levers, or cables to transmit this force from
the device to the gauge. The myometer could be used to measure resistance
of a muscle in isometric contraction and could be used for most muscle
groups.

More recent methods involve the use of electrical strain gauges,
the advantages of which are low inertia and a wide range of sensitivity.
Wakim, et. al. attached strain gauges to a ring attached to a cable.

Two gauges were attached on the inner side and two on the outer side of
the riﬁg. Tension on the cable produced changes in strain gauge resis-
tance which were recorded on an oscillograph. (Wakim, et. al., 1950)
Results obtained were similar to those found by Clarke using a cable

tensiometer. (Clarke, et. al., 1950) Another comparison between strain



gauge and cable tensiometer methods was done by Kennedy (1965). 'He
found the results to be approximately equal in recorded values.

Schatine (1972) used strain gauges in a wanner similar to Wakim,
et. al. to conduct tests for muscle strength in three dimensions. He
ugsed a technique known as photogrammetry to monitor subject position.
Three mutually perpendicular cameras take simultaneous photographs of a
subject while he is exerting his maximal isometric strength for a given
muscle group. It is thus possible to determine from the photographs the
exact spacial coordinates of any point on the subject's body. This
technique allows very accurate recording of the subject's position on
each trial, a problem which can be even more critical than usual when

exertions are in three dimensions.

Strength Data

A number of studiés have been conducted to determine the amount of
strength which can be applied when the body parts are in different
positions or orientations. These studies are herein presented bhased upon
the type of strength tested. Since most researchers have studied more
than one strength parameter, Table 1 is provided to facilitate comparisons
between studies, and to provide in summary form the basic experimental
design and results of these studies. It may also provide a clearer
understanding of the test positions used in various experiments. Entries
in Table 1 are in alphabetical order. Strength curves from some of the

‘more prominent studies have been plotted on the same axis in Figures 1
through 6 for easy comparison. Thus the strength data surveyed in this

chapter may be quickly found either by reference to muscle group in the



SOURCE

Asmussen,
Heebol-
Nielsen,
1962

Campney &
Wehr, 1965

Clarke, et.
al, 1950

Table 1,

JOINT OR
MUSCLE
GROUP

Average of 25
muscle groups

Arm strength
measured
separately

Right shoulder

Right
elbow

Right shoulder

TYPE OF SAMPLE MEASUREMENT
EXERTION SIZE TECHNIQUE
general test 360 male
of over-all 250 females
strength ages 15 to
60 years
General arm
strength
Shoulder 23 males Cable-tensiometer
flexion 19 females supine subject
shoulder in 180
degree extension
exertions in
sagittal plane.
Elbow 64 male Same as Campney &
extension college Wehr study above

Elbow flexion

Shoulder flexion Supine subject,
upper arm in mid-

frontal plane, for-

arm in vertical
plane

Tabular Comparison of Major Strength Study Results

RESULTS
See Figure 11.

See Figure 12,

See Figure 3. Also;Study
compares men & women,
concluding only that
strength curves are of
same form, but women
much lower throughout
movenent range.

Strongest position at
140 degrees followed by
decrease at full exten-
sion. Low point of
strength at point of
maximum possible elbow
flexion.

See Figure 1.

See Figure 3,

0T



SOURCE

Clarke, et.
al., 1950

Doss &
Karpovich,
1965

Downer,
1953

Table 1,

JOINT OR
MUSCLE
GROUP

Right
shoulder

Right
elbow

Right
elbow

TYPE OF

EXERTION

Shoulder
extension

Shoulder
adduction

Shoulder
abduction

Elbow
flexion

Elbow
flexion

SAMPLE
STZE

37 male
college
juniors

30 adult
women—20
50 years

MEASUREMENT
TECHNTQUE

Exertions in
frontal place
while supine.
Elbow flexed as
much as possible,
and kept in same
sagittal plane as
the humerus

Same as
adduction

Wall mounted
dynamometer using
a load cell and
oscilograph on
standing subject,

Beasley Myo-
dynamometer,
supine subject

Tabular Comparison of Major Strength Study Results (Continued)

RESULTS

See Figure 4.

See Figure 5.

See Figure 6,

See Figure 1., Also:
Compares eccentric,
concentric and iso-
metric contractions.
Concentric force is 23%
smaller and eccentric
force is 13,5% greater
than isometric.

See Figure 1. Also:
Compares right arm to
left., Right values
slightly higher, Also
compares strength in
different forearm
rotations. Greatest in
mid-position, supinated
next, 3.6 lbs less.

11



SOURCE

Elkins, et.
al,, 1951

Hugh~Jones
1946

Table 1.

JOINT OR
MUSCLE
GROUP

Right
elbow

Right
shoulder

Left, right
arms

TYPE OF
EXERTION

Elbow
flexion

Elbow
extension

Shoulder
abduction

Horizontal
push

SAMPLE
S1ZE

14 females
10 males

13 male
10 female

10 female
7 male

2 male, 26
& 27 years
old

MEASUREMENT
TECHNIQUE

Strain gauge on
supine subject.
Upper arm{(should-
er) in 180 degree
extension-along
side of body.

All exertions
against gravity,
i.e, shoulder at
90 degree flexion
subject supine.

Seated subjects
Supine subjects

300 1b spring
balance with
seated subject

11

Sa A=

....._;’ - -
3 0f 4 vertical
planes considered

Tabular Comparison of Major Strength Study Results (Continued)

RESULTS

See Figure 1, Also:
Compares men & women, &
compares 3 forearm ro-
tations. Greater force
in mid-position, then
supination. Women's
scores about 507 of men.

See Figure 2. Due to
gravity effect, readings
lower than would have
been expected., Also:
Same additional compar-
isons as above.

See Figure 6.
Also: Same as above

Force greater with eblow
flexed than extended.

See Figure 7.

cT



Table 1.

JOINT OR
MUSCLE

SOURCE GROUP

Hugh-Jones,
1946 arms

Hunsicker,
1955 arms

Provins & Preferred
Salter, 1955 elbow

Left, right

Right, left

TYPE OF SAMPLE
EXERTION SIZE

Horizontal pull

45 degree
upward pull

N\

Push, puli
adduction,
abduction,
up, down

55 males

Elbow \T&::" 8 males

flexion 4 females

Elbow
extension

MEASUREMENT
TECHNIQUE

Tensiometer on
seated and prone
subjects. Exertions
in sagittal plane,

Strain gauge
dynamometer on
seated subject.

Tabular Comparison of Major Strength Study Results (Continued)

RESULTS
See Figure 8.

See Figure 9. Height

of hand grip has great-
er affect than distance
from the seat back rest.

See Figure 10. Also:
Prone position found to
be approximately 717

as strong as sitting
position.

See Figure 1. Also:
Compares different
forearm rotations.
Results here are for
both flexion and
extension.

See Figure 2.

£T



Table 1. Tabular Comparison of Major Strength Study Results (Continued)

JOINT OR
MUSCLE TYPE OF SAMPLE MEASUREMENT
SOURCE GROUP EXERTION SIZE TECHNTIQUE RESULTS/_:t"
Provins & Preferred Elbow flexion ’E -7
Salter, 1955 elbow & extension 3 /,’ )
[ L [LL 0 ]
~~
e ———————
) Az o . Jow
Schanne, Right Elbow 1 male Orthogonal See Filgure 1, This fig-
1972 elbow flexion photogrammetry, ure 1s graph of sagittal
strain gauge, plane reduction of:
seated subject. T =336.294+2,088ap-
3. 364aygt.01%yg.
Variables as defined in
chapter II. In sagittal
plane, ayg=0.
Elbow See Figure 2, Regression
extension equation: Tp=264.153 -
.575uE—.425aVS
In sagittal plane,
aVS=0
Right Shoulder
shoulder flexion See Figure 3. Regression

equation: Tg=227.338 +

.52505-. 3720~ 296ayg

In sagittal plane,
shoulder flexion is:
TS=321.9 - .296aVS

YT



SOURCE

Schanne,
1972

Singh &
Karpovich,
1965

Table 1,

JOINT OR
MUSCLE

GROUP

Right
shoulder

Right
elbow

TYPE OF

EXERTION

Shoulder
extension

Shoulder
abduction

Shoulder
adduction

Elbow
flexion

SAMPLE MEASUREMENT
SIZE TECHNIQUE
20 male Dynamometer
students using four SR-4

type strain gauges
on a lever arm

Tabular Comparison of Major Strength Study Results (Continued)

RESULTS

See Figure 4. Regression
equation: TS=208.5 -
-0990&VS

See Figure 6. Regression
equation: Tg=227.338 +

+5250 - 372ap—+ 296ayg

See Figure 5, Regression
equation: Tg=149,392 -

2
.161aHS+.00860cH -

S
.099avs

See Figure 1. Also:
Compares eccentric, con-
centric and isometric
contractions. Isometric
force 1s 41.647 greater
for flexors than
extensors. Isometric
force less than eccen-
tric and greater than
concentric. Elbow
flexion regression
equation:
F=.03+.9087A-.004272A°

ST



SOURCE

Singh &
Harpovich,
1965

Singh &
Karpovich,
1968

Williams,
et. al.
1959

Table 1.

JOINT OR
MUSCLE
GROUP

Right
elbow

Right
elbow

Right
elbow

Right
shoulder

TYPE OF
EXERTION

Elbow
extension

Elbow
flexion

Elbow
flexion

Shoulder
flexion

Shoulder
extension

Shoulder
horizontal
adduction

SAMPLE
SIZE

12 male
11 female

10 adult
men., In
children's
tests, 10
boys, 10
girls

MEASUREMENT
TECHNIQUE

Same as 1965

study

Cable ten-

siometer, standing
subject. Sling
at the wrist

Tabular Comparison of Major Strength Study Results (Continued)

RESULTS

See Figure 2, Regression
equation: F=.1 + ,682A

-.0039264A2

See Figure 1. Also
Compares eccentric,
concentric and iscometric
contractions. Same re-
sult as above. Preferred
vs non-preferred found
to be non-significant in
general. Isometric
strength of women was
44% of men.

See Figure 1.

See Figure 3.

See Figure 4.

POUNDS -
3

80
6C

40
20f

9T



17

body of the chapter, or by author in Table 1.
Lumbar Pull

Bedford and Warner (1937) confirmed earlier studies that strength
of lumbar pull is strongly influenced by the height of the handle above
the ground. These researchers found that strength of a standing subject
was at a maximum with the handle at the height of the index finger.

Elbow Flexion (Figure 1)

Clarke, Elkins, Martin and Wakim (1950) found that a plateau
existed at the strongest position for pulling at elbow angles of 100 to
140 degrees. The low point of strength was at the point of greatest
possible flexion. In Clarke's study, the subject's upper arm was in the
mid-frontal plane, his forearm in the vertical plane. All tests were
made with the forearm in mid-position. The direction of pull was parallel
to the sagittal plane.

Elkins, Leden and Wakim (1951) found muscle power to be greatest
during elbow flexion of 80-90 degrees. The strength curves were basically
the same as earlier studies. Observations were made under identical
conditions as in Clarke's study, at elbow angles of 60, 80, 90, 100, and
120 degrees. A strain gauge was used to measure the strength of muscular
contraction.

Williams and Stutsman (1959) corroborate previous studies on
elbow flexion. A maximum force of 86 pounds was found at an elbow angle
of 90 degrees.

In experiments by Downer (1953), elbow flexion at three points
from 10 to 30 degree intervals was determined. The highest mean strength

was found to be at 90 degrees of elbow flexion with a decrease in either
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Figure 1. Elbow Flexion Strength Curves
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direction away from a right angle. Tests were run on subjects supine on
the table, arms at the.sides.

Provins and Salter (1955) ran tests to determine the importance of
body fixation, posture, and points of force application in limiting the
strength of elbow flexion and extension. The strength of flexion was
found to be approximately 150 percent that of elbow extension. (Figures
1,2) The waximum force exerted was found to occur at 90 degrees. A
strain gauge dynamometer was used with an elbow rest and a single bar
attached to the dynamometer. The bar mounted either an adjustable wooden
handle of one inch grip diameter, or a steel wfist cuff lined with sorbo-
rubber. The subject was in an adjustable seat, his arm at his side. A
curved backrest was provided in the lumbar region. 1In the first experiment
a T-handle was used and elbow flexion and extension were tested at three
angles. The second experiment with a wrist cuff was identical to the
first except only the 90 degree elbow angle was tested. The results of
both strain gaugé experiments were treated statistically by the analysis
of variance method. Five factors were considered: subject, hand {(right
or left), joint angle, forearm rotation, and direction of force. All of
these main effects were found to be significant as well as several of the
first order interactions. Excluding interactions involving subject
differences, the most significant interaction was that of forearm
rotation with direction of force.

Singh and Karpovich (1966) studied the forearm extensors and
flexors. Thelr results led to regression equations to predict each type
of force studied. The equation for isometric elbow flexion as a function

of elbow angle is:
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F = .03 + .9087A - .0042724°

Doss and Karpovich (1965) compared the concentric, eccentric and
isometric strength of elbow flexors. (Figure 1) They found that for a
range of movement between angles of 75-165 degrees eccentric force was
always greater than concentric. (Table 1) Comparisons indicated that
concentric force was 23 percent smaller and eccentric force 13.5 percent
greater than the isometric force. Their results showed a peak of isometric
strength at 120 degrees, as compared to a peak at 115 degrees found by
Clarke in 1950. The strength values found by Doss and Karpovich were
approximately one-half those found by Clarke. This is explained by the
fact that the tests by Clarke were made with a sling at the mid-peint of
the forearm, whereas Doss, et. al. measured force at the hand. With this
allowance, their curves are rather close.

Singh and Karpovich (1968} found isometric force of the flexors,
on the average, to be 41.64 percent greater than isometric force of the
extensors. (Figures 1,2) This result is confirmed by previous findings.
(Singh and Karpovich, 1966)

Schanne (1972) developed a three-dimensional hand force capability
model using biomechanical methods of joint articulation. Using torque
(force multiplied by the distance between the joint and point of attachment
of the muscle or tenden to the’bone) as a more sensitive expression of
muscular force, Schanne developed regressien equations for several
measures of arm strength. For elbow flexion, the following equation

resulted.
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2 2
TE = 336.294 + 2.088aE - .OlSaE - 3.364avs + .019(1Vs

where TE = torque at elbow in inch-lbs.
ap < elbow angle in degrees
tyg™ vertical shoulder angle (angle of shoulder flexion) in degrees.

When reduced to the sagittal plane, the equation reduces to:

T, = 336.294 + 2.088u_ ~ .015a.
which agrees in general form with that computed by other researchers.
(Figure 1) The maximum value was found at an elbow angle of 69.60 degrees.
Curves found by Williams, et. al. and Elkins, et. al. appear to be
typical. Clarke's maximum at 120 degrees rather than the typical 90
degrees could be due to differences in angle measurement. Downer's
results may be lower due to the test being run on only women. Other
differences in magnitude of forces may be due to differences in measure-
ment techniques and to the variations in sample populations. Clarke
took measurements using a strap at the mid-point of the forearm. Other
studies used either a handle or wrist strap, providing a longer moment
arm and thus values approximately one-half in magnitude.

Elbow Extension (Figure 2)

Clarke, in his 1950 study, found a monotonically decreasing
relationship between pounds of force and angle at the elbow when testing

the strength of elbow extension. Clarke found that the strongest position
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for movement of this joint was at 140 degrees, when the muscles were at
their greatest stretch, followed by some decrease at full extension due
to a loss of leverage. He found a plateau existed between 80 and 140
degrees and a low point of strength at a position of maximum.possible
elbow flexion.

In the follow—up study by Elkins, Leden, and Wakim (1951),
observations of 14 women and 10 men showed a gradual increase in power as
the elbow was extended, with a peak occurring at 120 degrees. These tests
were designed to eliminate the effect of gravity on the results. This
was done because on a supine subject (humerus in frontal plane and
parallel to the sagittal plane) at angles greater than 90 degrees, efforts
were assisted by gravity, while hiﬁdered at acute angles. The subject was,
therefore, placed in a recumbent position, his elbow elevated to an angle
of 90 degrees flexion at the shoulder (humerus in sagittal plane, perpen-
dicular teo frontal plane). Thus, for all angles tested, the force exer-
tions were against a gravity influence and could be compared with each
other.

Provins and Salter (1955) found the maximum force exerted in elbow
extension occurred at the 90 degree angle. This, of course, differs from
the results previously mentioned of the Elkins study. Provins and Salter
explain the disparity as being due to the fact that at 60 degrees, exten-
sion is hindered by gravity and at 120 degrees is gravity assisted.
Elkins' experiment, however, was conducted in a manner which made the
gravity effect constant throughout (see previous paragraph).

Singh and Karpovich (1966) found a regression equation for iso-

metric elbow extension force prediction as a function of elbow angle:
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F=.1+ .68B24A - .00392A2

In a follow-up study on the forearm extensors and flexors Singh
and Karpovich (1968) found, contrary to Elkins, et. al. (1951), that
extensors showed greatest strength not at full extension, but when they
were stretched, the elbow angle being 90 degrees or less. (Figure 2)
These findings agree with previous results obtalned by these investigators.
(Singh and Karpovich, 1968)

For elbow extension Schanne's equation is:

T = 264.153 - .575aE - .QZSQVS

where TE = torque at the elbow in inch-1bs. Sagittal plane form merely
causes the vertical shoulder angle term to drop ocut. Tt can be seen that
the minimum strength for elbow extension is obviously at the maximum

elbow angle. (Figure 2) The strength curve exhibits a monotone decreasing
property. A parabolic relationship with a maximum at approximately 90
degrees is typical. Shanne felt that the portion of the parabola within
the range of motion of the elbow is the strictly decreasing section.
Hence, simplicity dictated a linear (first degree polynomial) regression

model would suffice.

Shoulder Flexion (Figure 3)

Clarke (1950) found that in shoulder flexion, a plateau was
reached for elbow angles of from 45 to 90 degrees. The greatest power was

exhibited with the arm at the side.
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Campney and Wehr (1965) studied shoulder flexion with a cable
tensicmeter. A linear relationship was hypothesized, as strength in-
creased with decreasing joint angles.

Williams, et. al. (1959) also studied shoulder flexion. Although
little can be drawn from the Williams study because neither the position
of the subject nor the means of stabilization are discussed, results of
the study do indicate that in shoulder flexion, isometric contractions
increase in strength as the shoulder angle decreases, with a relative
plateau found around 60 degrees.

Schanne (1972) found a regression equation for should flexion as:

TS = 321.9 - .296avs

where TS = torque at the shoulder in inch-lbs.

Shoulder Extension (Figure 4)

Clarke, et. al. (1950) found that in shoulder extension, only small
changes occurred throughout the range of motion. Williams and Stutzman
{(1959) found a plateau around 60 degrees in shoulder extension. Their
results agree well with Clarke (1950).

Schanne's equation for shoulder extension was found to be:

TS = 208.5 - .099@VS {Schanne, 1972}

This equation disagrees somewhat with other researchers in that the data
most commonly reported appears parabolic. Schanne believes that his

single subject used for development of the regression equations may have
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had some unknown peculiérity for this muscle group when the data is con-
sidered in the sagittal plane.

Shoulder Adduction (Figure 5)

Clarke (1950) found that the graph representing shoulder adduction
strength was nearly symmetrical from 25 to 180 degrees with the greatest
power exhibited with the arm at right angles to the shoulder,

Schanne found the following regression equation for shoulder

adduction:
= T 2 —
Tg 149.392 .l61aHS + .0086aHS .099aVS
where Opg = angle of shoulder abduction. (Schanne, 1972)

It can be seen that Schanne found the vertical shoulder angle
(angle of flexion) had little effect on adduction strength. This, again,
does not agree with published data.

Shoulder Abduction (Figure 6)

In shoulder abduction, Clarke found that the height of the strength
curve was at 180 degrees; the plateau was from 90 to 135 degrees.
(Clarke, 1950)

With subjects seated on a table, feet resting on a chair, the back
supported and a sling attached immediately above the elbow, Elkins and
his co-workers observed 13 women and 10 men. He found that the force
obtained in shoulder abduction was siightly greater with the elbow

extended than with the elbow flexed. (Elkins, Leden, Wakim, 1951)
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The equation Schanne developed to explain shoulder abduction

strength is:

TS = 227,338 + .SZSGE - .372aHR - .296avs

where Oyp = angle of humeral rotation (rotation of the upper arm)
{Schanne, 1972). This equation also disagrees with other researchers who

found a parabolic form to the data.

Effects of Varying Force Directions

In an early study, Hugh-Jones (1947) was concerned with the
relationship of exerted force to the angle at the joint for the purpose
of studying control placement optimization. He compared the maximum push
and pull on an isometric hand lever for different heights and distances
in relation to a seat reference point (SRP). Results of the horizontal
push tests showed an increase in the force exerted as the distance of the
handle from the SRP increased, allowing greater elbow joint extension,
and reached a maximum just prior to full extension. (Figure 7) It was
found that there was no significant difference between force exerted in
the mid-line of the body or force exerted in the plane of the shoulder,
but that strength is less when the plane of effort is outside the shoulder.

Horizontal pull forces were found to be dependent on the angle of
elbow extension but, rather than decreasing at full extension, these
forces tend to increaselgradually up to full extension, showing no
limiting angle. (Figure 8)

Hugh-Jones also measured the maximum pull in a direction 45 degrees

upwards for a hand grip at different distances and heights in relation
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to the seat reference point. (Hugh-Jones, 1947} (Table 1) He found that
the height of the hand grip in relation to the SRP has a greater effect
on exertable pull than the distance from the backrest. Pull strength
continually decreased as the height of the hand grip increased above
waist height. (Figure 9)

Hunsicker (1955) investigated the amount of force a subject could
exert with the arms at selected elbow angles. (Figure 10) Six directions
of movement were tested at each angle: pull, push, lift up, dowm,
abduction and adduction, in both sitting and prone positions. 1In the
sitting position, the order in which greatest forces could be applied was
pull, push, up, down, adduction, abduction. In the prone position the
order was pull, push, up adduction, down and abduction; in both the
sitting and prone positions, the weakest action was approximately one
third of the strongest. The prone position was generally found to be 71
percent as strong as the sitting position.

In anotherrmore recent study conducted primarily for use by the
military, Thordsen, Kroemer and Laubach (1972) examined human force
exertions in airecraft control locations. They were concerned with the
maximum isometric forces male subjects could exert at six different
control locations in two vertical and four to eight horizontal directions
of force. In these tests, some use of the shoulder and body was allowed
during the exertions. There was no attempt to isclate a particular muscle
group. Thordsen, et. al. found that the amount of force exertable depends
decidedly upon the location of the aircraft control and on the directions
of force exertion. In all of the locations, smaller forces were generally

exerted in directions perpendicular to the line from the handle to the
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shoulder joint, while larger forces were usually recorded in directions

along that line.

Forearm Rotation

In the Elkins study (1951) comparisons of forearm rotations showed
an average difference in power between the three rotations was not greater
than 2 pounds. (Figure 11) It was concluded that, on the average, there
is little difference between the elbow flexion force exerted in supination,
pronation, or mid-position, but that mid-position appears to be most
favorable for normal subjects.

In comparing strengths at different forearm rotations, Dowmer
(1953) found the greatest strength of elbow flexion occurred with the
forearm in mid-position. Supination was next with an average of 3.6
pounds less than mid-position. S$She found pronation to be the weakest
position for elbow flexion. Her subjects were 30 adult women; she used
a Beasley Myodynamometer. Her results compare favorably to those found
by Elkins, et. al. (1951).

In testing forearm flexion and extension using a T-handle strain
gauge dynamometer previously described, Provins and Salter found signifi-
cant differences in force occurring with varying forearm rotations and
directions of force. (Table 1) That this was not found by Elkins is
probably because their study was done using wrist straps. Provins and
Salter conclude there is a2 significant contributing influence of the hand
to strength in variocus forearm rotations. (Provins and Salter, 1955)

Rasch (1956) conducted tests to compare the effects of forearm
rotations in elbow flexion. Measurements were made for supination,

pronation and mid-position. Rasch found that mean elbow flexion strength
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was greater (47.8 1bs.) in mid-position, with supination (43.2 1bs)
somewhat less. Strength with the forearm pronated was measured at 27.5
pounds. Tests were conducted on 24 adult male students ages from 23 to
25. His tests were run on a standing subject using a cable attached to a
floor pulley. Tests were made with each subject's forearm placed in an
extended position 100 degfees from his humerus, i.e. in flexion of 100
degrees.

Effects of Body Support

Clarke, et. al. (1950) tested the forearm flexors and extensors
both with and without the use of a footboard for the subject's stability.
The average pull of forearm flexcrs with the footboard was 105.2 pounds,
while without the footbeoard it was only 77.5 pounds. Muscle power was
greatest with the footboard in every instance. This indicates the need
for careful documentation when reporting subject's position and stabili-
zation to enable different studies to be compared.

Caldwell (1962} studied the effect of a back rest and elbow angle
on the strength of push (arm extension). He found that with no back
support, elbow angle had little effect on the strength of the response.
When a backrest was provided, strength increased regularly up to angles
of 135 to 160 degrees. As well, he found that an increase from a 20
percent to an 80 percent back rest height resulted in a 24 percent
increase in output.

Sex and Age Differences

While testing men and women in shoulder abduction, (Figure 11)
Elkins and his associates (1951) found that in male subjects, there was

stronger pull at angles of 10 to 40 degrees and at the larger angle of
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110 degrees with slightly weaker pull in between. The women's strength
was almost uniform throughout the entire range tesﬁed, with only a slight
rise at greater angles. These researchers gave no reason for this last
result.

Singh and Karpovich (1968) made comparisons of the strength values
of forearm flexion and extension between the sexes and between preferred
and non-preferred arms. Angles tested ranged between 50 and 140 degrees
elbow angle. Isometric strength of women was found to be, on the average,
44 percent that of men. (Table 1)

Asmussen and Heebol-Nielsen (1962) tested muscle strength on 360
men and 250 women, ages 15 to 60 years, in 25 different muscle groups.
To graph the over-all changes in isometric muscle strength, all values
for the different muscle groups were expressed as percentages of the
strength of the same muscle group in the 20-22 year old age group for
men and averaged. Asmussen found that the strength of man increased to
about the age of 30, at which time it is about 104 percent of the strength
at age 20-22 years. (Figure 12) It then decreases gradually so that at
age 60, it is about 80 percent of the 20-22 year strength. Women were
found to have 65 percent the strength of men the same age, decreasing to
63 percent at age 30. At age 535, strength has declined more rapidly for
females and is about 54 percent of the isometric strength of men in the
same age group. Arm strength in both men and women measured separately
from other muscle groups (Figure 13) seems to reach a peak at age 20 and

stays constant at age 40, at which time a decrease occurs.
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Antropometric Relationships

Early in the history of strength testing it became of interest to
know which factors actually contributed to strength. 0f particular
interest has always been which anthropometric measurements of a subject
can be used most accurately to predict the strength of that individual.

Martin (1918) ran studies of children ranging in ages from 5 to
18 years. His data shows the calculations of dver—all strength based
on testing only part of the body's muscle groups can be useful in eval-
vating body strength without the need for a large number of tests. Martin
also demonstrated that strength varies directly from year to year during
this period of growth with both weight and height.

In 1954, studies were done by Clarke to determine the relationship
of five anthropometric measurements to arm strength. The five anthro-
pometric measurements used were: length of the upper arm; standing
height; circumference (girth) of upper arm relaxed, flexed and "temnsion
flexed". For purposes of analysis, several arm strength criteria were
employed to determine relationships. These criteria are defined as
follows:

Raw score composite — total score obtained by adding the raw

strength scores obtained on nine isometric strength tests.
{This method had the effect of weighting the tests, as small
muscle movements with low strength scores were combined
directly with large movements with high scores.)

Hull-score composite - Hull score values obtained on each test

are added. {Hull scores are based on the standard deviation

distances of scores from their respective means.)
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McCloy's Index - Pull ups and push ups (from parallel bars) were

‘utilized by solving the equation:

Arm strength = 1.77Wgt + 3.42 (number of pull-ups) - 46

The same equation was used for push ups; combined pull-up

and push-up strength was obtained by adding both.

Roger's Index - Arm strength = (Push ups + pull ups) (Wgt/10 +

Hgt - 60)

Initial studies relating measurements to cable tension strength tests
showed correlations of .28 and .55 with girth of the upper arm relaxed
and flexed respectively. {(Table 2} 1In subsequent tests, fairly high
correlations were found between three of the anthropometric measurements
and the strength scores. McCloy's arm strength test was found to be
positively correlated (.73) with the girth of the upper arm flexed. The
correlations between the three anthropometric measurements and tests were
significant, the highest being .52 with shoulder flexion. Subjects in
these studies were predominantly mesomorphic (athlethzbuild) with some
tendency toward meso-ectomorphy (slender-athletic build) and had better
than average musculatures. (Clarke, 1954)

Walkey and Cowan (1963) considered the possible relationship of
strength and age, height and weight, on grip strength. The following

regression equation resulted:

Y = .19578025Xl - .29481108X2 + 21.834137X3 - 10.902322



Table 2. Intercorrelations of Experimental Variables and Their Correlations with the Various

Arm Strength Criteria. (Clarke, 1954)

McCloy's McCloy's

Rogers' Arm Arm McCloy's
Arm Strength Strength  {push~ups +

Experimental Strength (pull-ups) (push-ups) pull-ups)

Variables 1 2 3 N 4 5 6 7 8 Cl c2 C3 C-4

1. Shoulder .78 .60 .62 .53 .34 .28 .34 .17 .51 47 .51
adduction

2. Shoulder .66 .60 .47 .22 .34 .47 .07 .55 .49 .53
extension

3. Shoulder .56 .47 .19 .11 .52 .17 .53 .56 .59
flexion

4. Shoulder A8 .29 119 41 .22 .51 .53 .58
inward
rotation

5. Elbow .18 .41 .42 .29 .39 .48 .49
flexion

6. Standing .54 .07 .14 .34 .35 .25
height

7. Length of .30 .04 A7 42 .32
upper arm

8. Girth, .04 74 .74 .73

flexed
upper arm

oY
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where Y

= grip pressure (kg)
Xl = height (cm)
X2 = age (completed years)
X3 = body weight (log kg)

This analysis is based on 362 men and 394 women, aged 60 to 89 years.
Hand grip pressure was measured with a "Meredith" dynamometer. Each
individual was permitted three tries with each hand, with the highest
reading recorded. Body weight and height were measured with men and
women wearing a minimum of clothing and no footwear.

It was found that body weight was insignificant in contributing
to the explained variation of strength, and was therefore eliminated from
the equation. In tests on both men and women, prediction equations for

right hand grip strength as a function of age and height were found:

4
]

Men: 7.674334 + .3161221Xl - 28500889X2

Women: Y .21375040}(1 - .17020288X2 + 9.416400

- . . 2 . .
The coefficients of determination, R™, for these two prediction equations

are:

Men: R .3750

.3231

Women: R
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Laubach and McConville (1969) ran a rather extensive study to
determine the relationship of strength to body size and typology. The
primary purpose of the report was to examine the correlations between
muscle strength and various body gize characteristics., Eleven cable
tension strength tests were run on 77 male subjects. Thirteen anthro-~
pometric measurements were examined plus three types of body types
proposed by Sheldon: endemorphic (fat build), mesomorphic (muscular),
and ectomorphic (lean). (Sheldon, 1954) The highest zero order
correlations for elbow flexion were found with weight {(.50), lean body
mass {.58), and mesomerphy (.37). For shoulder flexion the highest
correlations were alsc with lean body mass (.49), wmesomorphy (.49)
and weight (.40). Other correlations were found significantly different
from zero, but were of much lower value. Arm length produced only three
significant correlations with muscle strength: elbow flexion, hand grip
strength, and ankle dorsi-flexion strength. These researchers were forced
to conclude, however, that for most practical purposes, the measures of
body size and typology used in this analysis were not effective predictors

of static strength. (Laubach and McConville, 1969)

Summarx

Much can be found in the literature regarding the proper methods
of conducting strength tests, (10, 11, 14, 18, 27, 35, 39, 40, 52) to
name but a few. Strength variations in the working population, both
civilian and military, are very large. Because effective muscle strength
may vary with sex, age, body size, physical conditions and many other
factors, no one body of data can be considered universally valid. It is

easily seen from Hunsicker's data (Figure 10 or Hunsicker, 1955), e.g. on
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static hand forces for a seated male, that arm strength varies greatly.
Using a sample of only 30 men, Hunsicker found that the 95th percentile
scores were anywhere from 300 to 600 percent of the 5th percentile scores
in all six tested directions, with standard deviations reaching as much as
50 percent of the mean strength score. 1In addition to this great
variability between subjects, no one muscle strength or anthropometric
dimensions has yet to be shown to be a good predictor of the strength of

a second muscle group. (Laubach and McConville, 1969)
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CHAPTER III
METHODS AND PROCEDURES

This study was conducted in two phases, referred to here as Study
I and Study II, respectively. Study I consisted of tests of arm strength
as it is affected by four variables: location of the handle, distance of
the handle from a seat reference point (SRP), forearm rotation, and
direction of force., The purpose of this study is to develop a data base
for strength as it varies with these four wariables, and to analyze the
experimental data for trends in arm strength behavior that can provide
valuable equipment design information.

Study II was a detailed study of push forces exerted in the trans-
verse plane 20 inches above the SRP, with the forearm in mid-position. A
total of 65 test positions were evaluated and used in deriving a strength
prediction equation. Procedures for both studiés are presented in this

chapter.

Study I

Apparatus and Instrumentation

A picture of the strength apparatus is shown in Figure 14. The
critical dimensions are as follows:

Chair seat: Width = 17 inches
14.5 inches

Length

14 inches

Backrest: Height

Height of SRP: 15.75 inches above ground
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Strength Testing Apparatus

Figure 14
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]

3 feet
3 feet

Chair base: Width
Length

]

Front wall to real wall = 5 feet, 4 iInches

Vertical wall track: Height: 89 inches

Width adjustable

]

Floor track: Width = 23 inches center to center

Angle of foot support: Approximately 26 degrees

Strength measurements were recorded using a load cell force
transducer (Piezotronics 208A03). The transducer was installed as shown
in Figure 15 between the base of the handle shaft and a fixed plate
attached to the box frame. Both mounting surfaces contacting the load
cell were precision machined, and attached with elastic berrylium copper
studs. The force transducer is capable of measuring dynamic and short
term static forces from one to five hundred pounds. .It is calibrated in
both tension and compression with a linearity of one percent. The
transducer iz connected to a Piezotronics 484B line power unit.
Sensitivity of the force transducer is 10 mv/lb. The output is recorded
on a Honeywell X-Y recorder. A time based readout in pounds is permanently
recorded on paper. The handle is a one inch diameter aluminum bar.
Since it was possible to obtain only one transducer, forces orthogonal
to the desired direction could not be recorded.

The fulcrum of the handle is a pin running through the handle
shaft. (See Figure 16) This pin(a) and the pin mounts(b) restrict
handle movement to one direction only. Distance (A), the distance from
the center of the hand grip to the fulcrum pin is exactly equal to (B),

the distance from the fulcrum pin to the point of attachment of the



Dimensions: 10 inches square outside to cutside
Lever arm (from fulcrum pin to handle center) = 5.5 inches
Handle: Height = 2.5 inches
Width = 4.5 dnches
Fipure 15. Handle Contrel Box and Transducer
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Figure 16.
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Schematic Diagram of Handle and Transducer Describing
Mechanical Principle of Force Calculations
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transducer. Based on mechanics, the force exerted on the load cell will
be exactly equal to the force applied to the hand grip. (Fldl + F2d2)
Calibration of the transducer with the recorder was accomplished using
known static weights in fifteen pound increments. To achieve a given
handle location anywhere in a 360 degree circle around the body, the
subject's chair was rotated to the required angle and locked into
position. To vary the distance from the seat reference point, the chair,
which was mounted on a ball bearing tfolley, was moved to any desired
distance from the handle. The base of the chair was provided with a
locking mechanism. Vertical distances were varied by sliding the handle
control vertically on the metal wall frame. Scales in inches were
provided along the flcoor and wall tracks so that distances could be set
accurately in each direction. A foot support was provided for subject
stabilization. Up~down strength was recorded by orientating the handle
as shown in Figure 173 left-right strength as shown in Figure 17b, and
push-pull strength as in Figure 17c. The averhead handle location is

an exception to the rule given in Figure 17. In this position, the six
directions are defined in a different manner. With the handle oriented
as in Figure 17a or Figure 17b (with the handle directly above the SRP
and the subjects back facing the wall frame), directions are redefined

in Figure 17 as follows:

PUSH (Overhead) UP (Figure 17)

PULL {Cverhead) DOWN (Figure 17)

RIGHT (Overhead) LEFT (Figure 17)

LEFT (Overhead)

H

RIGHT (Figure 17)
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Figure 17. Schematic Diagram of Handle Control Box
Describing Force Directions
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With the handle pointing down toward the SRP (the reverse of the
position shown in Figure 17c¢), the directions of Figure 17c are redefined
as:

UP (Overhead) PUSH (Figure 17)

11

PULL (Figure 17)

1t

DOWN (Overhead)
The vertical wall frame, the track for moving the chair, and the handle
control box were constructed from 1 5/8 inch iron channel beams (Uni-
strut).

Changes in forearm rotation were obtained by adjusting the handle
to the subject's hand. The handle itself was attached to the handle
shaft on bearings allowing 360 degree rotation around the shaft, as well as
approximately 250 degree movement in a plane through the long axis of the
hand grip, and parallel to the long axis of the handle shaft. (Figure 18)
A locking set screw is provided on the handle base to allow the desired
handle orientation to be locked in place.

Experimental Procedures

Pilot Study. A two week pilot study was conducted prior to Study
I for subject training, with emphasis on testing all handle locations.
The subject practiced exerting forces in the specified directions. This
training period reduced the inter-subject variability.

Experimental Design. Handle location was evaluated at 18 positions

around the reach sphere. These positions are depicted pictorially in
Figure 19. Each handle location is uniquely determined by a wvertical
plane passing through the center of the chair (éagittal, frontal, or 45
degree planes), and a vertical distance or height above seat level (0, 20,

Or 40 inches). Two exceptions are the overhead handle location which is
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determined by the intersection of the frontal and sagittal planes
through the SRP, and the handle location behind the head which is 30
inches above the chair seat. A description of each handle location is
presented in Table 3. The coordinates of the center of the hand grip at

each location are alsc provided in Table 3, where

Positive X distance right of the mid-sagittal plane

Positive Y = distance anterior to the mid-frontal plane

Positive Z distance above seat level
At each handle lccation, tests were made at three distance levels: near,
mid-range, and far. 1In each handle location except the overhead position,
these distance levels are measures of horizontal distance measured radially
out from the seat reference peint to the center of the hand grip. 1In the
overhead location, distance levels are vertical distances from the SRP.
At each handle location, forearm rotation was evaluated at three levels:
pronation, mid-position, and supination. Six orthogonal force directions
were examined, each direction determined with reference to the handle
control box. These six directions are left, right, up, down, push, pull.
Figure 17 depicts these directions as they are defined in this study. For
the definition of force directions for the handle location directly over-
head, which are somewhat different, see page 54. A total of 972 test
combinations were performed (18 handle locations + 3 distance levels -
3 forearm rotations < 6 directions), precluding the ability to replicate.
Tests were run in three test perilods each day. Period one was
from 8 AM to 10 AM, period two from 11:30 AM to 1:30 PM, and period three
from 3 PM to 5 PM. Actual testing time per period was approximately one

hour and 45 minutes, consisting of 18 tests each period for a total of 54
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Table 3. Description of the 18 Test Positions and Cartesian

Coordinates of Each Handle Location

POSTITION DESCRIPTION DISTANCE LEVEL COORDINATES (X,y,2)
Right side, in Near (13,6,0)
frontal plane, Mid-range (18,6,0)
level with SRP Far (23,6,0)
Same as 1, 20 Near {15,6,20)
inches above SRP Mid-range (21,6,20)

Far (27,6,20)
Same as 1, 40 Near {19,6,40)
inches above SRP Mid-range (23,6,40)
Far (27,6,40)
Overhead Near (0,0,40)
Mid-range (0,0,45)
Far (0,0,50)
Front of body, in Near (0,17,0)
mid-sagittal plane, Mid-range {0,20,0)
level with SRP Far (0,23,0)
Same as 5, 20 Near (0,17,20)
inches above SRP Mid-range (0,22,20)
Far ' (0,27,20)
Same as 5, 40 Near (0,19,40)
inches above SRP Mid-range (0,22,40)
Far (0,25,40)
Behind body, in Near (0,-5,0)
mid-sagittal Mid-range {0,-10,0)
plane, level with Far (0,-15,0)
SRP
Directly behind Near (0,-4,30)
the head, 30 inches Mid-range (0,-8,30)
above the SRP Far (0,-12,30)
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Table 3. Description of the 18 Test Positions and Cartesian

Coordinates of Fach Handle Location (Continued)

POSITION DESCRIPTION ) DISTANCE LEVEL COORDINATES(®,¥,2)

10 Front of body, 45 Near (9,12,0)
degrees clockwise Mid-range {11.5,15,0)
from mid-sagittal Far {(14,18.5,0)
plane, level with
SRP

11 Same as 10, 20 Near (14,18.5,20)
inches above SRP Mid~range (17,22.5,20)

Far (20,26,5,20)

12 Same as 10, 40 Near (11.5,15,40)

inches above SRP Mid-range (14,18.5,40)
Far (16,21.5,40)

13 Behind body, 45 Near (6.5,-5,0)
degrees clockwise Mid-range (10.5,-8,0)
from mid-frental Far {14.5,-11,0)
plane, level with
SRP

14 Directly across Near (-10,6,0)
body, in frontal Mid-range (-12,6,0)
plane, level with Far (-14,6,0)

SRP

15 Same as 14, 20 Near (-7,6,20)

inches above SRP Mid-range (-12,6,20)
Far ("17 96920)

16 Same as 14, 40 Near (-9,6,40)

inches above SRP Mid-range (-13,6,40)
Far ('17,6,40)

17 Across body, 45 Near {(-7,9,20)
degrees clockwise Mid-range (-10,13.5,20)
from mid-frontal Far (-14,18.5,20)
plane, 20 inches ‘
above SRP

18 Same as 17, 40 Near (-5.5,7,40)
above SRP Mid-range (-8,10.5,40)

Far (-10,13.5,40)
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tests per day. A completely randomized design was used to establish the
sequence of test positions. The experiment was analyzed as a four factor
nested-factorial experiment. The distance factor is nested in the handle
location factor because the three distance levels are not identical for
each handle location. (This can be verified by examining Table 3, coor-
dinate values for each distance level.)

Instructions and Test Procedures. The subject was first seated in

the chair. The equipment was adjusted for the handle height and chair
distance combination for the required test, The subject placed his hand
on the handle. He was allowed to make minor adjustments in body position
to achieve a '"mormal-natural"” position. Allowing the subject to adjust
his arm to its most natural position for each test more closely typifies
the position of a seated operator in actual practice. No attempt was
made to isolate a particular muscle group. The handle was then adjusted
to the subject so that the required forearm rotation was obtained. He was
instructed to reach his maximum exertion in two to three seconds, hold
for two seconds, then release. This time period of five seconds was
determined sufficient time to reach a maximum effort, vet minimizing
fatigue. (5, 6, 10, 11, 12, 13, 33, 35) Two or three exertions were made
for each test. The maximgm values for each exertion were recorded and
averaged. This averaging method was necessary because some of the test
positions required a relatively uncomfortable body position, which caused
larger variations in strength scores.

Rest periods after each exertion ranged from four to six minutes.
This was partly due to the time required to reset the apparatus for the

_next test positicn. It is generally felt that this amount of rest is
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sufficient to avoid undue fatigue. (10, 14, 37, 52) The subject was
allowed to rest longer if he desired.

Control of Subject Variability

Physical stabilization consisted of a 14 inch backrest and a foot
support. The squect was required and so instructed to exert his efforts
in the required direction using only arm strength aided by what stabili-
zation was available. The subject was instructed to keep at least one
point of the back in contact with the chair back at all times. No portion
of the buttocks was to lose contact with the chair seat, and he was not
allowed to use his legs to assist in any effort other than in stabilizing
his body position. Chest harnesses or seat belts were not used. Detailed
guidelines were provided, and the subject was constantly monitored during
testing to insure that exertions were accomplished only with the arm, and

only in the required direction.

Residual Effects Sub-S5tudy

One of two test positions was always performed at the beginning and
end of each period of 18 tests. These tests were used to assess the
effects of fatigue, residual learning, and diurnal effects which may
exist, but were not isolated by the experimental design. One necessary
assumption made throughout the study was that there was no day of the
week effect.

The two selected test pesitions, labelled A and B, were defined as:

A = Hand out to the side, six inches in front of the mid-frontal

plane, 20 inches above and 21 inches to the right of the SRP
Forearm rotation -~ pronation

Direction of force ~ left
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B = Hand between the legs in the mid-sagittal plane, 17 inches
in front of the mid-frontal plane, 4 inches below the SRP
Forearm rotation - promnation
Direction of force - up
The scheduling of the tests is shown in Table 4. The experiment
was run daily, with every four day cycle being considered as one learning

period.

Subject Variability Sub-Study

To obtain an estimate of the variation exhibited by the single
subject during the course of the testing period, eight positions were
randomly chosen and replicated five times each. These replicated
positions were used to test homoscedasticity, which is assumed when per-
forming analysis of variance and regrgssion analysis. Table 5 describes

these eight test positions.

Study II

The same apparatus, instructions, and test procedures were used as
in Study I.

Experimental Design

Within the reach sphere of the subject in the 20 inch transverse
plane, positions around the body were defined by a set of X,Y coordinates.
Positive X was defined as right of the origin (SRP), positive Y as
anterior to the mid-frontal plane. A total of 65 positions were selected
to cover the full range of possible hand positions from closest to farthest
from the body in representative sections of the subject's reach sphere in

this transverse plane. The X,Y coordinates are given in Table 13,



Table 4. Experimental Design for Residual Effects Sub-Study
TEST PERIOD
Day 2
Begin End Begin End Begin End
1 A B A
2 B A B
3 B A B
4 A B A

65



Table 5. Eight Test Positions Used in Subject

Variability Sub-Study
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REPLICATED
TREATMENT SPACIAL POSITION OF FOREARM ROTATION/
NUMBER HAND COORDINATES FORCE DIRECTION

1 Front of body, in mid-sagittal plane, Pronation/
17 inches in front of SRP, in trans- Up
verse plans through SRP./(0,17,0)

2 Front of body, right front quadrant Mid-posn/
11.5 inches right of SRP, 15 inches Pull
in front of SRP, in transverse plane
40 inches above the SRP./(11.5,15,40)

3 Between legs, 17 inches in front of Pronation/
SRP, in mid-sagittal plane, 3 inches Left
above the SRP./(0,17,3)

4 Front of body, in mid-sagittal plane, Supination/
22 inches in front of SRP, in trans- Right
verse plane 40 inches above the SRP./

(0,22,40)

5 Side of chair, 12 inches right of Pronation/
SRP, 6 inches in front of SRP, in Dowm
transverse plane 4 inches below the
SRP./(12,6,-4)

6 Front of body, in mid-sagittal plane, Supination/
23 inches in front of SRP, in trans- Down
verse plane through SRP./(0,23,0)

7 Front of body, left front quadrant, Mid-posn/

8 inches left of SRP, 10.5 inches in Up
front of SRP, in transverse plane 40
inches above the SRP./(-8,10.5,40)

8 Side of body, 23 inches right of SRP, Pronation/

6 inches in front of SRP, in transverse Down

plane 40 inches above the SRP./(23,6,40)
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Chapter IV. These 65 test positions were run in random order over a two
day test peried. A total of 3% tests were run on day one, 26 tests on

day two. Each day's testing was done in three test periods identical to
those used in Study I. However, only 13 tests were required per period

in Study II, and only two periods were needed on the second day.

Subjects

The age and demographic information on the single subject used for
both Study I and Study II are given in Table 6. The subject was right
handed and used the preferred hand in all exertions. Only one subject
was used because of the large number of tests required. The time required
daily for testing dictated that the author act as his own subject.

The subject was in excellent physical condition. He engaged in
weight training three to four times each week, played basketball and
tennis frequently, and was accustomed to running eight to ten miles
weekly. The test subject represents approximately the 82-85th percentile
of static strength with both preferred and non-preferred hands. (See

Table 15, Chapter IV)



Table &. . Anthropometric Description of Test Subject

Age 30 vears
Height 6 feet 2 inches
Weight 192 pounds
Neck 16 1/2 inches
Chest 44 inches
Forearm 12 inches
Wrist 6 3/4 inches
Waist _ 33 1/2 inches
Bicep (relaxed) 14 inches
Bicep (flexed) 15 1/4 inches
Hips 36 inches
Thigh 23 1/2 inches
Shoulder to elbow 15 1/2 inches
Shoulder width 20 1/2 inches

Somatotype Mesomorphic
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CHAPTER IV

RESULTS

This chapter presents the results of both Study 1 and Study II.
All raw data collected during this research is presented in the body of
the chapter, with the exception of data collected for Study I, which

may be found in Table 19, Appendix A.

Residual Effects Sub-Study

Additional tests were performed on two representative test
conditions identified as A and B (see Table 4) to determine if the data
contained any residual learning, fatigue or training effects which may
bias the results. The data is presented in Table 7. A four way Analysis

of Variance was trun on the following model:

g =1y + Pi + Tj + FP + Ll + {First-Order Interactions}
(4.1)
* en(iikl)
where S = Strength
Pi = Test period during the Day [i=1l:morning, 2:mid-day, 3:afternoon]
Tj = Test position [j=1:A, 2:B)
Fk = Fatigue effect from beginning to end of each period [k=1:

beginning, 2:end]



Table 7. Data for Residual Effects Sub-Study
PERIOD (P)
MORNING MID-~-DAY AFTERNOON
1

LEARNING FATIGUE POSITION (T) POSITION (T) POSITION (T)
PERIOD (L) EFFECT (F) 2
ﬁiift Begin (1) 43.23 83.48 50.13 82.54 42.65 88.88

End (2) 43.23 80.95 42.97 80.9 46.76 78.53
days (1)
2nd i
o Begin (1)  45.93 83.25 46.4 84.83 46.25 B83.8

U End (2) 43.37 83.67 43.95 78.4 45.2  78.65

davs (2)
3rd .
Four Begin (1) 44.53 80.8 43.33 83.07 48.43 87.77

End (2) 46.57 82.37 46.4 80.5 48.83 B84.5
days (3)
4th )
four Begin (1)  45.93 86.23 46.33 82.33 51.0 84.7

End (2) 43.77 84.07 46.33 79.53 50.17 84.83
days (4)
5th X
feur Begin (1) 45.75 86.5 43.27 83.7 45.3 85.07
ou End (2) 46.53 86.03 46.5 83.83 45.83 85.1

days (5)
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Table 8. Analysis of Variance for Residual Effects Sub-Study
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SUM OF
SOURCE SQUARES DF MS F
Daily Test
Period (Pi) 36.121 2 18.06 4.92%%
Test Position
(Tj) 21052.15 1 21052.15 5730.6%
Fatigue Effect
(Fk) 22.93 1 22,93 6,24%%
Four-Day Learn-
ing Period (Ll) 35.12 4 8.78 2.39
Two-way Interactions
PT, 15.71 2 7.86 2.14
ij i
PF, 4.08 2 2.04 .56 ;
ik |
|
PLil 52.77 8 6.60 1.80 ;
TL, 18.52 4 4.63 1.26 |
il i
{
TF, 18.25 1 18.25 4,97%% '
jk i
!
LFkl 34.08 4 8.52 2.32 |
!
1‘1
Residual 110,21 30 3.67 !
Total 21399.9 59

Three and Four way interactions pooled as error.

*Significant at .1%

**Significant at 57

- )__._._._.“L_. [P
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Ll = Learning effect over the 21 test days-[l=l:first four days,
2:second four days,...,5:last four days]
All three and four way interactions were assumed to be inmsignificant
and were pooled with the error term. The ANOVA table is given in Table 8.
The ANOVA provides an indication that there are differences in
strength due to all four variables in the model. Table 9 gives each
factor, its mean, expressed as a deviation from the grand mean, and a
measure of association labelled r. The term r cannot be strictly consid-
ered as a correlation coefficient beacuse the variables in the sub-study
are not random variables in the statistical sense. However, it does give
an indication of the ambunt of variability explained by that particular
variable in the ANOVA model. The multiple R, listed at the bottom of
Table 9, is a measure of association-between strength and all the
independent variables., The R2 term is called the coefficient of multiple
determination and is a measure of the usefulness of the terms in equation
4.1. The R2 term measures the percentage of the variability in strength
explained by all the variables in the ANOVA model. {(Draper and Smith,

1966) The R2 term indicates here that the main effects account for

almost 99 percent of the data wvariability.

Subject Variability Sub-Study

Table 5, Chapter III presents a description of eight randomly
chosen test positions which were replicated five times each at random
intervals throughout the testing period. These replications were used to
estimate the subject's overall variability as well as to test for

variance homoscedasticity.



Table 9. Deviations from Grand Mean - Residual

Effects Sub-Study

Grand Mean = 64.56

VARTABLE

DEVIATION FROM

73

GRAND MEAN r |
|
| Daily Test Period(P)
1 -.25
2 -.80
3 1.05 .04
Test Position (T) l
1 -18.73 !
2 18.73 .99 ;
Four Day Learning é
Period(L) 1 -.87
2 -.92 |
3 .20 !
4 .87 !
5 .72 !
.62 .04
Fatigue Effect(F) ?
1 .62 :
! 2 -.62 .03
i
|
i
1
|
First-Order Interactions i
POSITION (T) FATIGUE (F) |
I
PERIOD(P) 1 2 PERIOD(P) 1 2 !
|
1 -19.67 19.18 1 0.0  -.50 j
2 -19.00 17.40 2 .03 -1.63 i
3 -19.52 19.62 3 1.83 .28 l
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Table 9. Deviations froﬁ Grand Mean‘— Residual
Effects Sub-Study (Continued)
LEARNING(L)
PERIOD(P) 1 2 3 4 5
1 -1.82 =2.50 -.99 44 1.64
2 -.42 -1.17 -1.23 -.93 -.23
3 -.35 -1.08 2.82 3,12 .77
|
; LEARNING (L)
| POSTTTON(T) 1 2 3 4 5
1 -19.72 -19.38 -18.21 -17.30 -~19.03
2 17.99 17.54 18.61 19.06 20.48
FATIGUE(F)
POSITION(T) 1 2
1 -18.66 -18.80
2 19.90  17.56
LEARNING(L)
| FATIGUE (F) 1 2 3 4 '5
i
’ 1 .59 .52 .10 1.53 .37
2 -2.33 -=2.35 .30 .22 1.08

|
N

Multiple R = .994
Multiple R2 = ,988
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Sample variances were calculated as:

‘ N
52 = 1/N-1 Z(xi-i)z (4.3)
$=1

where 82 = gample variance
N = sample size
Xi = dependent variable, sample i
X =

1/N Exi
i

The random variation within each of the eight test positions is
assumed to follow the normal distribution. Table 10 presents the
variances, standard deviations, and the coefficients of variation for each
replicated position.

To test whether the set of eight variances is homogeneous, the
Bartlett test of variance homoscedasticity was used. (Duncan, 1965) The

Bartlett test is based on the statistic

_ 2, 2
M = 2.3026 [vlog( viSi/v) :i:vilogsi]
i i

where Si the independent variance estimates to be compared

]

v number of degrees of freedom, sample i

i
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Table 10, Within Subject Variation Estimates

REPLICATED COEFF. OQF
TEST MEAN VARIANCE STD. DEV. VARTATION

POSITION X, s2 s, s;/%;

1 124.12 10.58 3.25 .0262

2 50.54 B.643 2.94 .0582

3 53.05 13.26 3.64 .0686

4 22.0 5.28 2.30 .1044

5 62.60 7.148 2.67 . 0427

6 35.12 11.75 3.43 .0976

7 20.34 7.824 2.80 .1375

8 73.53 6.16 2,48 .0338

Mean 55.16 8.83 2.94 L0711

Minimum 20.34 5.28 2.30 .0262

Maximum 124.12 13.26 3.64 L1375
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==:Z:Xi
1

M is approximately distributed as xz with g-1 degrees of freedom where g

is the number of samples. Bartlett has shown that if C is defined as

C=1+ 1/3(g—1>[21/vi - 1/v]

1

2 . .
then M/C is more closely approximated by a x~ distribution than M alome.

The values of M, C, and M/C for this study are:

M= 1.4224
C = 1.094
M/C = 1,300
Testing against the ratio M/C, XZOS 7 equals 14.1, which is greater than

the sample wvalue of 1.3. The null hypothesis is, therefore, not rejected,

and we conclude that the variances are homogeneous.

Study T

The ANOVA model for Study I consists of four variables. The ANOVA

table is given in Table 11. The analysis of variance model tested was:

A

= + F, + D, + {First- i
S Hi + Sj(i) K Dl {First-Order Interactions}

(4.4)

* en(isk1)



Table 11. Analysis of Variance for Study I
SUM OF
SOURCE SQUARES DF MS F
Handle Loca-
tion (H) 29679.4 17 1745.85 17.75%
Distance from
SRP (8) 2962.09 2 3376.07 34,32%
Forearm
Rotation (F) 2849,87 2 1424,.93 14.48%
Direction of
Force (D) 163376 5 32675.37 332.14%
1lst Order Interactions
HFik 7529.33 34 221.45 2.251%*
HDil 273034.3 85 3212.17 32.65%
SF., .. 5149.9 4 1287.5 13.09*
Jk{i)
FDkl 18088.93 10 1808.89 18.39%
SD,. .. 30540.75 10 . .04%
31(4) 3054.08 31.04
Residual 75,553.33 768 98.38
Total 612,554.5 971

*Significant

at

1%
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Strength

)
=
o]
L]
1]
o
3
1

H, = Handle location as defined im Table 3 and Figure 19, i=1l,...,18
= Distance from the SRP (j=1:far, 2:mid-range, 3:near)
F, = Forearm rotation (k=1l:pronation, 2:mid-position, 3:supination)

D. = Direction of forcé (1=1:left, 2:right, 3:up, 4:down, 5:push,
6:pull)
_All second and higher order interactions were assumed to be insignificant
and were pooled into the error term. Although the error mean square is
high, any second order or higher interaction that may prove statistically
significant would be difficult to interpret. The best estimates of all
main effects and first order interactions are given in Table 12. The
parameter estimates are calculated from the ANOVA model. The data for this

study may be found in Table 19, Appendix A.

Study II

Table 13 presents the data from the second phase of data analysis,
the study of strength variation in the transverse plane 20 inches above the
SRP. A more meaningful display of the data in Table 13 is a plot of the
estimated strength contours on the X~Y plane. (See Figure 20)

The data was used to develop several potential mathematical models.
All models fit to the data will be presented in Chapter V. Of all models
that were fit, however, three were selected as being of particular
interest. Table 14 lists these three models, their regression coefficients,
the mean square error, multiple correlation coefficient R, and the
coefficient of determination RZ. Although some of these models yield a

poor fit, they are useful in analyzing the data. Contours generated by



Table 12. Parameter Estimates for Main Effects and First Order

Interactions, Study I

Grand Mean = 48.12
Main Effects

CELL PARAMETER CELL PARAMETER
EFFECT MEAN ESTIMATES EFFECT MEAN ESTIMATES

H1 45.33 -2.79 s1 45,99 -2.13
H2 51.38 3.66 s2 47.85 -.27
H3 47.99 ~-.13 $3 50.37 2.25
H4 53.65 5.53

HS 54.33 6.21 F1 50.96 ' 2.84
6 57.61 9,49 F2 47.71 -.41
H7 49,68 1.56 F3 46.26 -1.86
It 44,56 -3.56

HY 34.73 ~-13.39 Dl 31.49 -16.63
H10 50.55 2.43 D2 34,57 -13.55
H1l 54,83 6.71 D3 46,11 ~2.01
H12 49.73 1.61 D4 60.63 12.51
H13 44.57 -3.55 D5 47.53 ~-.59
Hl4 40.68 ~7.44 D6 68.01 19.89
H15 46.34 ~1.78

H16 41.76 -6.36

H17 52.26 4.14

H18 46.49 -1.63

First Order Interactions
DISTANCE (S)

HANDLE CELL 1 PAR. CELL 2 PAR. CELL 3 PAR.
LOCATION(H) MEAN EST. MEAN EST. MEAN EST.
1 40.63 -6.83 44.36 -.70 51.01 3.43

2 50.88 1.63 51.10 -.01 52,16 -1.47

3 43.77 -2.09 48.32 .60 51.86 1.62

4 58.70 7.18 52.64 -.74 49.62 ~5.28

5 52.92 -8.88 53.55 -.51 56.52 -.06

6 57.78 2.30 55.04 -2.30 59.88 .02

7 49,02 1.47 47.89 .038 52.13 .20

8 41.47 -.96 46.82 2.53 45.39 -1.42

9 33.69 1.09 34.76 .30 35.74  -1.24
10 47.44 ~-.98 50.26 -.02 53.96 1.16
11 50.99 -1.73 56.86 2.30 56.66 -.42
12 49.72 2.12 49,82 .36 49.65 -2.33

13 42.76 .32 43.84 -.46 47.12 .30



Table 12.

First Order Interactions

Parameter Estimates for Main Effects and First Order

Interactions, Study I (Continued)

DISTANCE (S)

HANDLE CELL 1 PAR. CELL 2 PAR. CELL PAR.
LOCATION (H) MEAN EST. MEAN EST. MEAN EST.
14 36.78 -1.77 40.55 .14 44.71 1.78
15 43,44 -.77 44,92 -1.15 50,67 2.08
16 37.12 -2.51 41.2 -.29 46,94 2.93
17 50. 46 .33 54.09 2.10 52.23 -2.28
18 43.27 -1.09 45,71 -.51 50,49 1.75
FOREARM ROTATION (F)
HANDLE CELL ! PAR. CELL 2 PAR. CELL PAR.
LOCATION (H) MEAN EST. MEAN EST. MEAN EST.
1 48.40 .23 46.68 1.76 40.91  -2.56
2 52.94  -1.28 54.72 3.75 46,48 .24
3 52.85 2.02 44,01  -=3.57 47.1 .97
4 51.55 -4.94 - 50,81 =2.43 -58.6 6.81
5 57.73 .56 52.58 -1.34 52.68 .21
6 59.53 ~.92 59.24 2.04 54,28 -1.47
7 Sh.47 1.95 48.68 -.59 45.89 -1.93
-8 49.47 2.07 41.64  ~2.51 42,57 -.13
9 34.78 -2.79 34.55 .23 34.86 1.99
10 53. 44 .05 51.89 1.75 46.33 -2.36
11 57.07 -. 60 57.32 2.90 50.11 -2.86
12 53.12 .55 47.85  -1.47 48,22 .35
13 42.65 -4.76 42.14 1.87 48.93 6.22
14 43.83 .31 39.77 -.5(0 38.43 -.39
15 49.59 L4k 47.69 '1.76 41.74 ~2.74
16 43.12 ~1.48 42.63 1.28 39.52 ~.38
17 54.76 -.34 51.92 .07 50.09 -.31
18 48,81 -.52 44,74 -1.34 45,92

1.29

31



Table 12. Parameter Estimates for Main Effects and First Order

Interactions, Study I (Continued)

DIRECTION OF FORCE (D)

1 2 3 4 5 6

HBANDLE MEAN/ MEAN/ MEAN/ MEAN/ MEAN/ MEAN/
LOCATION(H) EST. EST. EST. EST. EST. EST.
1 27.12  48.17  65.43  49.41  29.32  52.54
-1.58  16.39  22.11 4.08 -15.42 -12.68

2 44,43  44.88  35.35  53.10  59.91  70.61
9.68 7.05 -14.02 -10.79 9.12 -.66

3 32.34  32.47  36.53  93.97  36.43  56.12
.98  -1.97  -9.45  33.47 -10.97 -11.70

4 22.06  32.93  24.55  41.72  80.89 119.78
-14.96  -7.17 -27.09 =24.44  27.83  46.24

5 28.51  41.98  89.24  45.23  46.45  74.57
30.03 1.20 36.92 -21.61  -7.29 .35

6 31.30  35.86  35.65  56.84  79.55 106.48
29.68  -8.20 -19.95 -13.28  22.53  28.98

7 29.97  26.17  24.12  91.81  48.63  77.38
-3.08  -9.96 -23.55  29.62 —.46 7.81

8 35.74 19,52 70.34 53.71 33.82 54.21
7.81 -11.49  27.79  -3.36 -10.15 -10.24

9 33.08  29.01  34.66  21.34  29.0 61.29
14.98 7.83 1.94 -25.84  -5.14 6.67

10 29.28  53.46  75.51  44.10  33.10  67.88
—4.64  16.46  26.97 -18.96 -16.86  -2.56

11 29.67  40.86  34.01  50.9 86.39  87.16
~8.53 —.42 -18.81 -16.44  32.15  -8.59

12 29.19  34.53  32.22  94.23  47.06  61.03
~22.84  -1.65 -15.39  31.99  -2,08  -8.59

13 26.71  29.23  71.14  59.44  35.66  45.26
~1.23  -1.79  28.58 2.36  -8.32 -19.20

14 17.98  32.52  87.54  32.54  28.11  48.37

-6.07 5.39 45.87 -20.65 -11,98 -12.20



Table 12. Parameter Estimates for Main Effects and First Order
Interactions, Study I (Continued)
DIRECTION OF FORCE (D)
1 2 3 4 5 6
HANDLE MEAN/ MEAN/ MEAN/ MEAN/ MEAN/ MEAN/
LOCATION (H) EST. EST. EST. EST. EST. EST.
15 40.16 28.52 31.38 52.82 52.06 73.12
10.39 -4,27 -12.95 -6.03 6.31 6.89
16 37.56 30.89 23.78 89.08 32.46 36.78
12.43 2.68 -15.97 34.81 -8.71 -24.90
17 38.27 29.76 37.28 59.58 60.18 88.49
2.64 -8.95 -12.97 -5.19 8.51 16.34
18 36.2 32.29 24.2 101.61 41.3 43.34
6.34 ~.65 -20.28 -4.60 -4.60 -23.04
FOREARM ROTATION (F)}
1 2
CELL PAR. CELL PAR. CELL PAR.
DISTANCE {S) MEAN EST. MEAN EST. MEAN EST.
1 48.75 -.08 44.97 -.61 44.67 .54
2 49,52 -1.17 47.90 A 46.16 .17
3 52.89 -.32 50.28 .32 47.95 -.56
DIRECTION OF FORCE (D)
1 2 3 4 5 6
MEAN/ MEAN/ MEAN/ MEAN/ MEAN/ MEAN/
DISTANCE (S) EST. EST. EST. EST. EST. EST.
1 27.09 29.20 37.46 48.33 55.39 78.49
~-2.27 ~3.24 -6.52 -10.17 9.99 12.61
2 30.96 34.91 45.24 60.76 46.96 68.24
-.26 .61 -.60 40 -.30 .50
3 36.42 39.61 55.64 72.81 40.43 57.3
2.68 2.79 7.28 9.93 -9.35 -12.96

83



Table 12. Parameter Estimates for Main Effects and First Order

Interactions, Study (Continued)

DIRECTION OF FORCE (D)

1 2 3 4 5 6

FOREARM MEAN/ MEAN/ MEAN/ MEAN/ MEAN/ MEAN/
ROTATION(F) EST. EST. EST. EST. EST. EST.
1 36.73 37.65 47.52 65.53 51.58 66.74
2.40 .24 -1.43 2.06 1.21 -4.11

2 32.17 35.95 44.14 58.16 49.48 66.40
1.09 1.79 -1.56 ~2.06 2.36 -1.20

3 29.64 30.28 46.68 58,22 41.80 70.94

.01 -2.43 2.43 -.55 -3.87 4.79



Table 13. Data for Study II

X Y STRENGTH X Y STRENGTH
-5.0 6.0 61.5 12.0 6.0 38.8
-7.0 6.0 64.8 15.0 6.0 43.1
~8.0 6.0 75.6 18.0 6.0 54.0
-9.0 6.0 7.7 21.0 6.0 68.0

-11.0 6.0 66.2 24.0 6.0 68.1
~12.0 6.0 63.1 27.0 6.0 87.0
-15.0 6.0 60.0 30.0 6.0 71.9
-17.0 6.0 53.2 6.0 -8.0 42.5
-5.5 7.0 63.1 7.0 -9.5 45.0
-7.0 9.0 68.2 9.0 -12.0 59.9
-8.5 11.0 74.0 10.0 -13.5 75.8
-9.0 12.0 82.0 12.0 -16.0 84.5
-9.5 13.0 70.3 13.0 -17.5 86.9
-10.0" 13.5 69.1 15.0 -20.0 92.0
-11.0 14.5 66.9 16.5 -21.5 95.0
~14.0 18.5 56.6 18.0 -24.0 8l.4

0 7.0 51.0 -6.5 -5.0 59.9

0 12.0 53.0 -9.0 -7.0 64.0

0 17.0 69.9 -10.5 -8.0 65.2

0 22.0 84.5 -12.0 -9.0 57.0

0 27.0 104.5 -14.5 -11.0 51.6

0 32.0 101.2 -17.0 -13.0 45.4

0 33.0 88.7 -20.0 -15.0 39.8

0 35.0 63.5 -22.5 -17.0 28.5

5.5 7.0 48.1 6.0 3.5 31.0

8.0 10.0 56.0 10.5 6.0 34.0
11.0 14.5 77.2 13.0 7.5 43.0
14.0 18.0 87.1 l6.5 9.5 57.3
15.0 20.0 109.0 20.0 11.5 68.2
16.5 21.5 121.0 22.5 13.0 91.0
18.0 24.0 102.0 25.0 14.5 73.2
20.0 26.5 88.0 27.0 15.5 71.1
10.0 6.0 33.0

FOREARM ROTATION - Mid-Position
DIRECTION OF FORCE - Push
HORIZONTAL PLANE - Z = 20 inches above SRP
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Figure 20. Equal Strength Contours Generated by Data For Study I1
(Dotted line Tndicates Reach Sphere of the Subject)



Table 14.

Three Selected Mathematical Models

87

MODEL: Step-wise Regression Model
S = b +bX +b,X> + bX> + b,X0 + boY + b,¥° + b_¥
0 1 2 4 5 6 7
+ b ¥ + boXY + b, XY2 + b, XY + b, XY" + b, ¥X
8 9 11 12 13
COEFFICIENT VALUE COEFFICIENT VALUE i
b0 47.643 b7 .00456
bl -2.811 b8 -.0001890
b2 .00035 b9 -.00071
b3 1.0351 b10 .0152
b4 -.00000522 bll 000128 !
b5 -.388 b12 -.00001967 !
b6 .1025 b13 ~-.00016193
Mean Square error = 34,387 %
Multiple R = .9649
Multiple R® = L9311 |




Table 14. Three Selected Mathematical Models (Continued)

r—-- PR

MODEL: One term parabolic model

. .
Log, (S) = by + b, (R°R)
COEFFICIENT VALUE
bO 4.3464
b, -.00261

/(x-9.6)2+(v-2.9)2

Where R* =
RO = 21.1
Mean square error = .0416
{ Multiple R = .7656
Multiple R2 = .5861

2
S o{R*-R )
5 = bO + ble 0

COEFFICIENT VALUE

bO 10.1361

bl 69.15

|
One term parabolic model in exponential form
|

J(%-8.6)24(v-2.7)2

R 22.1

0

o

I

-.0031

It

216.971
. 6806
4632

Mean square error

"

Multiple R
Multiple R2

1
j Where R*
|
|
|
|
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Tahle 14. Three Selected Mathematical Models (Continued)

MODEL: Predictive Model

Logecé) =by + bl(x—lo.S)2 + 1:.2(35—.5)2 + 133»/(x-10)2+(‘:t—.1)2

COEFFICIENT VALUE
b0 2.837
b1 -.003438
bz -.002649
b3 . 137

With Residuals Calculated in Terms of Loge(S).

Mean square error = .010
Multiple R = . 8508
Multiple R2 = .9040

With Residuals Calculated in Terms of §.

L9224
.8508

Multiple R
Multiple R2
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these three models are presented in Figures 21 through 24 for comparison

with the data contours of Figure 20.

Calculation of Subject Percentile Data

Calculation of the subject's percentile rating was doﬁe by
duplicating test positlons of previous studies. Test positions were
selected from Hunmsicker's 1955 data, and from Thordsen and Kroemer (1972).
These studies provided percentile data which were compared to the results
of the duplicate tests. Table 15 presents the source of each selected
test position, a description of each position, the force in pounds
exerted by the subject of this study at each position, and the estimated
percentile rating. An overall subject percentile rating was calculated by

averaging the five estimates.
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Figure 21. Equal Strength Contours Generated by the Step-wise
Regression Model (Dotted Line Indicates Reach Sphere)
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Fipure 22. Egual Strength Contours Generated by the Final
Predictive Model (Dotted Line Indicates Reach Sphere)
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Figure 23.

Equal Strength Contours Generated by Parabolic Model
(Dotted Line Indicates Reach Sphere)
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Figure 24. Equal Strength Controus Generated by the Parabolic
Model in Exponential Form (Dotted Line Indicates Reach Sphere)



POSITION
NUMBER

Table 15.

Subject Percentile Data

SOURCE

DESCRIPTION STRENGTH

95

PERCENTILE

Hunsicker,

Hunsicker,

Hunsicker,

Thordsen
Kroemer,

Thordsen
Kroemer,

1972

1972

1955

1955

1955

Horizontal push, 90

degree elbow angle,

exertion in sagittal

plan of shoulder,

forearm in mid-

position, right hand. 133.2

Horizontal right, 90

degree elbow angle,

sagittal plane of

shoulder, forearm in
mid-position, right

hand. 61.33

Up force, eblow

angle 180 degrees, in
sagittal plan of

shoulder forearm in
mid-position, right

hand. 73.00

Dowvnward force (named
forward force by

Thordsen), overhead,

in mid-frontal plane,

10 inches left of SRP,

47.3 inches above SRP,
forearm in pronation,

left hand. 49.6

Left forces, in mid-

sagittal plane, 12.4

inches above SRP, 13

inches right of SRP,

forearm in mid-position,

left hand. 60.41

Estimated overall subject percentile for both hands = 84

84

85

a3

88

71
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CHAPTER V
DISCUSSION

This chapter provides a discussion of all results presented in
Chapter IV; Following a discussion of the sub-studies, general guide-
lines are presented from the analysis of Study I on strength variation
in three dimensions. The models developed in Study II are evaluated.

A description of the techniques used to derive these models and to
determine values of the various parameters may be found in Appendices C

and D.

Residual Effects Sub-Study

The assumption of no day of the week effect effect seems to be a
valid one; without it the analysis of strength test results would cer-
tainly be more difficult. Residual effects in this research were found
to be relatively insignificant; diurnal variations, fatigue, and
learning effects are discussed and are graphically represented in
Figure 25,

Diurnal Effects

Recorded strength seems to decrease from morning to mid-day,
then increase to a maximum in period three. This may be because the
gubject ate the ncon meal between periods two and three, His energy
level was, therefore, higher during period three. The differences,

however, are less than two pounds, as is shown in Figure 25a.
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Fatigue Effects

The ANOVA in Table 8 indicates a statistically significant
fatigue effect from the beginning to the end of a test period. However,
from Figure 25b. it can be seen that the average strength decrease was
less than 1.5 pounds. 1In fact, in the third and fifth learning periods,
there were actually increases in average strenéth scores from beginning
to end of the periods. The fatigue effect was not consistent through-
out the testing period.

Learning Effects

Maximum strength variations due to residual learning were less
than five pounds (see Figure 25c.). The test position allowing the
greatest strength exertions (test position B - see chapter 1II1) showed
a continual learning trend {strength increase) from the fifth day
throughout the entire 21 day test period. 1In the test position with the
lower average strength scores (test position A), learning effects
stopped after 16 days of testing, and actually began to show signs of
negative learning (strength decreases) in the last four test days

(Figure 25c.).

Subject Variability Sub-Study

Training

The most important factor affecting subject variability was
practice at the task. When the pilot study was begun, there were some
test positions that produced as much as 25 pound strength differences
from test to test. At the end of the training period, recorded strength

in any test position varied no more than five to eight pounds from one
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test to another. With training, the subject was able to determine
his "normal-natural" position for each handle location, and learned
to duplicate the position more accurately with practice.

Comparison to Other Studies

From Table 10, the coeffiecient of variation for the eight repli-
cated test positions (Table 5) ranged from .0262 to .1375. Comparison
of these values with those found in the literature indicates that the
subject variability is comparable to that found by other researchers.
Wakim (1950) reports ranges in the coefficient of variation for males
of from .053 to .093 when testing elbow flexion. Darcus (1951} reports
these coefficients for forearm pronation and supination strengths. For
supination, he reports a range of .023 to .091, for pronation a range
of .042 to .134. Values found in this sub~study are comnsiderably less
than the values reported by Schanne (1972), whose values ranged from

.067 to .369.

Study I

Evaluation of the ANOVA Model

The residual mean square for the ANOVA model is large compared
to the estimated experimental variability. That is, from Table 10, the
average standard deviation is 2.94, and the ANOVA estimate of this
value, ;e = ¢ﬁ§;'= 9.91. However, the ANOVA error term is a combina-
tion of experimental error, second and higher order interactions, and
residual effects such as fatigue, learning, and diurnal variations.
Since the estimate of experimental variability was calculated from a
sample of eight test positions, the sample size may be too small to

~

provide a true measure of 0" It is, therefore, believed that restrict-
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ing the model to first order interactions which can be interpreted was
justified. In addition, the inclusion of any second order interactions
would only inflate the values of the F statistics, leading to greater
indicated significance levels than is already evident in the present
model. Since all factors are now significant at the .17 level, it
would accomplish nothing to include additional interaction terms.

Comparison with the Results of Other Studies

Studies by Hunsicker (1955) and (1957) and Thordsen, et al. (1972)
are similar in concept to this study. It is difficult, however, to
compare results for the following reasons:

1. Hunsicker's maximal force was achieved by taking three
readings of three force components (X,Y,Z directions of
which one was the required direction), during a five second
exertion period. The resultant forces were calculated and
the largest reported.

2. The positions Hunsicker examined were designed to achieve
specific elbow angles, while the positions in this study
were concerned with a specific handle location and distance
from the SRP.

3. Thordsen and Kroemer (1972) conducted their study on force
exertions on aircraft controls. Their method of defining
force‘directions in certain handle locations differs from
the method used in this study. All directions used in this
study were defined in relation to the handle control box,
regardless of spacial location of the hand. Thordsen, et al.

defined directions generally in relation to the body of the
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subject. For example, Thordsen's overhead control, up
force would be defined in this study as overhead, push.
4, Thordsen's study was conducted on left hand exertions, while

this study was on right hand exertions only.

General Guidelines - Study I

Effects of Handle Location

Forces exerted vary as the location of the handle is changed.
This section provides general guidelines on locations of greatest and
lowest strength, and on the way in which strength varies throughout
the reach sphere.

Maximum Strength. Overall, the greatest strength is exerted in

positions directly in front of the body, in the mid-sagittal plane,
specifically, 20 inches above the SRP. 1In that 20 inch transverse
plane, comparable strength values were also found in positions to the
side of the body in the frontal plane six inches in front of the SRP,
and also in the right front quadrant of the body, 45 degrees from the
mid-frontal plane. There have been very few studies reported in the
literature that can be referenced for comparison. In sagittal and
frontal plane studies dealing with elbow angle variation, several re-
searchers have found that both shoulder and elbow strengths in flexion,
extension, adduction and abduction reach a maximum at or near the
90-120 degree elbow angle (7, 16, 24, 49, 54, 65). In this study, tests
run at the near and mid-range distance levels in the 20 inch transverse
plane cause elbow angles to range from 60 to no more than 120-130 de-

grees in handle locations to the front and side of the body. Thus,
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most handle locations in this plane place the elbow at an angle allow-

ing greater strength to be exerted.

Minimum Strength. The weakest position around the body seems to

be with the handle directly behind the head, the average strength value
there being six pounds less than the next lowest value, and over 13
pounds less than the grand mean. Other weak areas include positiomns
directly across the body in the left quadrant, both in the plane through
the SRP and 40 inches above it. This may be because many positions
across the body are awkward to maintain, especially in supination, thus
causing lower strength scores in general.

Effects of Varying Vertical Position of the Handle. 1In all cases,

strength is greatest in the transverse plane, 20 inches above the SRP
{with little significant difference noted between strength scores in
the low and high transverse planes). Strength in the 20 inch plane is
approximately six pounds greater in all handle locations, the two
extreme planes varying less than two pounds from each other.

Effects of Varjing Horizontal Position of the Handle

For the range of handle locations tested in Study I, in all
directions perpendicular to the long axis of the arm, strength tends
to decrease as the hand moves away from the body. In directions parallel
to the long axis, namely push and pull, strength increases as the hand
moves away from the body. (See first order interactions of distance
level and direction, Table 12.)

Forearm Rotation Effects

As can be seen from the ANOVA, the effect of forearm rotation

alone seems less significant than other effects. This appears to be
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due to the fact that the effect of forearm rotation is extremely de-
pendent on both the handle location and the direction in which the

force is exerted. Note, the elbow position is not fixed. By allowing
the subject to assume a "matural-normal" position, the subject adjusts
his arm position to counteract as much as possible any.awkardness of a
given forearm rotation. In general, strength is greatest in pronation,
followed by mid-position, with supination being the weakest orientation.

Direction of Force Effects

Even for a given locétion of the handle, the forces measured in
different directions wvaried greatly. For example, the pulling force
exerted in the overhead position at the fér distance level (50 inches
above the SRP) was extremely large (137.3 lbs.) while the upward force
(see page 54, and Figure 17) exerted at the same handle location and
distance level was one of the smallest observed (16.4 1bs.). This
shows that no handle location can be generally labelled as being well
(or poorly) suited for large force exertions without first specifying
the required direction of force.

In general, greatest strength values occur when pulling forces
are exerted, followed by downwardly directed forces. The fact that
"down" forces were sc great disagrees with results obtained by Thordsen
and Kroemer (1972) who found that forces throught the long axis of the
arm (push, pull) tend to be greater than those in directions perpen-
dicular to that axis.

Effects of Forearm Rotation When Handle Location is Changed

In most handle locations anterior to the mid-frontal plane,

pronation gave greatest average strength scores. In locations posterior
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to the mid-frontal plane, supination allowed the greatest force exer-
tions. The only exception is directly behind the body at seat level,
where pronation was by far the strongest rotation. This could be
because supination in that position is uncomfortable and unnatural.

Effects of Forearm Rotation When Force Direction is Changed

The only previous studies found dealing with forearm rotation
effects for different force directions dealt primarily with comparisons
of elbow flexion and extension. Provins and Salter (1955) reported
that the orientation of the hand influenced strength scores; pronation ,
was strongest in elbow extension, and supination greatest in elbow
flexion, the direction of force in each case being in the direction of
the palm of the hand.
Results of Study I indicate that forearm rotation has little

effect on strength when the direction of force is either "up" or "pull."

The greatest force difference occurs when pushing forces are exerted.

For pushing, the strength values obtained when the arm is pronated

are almost 10 pounds greater than when supinated. Pronation of the ;

forearm allows the greatest forces to be exerted in all tested directions

except "'pull,"” when largest values of strength occur under supination.

Study II

The purpose of Study II was to obtain more detailed information
on the strength of push forces in the 20 inch transverse plane, forearm
in mid-position, and to develop a mathematical model capable of pre-
dicting these forces. It is now felt that such detailed knowledge of

particular variable combinations is prerequisite to the proper develop-
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ment of a general mathematical model for arm strength. A total of 34
models were fit to the data and are summarized in Table 16. The final
predictive model and other models of particular interest are discussed
in the text. The three selected models will be discussed briefly and
evaluated. The procedures followed in deriving the models and in
determining their parameter values are presented in Appendices C and D.

Criteria for Model Evaluation

There were two criteria for evaluating each model: prediction
accuracy and computational simplicity. It was important to keep the ,
model as simple as possible so that it could be used easily for design
purposes. Yet, the model must be capable of predicting arm strength
with an accuracy as good as the accuracy of the experimental procedures
employed.

Selection of Variables

To define the spacial location of the hand grip, the variables

used were X and Y, defined as follows:

1l

Positive ¥ = distance right of the mid-sagittal plane :

Positive Y distance anterior to mid-frontal plane
Origin = SRP

During the analysis of various models, it was useful to consider hand

locations as a function of one other variable R*, defined as:

_ N 2 N 2
R¥* = /?X XO) + (Y YO)

This is the radial distance from the point (XO,YO) to the point (X,Y).
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Table 16. Mathematical Models - Study II

Model 2
# Mcdel Form R
1 S = by + bl(X-8)2 + bz(Y—Z)z + b3¢Qx-8)2+(Y-2)2 .758
2 S = by + bl(x-a)2 + bg(Y-Z)z + b3/{;—8)2+(Y—2)2
+ bQX(X-B)z + b5X(Y-2)2 + bﬁx/f£-8)2+(y-2)2 .787
3 S = by + bl(X-8)2 + bz(Y—Z)z + b3J(;;8)2+(Y—2)2
+ béY(X-B)Z + bSY(Y*Z)Z + b6y/f§;8)2+(v~2)2 .8218
4 S = by + blcx-a)4 + bz(X-S)z(Y-Z)z + b3(X—8)2/QX-8)2+(Y-2)2

+ bé(X—B)B + bSY(X*S)z + b6Y(Y—2)2 + byvax-8)2+(Y-2)2

2 2 2 2
+ b8Y + bg(X—S) + §H§Y—2) + bll/Qx“S) +(¥-2) .84438

5 S =b. + bl(7lsx - 16)% + bz(y-z)2 + b3¢{7/5X-16)2+(Y—2)2

.6910

0

6 S =1, + bl(7/5x—16)2 + bz(Y—Z)z + b3/f7/5x—16)2+(y-2)2

0

+ b4X(7/5X—16)2 + bSX(Y—2)2 + b6x/f7/5x—16)2+(y-2)2 .7582
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Table 16. Mathematical Models - Study I1 (Continued)

Model 2
# Model Form R

-
W,
|

2 ..2 2
= bo + bl[X—IO(X-S) +31° + bZ(Y-Z)

+ b, [X-10(X-8) 2431%+(v-2)2 + b4Y[X—10(X—8)2+3]2

bSY(Y-Z)z + b6Y¢ﬁx-10(x-8)2+3]2+(Y-2)2 .5654

+

2

o}
Lo
i}

by * bl[X—lo(X-8)2+3]2 + bz(Y-Z)z + by [X-10(X-8) 24312+ (¥~2)

+ bé[X—lO(X-8)2+3]4 + bS[X-lO(X—8)2+3] +

+

bﬁ[X—lo(X—8)2+3]2(Y—2)2 + b, [X-10(x-8)*+317

e /iX=10(2-8) 243124 (1-2)2 + ba(Y-IO)Z[X—lo(X—8)2+3]2

+ bg(Y—lo)z(Y—Z)z + blo(Y-lo)Zfo—lo(x-8)2+3]2+<Y-2)2

2
+ bll(Y-lo) .6908

0o
W,
L]

2 2 2 2
b, + bl(X—8) + bz(Y—Z) + b3¢?x-8) +(¥Y-2)

+ bALoge(Y) . 7962
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Table 16. Mathematical Models - Study II (Continued)

Model 2
# Model Form R
10 51/3 =by bl(X-8)2 + 132(&(—2)2 +b3f(x~8)2+(y—2)2
+ baLoge(Y) . 8542
11 52/3 = Same as #10 .8269
12 5'20 = Same as #10 . 5404
~.30
13 5 = Same as #10 .5463
~.32
14 S = Same as #10 . 5474
15 81/3 = Same as #3 . 8669
" 2 2 / 2 2
16 S = bo + bl(X—B) + bz(Y—Z) + b3 (X-8)"+(Y-2)
+ b4Loge(X) .7801
17 L by + 131(}{--8)2 + bz(Y-Z)z + b3/(X—8)2+(Y—2)2 .6555
18 §1/2 = Same as #17 .8019
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Table 16. Mathematical Models - Study II (Continued)

Model

ft Model Form R2
19 Sl/2 = Same as #9 . 8410
- 2 3 5 2 3 4
= b
20 S b0+ le + 2X + b3X + b4X + bSY + b6Y + b7Y
+ bXY + b XYZ +b XY3 +b XY4 +b YX& + b, Y 9311
8 9 10 11 12 13 :
(Model yielding the best predictions and highest R2)
- _ 3 2 3 4 2
21 S = bO + le + b2X + b3Y + bAY + b5Y + b6XY
+ boxr” + porx* .8557
(Stepwise regression model using forward stepwise procedure)
22 Log (8) = b + b. (X-8)% + b.(Y-2)2 + b.v/(%-8) 2+ (7-2)2
e 0 1 2 3
+ bALoge(Y) .8772
23 Loge(S) = Same as #4 .8998
24 Loge(S) = bo + bl(X—B)2 + bz(Y—Z)2 + b3/ix—8)2+(Y—2)2

Log_ (/x2+Y2 ) .8825

+ bALoge(Y) + b5
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16. Mathematical Models - Study II (Continued)

111

Model 2
i# Model Form R
N 2 2 5 7
25 Log (8) = by + b (x=8)% + b, (1-2)% + b /(%-8)*+(1-2)
+ b,Log (Y) + b.(X-8)> + b, (¥-2)> + b_X(Y-2)>
48 5 6 7
3
+ by (X-8) .8937
26 Loge(é) = b, + bl(x—8)2 + bz(Y—2)2 + b3¢{k-8)2+(y-z)2
* %
+ b,Log (¥) + b5(1.1)R(Y—2)2 + (1. 1) R x-8)2
%
+ @DV 2 -2)2 where R*= A2 + ¥2 .8965
27 Log (8) = by + bl(x—a)2 + bz(Y-z)2 + b3/QX—8)2+(Y—2)2
+ bA-/Xz + Y2 .8624
28 Log,(5) = b, + bl(x—s)2 Xo+r? + b (v-2) 2Py
+ bylog (1) + b, /(x-8) +(x-2)7 - /x4y .7195

3
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Table 16. Mathematical Models - Study II (Continued) -

Model 9
# Model Form R

29 Tog,(5) = by + bl(X—B)z +b,(1-2)% + by (x-8) 24+ (v-2)?

0
+ b,Log (¥) + b, (x.+7.)32 8884
477 be 52 "2 !
- 2
30 s = bO + blx + b2X + b3Y + b4X Loge(X) + bSY Loge(Y) .5922

¥

31 S =1, + b /xo4y2 .2922

0 1
%
) by (R -R )
32 s = b0 + ble
*
where R = /?X—8.6)2+(Y—2.7)2 L4632
“ * * /[ 2 2
33 Loge(S) = b0 + bl(R —RO) where R = v (X-9.6)7+(Y-2.9) .5861

34 Log (3) = by + b, (x-10.5)% + b, (1-.5)°

+ b3ffx-1o)2+(Y-.1)2 .9040

(Model selected as best overall model)
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The point (XO,YO) was approximately the joint center of rotation for
the right shoulder.

The three models that will be discussed in detail are referred
to as the polynomial regression model, the parabolic medel (in two
forms), and the final predictive model.

Polynomial Regression Model

Regression Equation. The first model fit to the data was a

polynomial in X and Y. These variables, their second through fifth
order functions, and all cross products were used in the model and a
stepwise regression performed. A backgard elimination procedure was
used in the regression analysis (Draper and Smith, 1966). All possible
variables were first fit to the data. The variable displaying the
lowest partial F-test value was eliminated .from the equation, and the
regression run again. If the value of R2 decreased less than one
percent when this variable was eliminated, the process was repeated.

If the R2 decreased more than one percent, the variable was replaced

into the model and the procedure terminated. The resulting equation

was.:
- 2 3 5
S = 47.643 - 2.811X + .00035X% + 1.035X° - .00000522X
- .388Y + .1025Y2 + .00456Y - .0001890Y" - .00071XY (5.1)
+ .0152XY° + .000128XY° - .0001967XY" - .0001619YX

with R2 = ,9311. A list of values for strength predicted by this
equation is presented in Table 17. The residual plots of error vs.

X,Y, and actual recorded strength produced no clearly defined pattern.



Table 17. Predicted Values - Stepwise Regression Model
RECORDED PREDICTED RECORDED PREDICTED
STRENGTH STRENGTH STRENGTH STRENGTH

61.5 62.70 38.8 37.09
64.8 66.54 43.1 43.33
75.6 67.93 54.0 52.96
77.7 68.85 68.0 64.30
66.2 69.13 68.1 74.57
63.1 68.37 87.0 79.72
68.2 68.18 71.9 74.30
74.0 70.38 42.5 49.31
82.0 70.89 45.0 53.42
70.3 71.15 59.9 68.10
69.1 70.78 75.8 69.06
66.9 69.20 84.5 80.85
56.6 57.59 86.9 85.68
51.0 51.06 92.0 92.69
53.0 61.71 95.0 97.51
69.9 77.29 81.4 81.26
84.5 92.99 29.9 63.97
104.5 101.20 64.0 64.63
101.2 91.42 65.2 63.16
88.7 86.18 57.0 60.27
63.5 71.49 51.6 51.86
48.1 39.60 45.4 41.52
56.0 46.85 39.8 33.28
77.2 70.56 28.5 34.34
87.1 95.28 31.0 33.86
109.0 105.67 34.0 35.51
121.0 112.84 43.0 42.61
102.0 109.82 57.3 58.11
88.0 86.22 68.2 75.35
33.0 35.22 91.0 83.61
60.0 61.95 73.2 81.98
53.2 53.88 71.1 68.55
63.1 64 .41

114



115

Contours generated by equation 5.1 are shown in Figure 21.

A polynomial model using a forward step-wise regression pro-
cedure was also fit to the data and is listed as model number 21 in
Table 16.

Advantages. This polynomial model describes the data well
as can be seen by comparing Figures 20 and 21. At all but one point
predicted values are less than 10 pounds from actual recorded values
and for 60% of the coordinate locations, the strength values are within
5%. Sample variances obtained from the subject-variability sub-study
(see Table 10) range from 5.28 to 11.75 pounds, values that are generally
of the same magnitude as the prediction errors at each test position.

2

The relatively high wvalue of R™ = .9311 iIndicates the potential goodness

of fit of the model.

Disadvantages. The model has 13 terms and may be too cumbersome

for practical use in industrial design. Alsc, it 1s difficult to ex-~
plain the effectiveness of such high order terms and their interactions.
Expansion of this model to include other variables would be guess work,
since there is no intuitive understanding of which portions of the
variability are explained by each term in the model. This equation,
therefore, is probably not suited for general application. The model
meets the criterion for predictive ability, but is not simple compu-
tationally.

Parabolic Models

Regression Equations. A parabolic relationship between strength

and the radial distance variable R* was hypothesized. A parabolic

model analyzed in two different forms, was evaluated. The general
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form of the model is given as:

S =3B+ A(R*-—RO)Z + € (5.2)

where B = maximum strength obtained (since the coefficient A is negative)

R

0 the distance from (XO,YO) to this point of maximum strength.

(Radial distance to the maximum strength contour)
Least squares regression on the basic model of equation 5.2 indicated

that a better fit could be cbtained if the transformation
Loge () =8

was made on the dependent variable. The new form of the parabelic

model becomes
- 2
Log, (8) =B + A(R*—RO) + € (5.3)

Written in terms of X and Y, this equation is

o 32 v 2 2
Log,, (8) =B + A[/(X xo) + (Y YO) RO:I + € (5.4)

After determining the values of all parameters {see Appendices C and D),

the final model is:

Log (S) = 4.3464 - ,00261(R*~21.1) 2, (5.5)
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where R* = /{X—9.6)2 + (Y—2.9)2 and the value of R2 = ,5861.
The parabolic model was alsc analyzed in an exponential form ob-
tained by taking anti-logs of both sides of equation 5.3 and adding an

intercept term. The general form of the model is:

. a(R*—RO)2
S =8+ Ae + & (5.6)

After determining parameters (Appendices C and D), the final model is:

—.0031(R*--22.1)2

5 = 10.1361 + 69.15 (5.7

where R* = /?X—8.6)2 + (Y-—2.7)2 and the value of R2 = 4632,

The fact that equation 5.5 provides a better fit to the data is
due primarily to differences in the calculation of the residuals.

Residuals for equation 5.5 are
e = Log, (8) - Log, (5),

while residuals for equation 5.7 are

Because residuals are calculated for equation 5.5 in terms of natural
logarithms, the relative magnitude of the error for large predicted

values of S is decreased. Thus, the greater the error for large
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predicted strength values, the more effective is the log transformation
in decreasing the effect of these errors. The increase in R2 (26%)
under the log transformation is substantial. This may provide some
reason to believe that éhe variance is larger for larger predicted 5.
The fact that the sample variances tested proved to be homogemneous

may be an indication that the number of sample wvariances used in the
test (eight) was too small to accurately determine homogeneity of such
a large number of test positions. (1972)

Advantages. Although the model has an R2 value of only .5861,
it has much intuitive appeal. The optimal values of XO and YO describe
a point near the approximate location of the subject's shoulder. The
value of RO is an average distance from that point to the point of
greatest strength. Use of this model for design purposes would be
simple in practice, there being only a minimal number of required
calculations.

2 .
Disadvantages. The coefficients of the X and Y2 terms in

equation 5.4 are the same; from analytic geometry it can be shown that
the contours generated by the parabolic model in both forms are con-
centric circles (Figures 23, 24). This tYpe of surface fails to account
for differences in the shape of the parabola for differing sectors of
the reach sphere; that is, equal strength contours generated by the data
are ellipses, not circles. Since strengths attained across the body
left of the SRP are considerably less than those to the front or right
front of the body, the regression process averages these values and

under estimates for all strength values greater than 80 pounds. This
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effect can be easily seen by comparing Figures 20, 23, and 24. Both
models meet the criterion of simplicity, but fail to be valid predictive
equations.

Predictive Model

Regression Equation. From the general parabolic model, a more

elaborate form of a parabolic model with more estimation parameters

was derived.

3y - w2 4 yey 32 24 vy 2
Loge (s) = b0 + bl(X XO) + b2(Y YO) + b3/QX XO) + (Y YO) + € (5.10)

It can be seen that by allowing the model to expand to three terms, each
with a separate coefficient, the model is not limited te circular con-
tours. It can be shown by analytic geometry that by allowing the
coefficients of the X2 and Y2 terms to differ, the contours generated
by the equation will be elliptical. This contour shape better describes
the data by acecounting for differences in maximum forces exerted in
varying quadrants of the reach sphere. Evaluation of this model after

determining the values of all parameters (see Appendices C and D)

yielded
- 2 2
Loge (8) = 2.867 - .00332(X%X~10.5)" ~ .00269Y
(5.11)
+ .134/{X-10.5)2 + Y2
with an R2 = ,8869. This model is an expanded paraboclic model with

the contours centering on the point (10.5,0).



Table 18. Predicted Values-Predictive Model
RECORDED PREDICTED RECORDED PREDICTED
STRENGTH STRENGTH STRENGTH STRENGTH

61.5 62.75 38.8 36.69
64.8 64.67 43.1 42,38
75.6 65.06 54.0 50.67
77.7 65.05 68.0 59.62
66.2 63.82 68.1 67.47
63.1 62.61 87.0 72.69
60.0 56.85 71.9 74,17
53.2 51.58 42.5 45.31
63.1 64.67 45.0 49.79
68.2 68.14 59.9 59.07
74.0 60.79 75.8 65.37
82.0 70.16 84.5 76.0
70.3 70.18 86.9 81.71
69.1 69.59 92.0 89.28
66.9 67.83 95.0 91.96
56.6 57.87 81.4 92.98
51.0 55.18 59.9 62.13
53.0 69.21 64.0 64.04
69.9 83.68 65.2 63.39
84.5 92.92 57.0 61.50
104.5 92.70 51.6 55.86
101.2 82.23 45.4 47.73
88.7 79.11 39.8 36.73
63.5 72.15 28.5 27.47
48.1 43.28 31.0 31.90
56.0 52.46 34.0 35.45
77.2 73.29 43.0 43.80
87.1 89.69 57.3 58.23
109.0 96.65 68.2 72.51
121.0 100.39 91.0 80.55
102.0 102.88 73.2 85.08
88.0 99.84 71.1 85.41
33.0 35.32 71.1 85.41

120
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Further flexibility is gained by allowing the parameters XO,
and YO to differ inside the radical in equation 5.10 from the values

in the other two terms, resulting in

132 4 (Y—Yé)z + e (5.12)

2 2
+ bl(x-xo) + (Y-YO) + 1:>3/(X—XO

Loge (8) = bo

After determining the values of all parameters (see Appendices C and D),

the final model is

Loge (8) = 2.837 - .003438()(—10.5)2 - .002649(Y—.5)2

+ . 3/x-1002 + (v-. D (5.13)
with an R2 = .9040. Table 18 provides actual strength scores and the

corresponding values predicted by equation 5.13.

Analysis of Residuals. A plot of residuals for the predictive

model given in equation 3.13 against actual strength data is presented
in Figure 26. A plot of residuals on the X-Y plane is shown in Figure
27. Both plots indicate a tendency to over-predict at intermediate
strength ranges and under-predict for larger values of recorded strength.
The plot against actual strength gives some indication that the wvari-
ances are possibly not homogeneous; variance appears larger for large
values of strength. The contour error plot in Figure 27 also indi-

cates the largest residuals along the surface ridge (at the points of
maximum strength) and at points directly in front of the body. However,

the shape of the residual contours in unclear. The X-Y graph would
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Figure 26. Residuals of Predictive Model vs Actual
Strength Values
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suggest a possible additional term as a function of R. However,
several such functions were tried with no appreciable increase in
model efficiency.

Evaluation. To further evaluate the final predictive model, the
contours generated by the model have been superimposed on the actual
data from Study II and presented in Figure 28. The major problem with
the model seems to be its inability to predict strength greater than
105 pounds. As a result, large error exists in the right front quad-
rant of the body, where strength ability is greatest. Note, points
of high prediction error are, in many cases, only four to six inches
from the correct contour line generated by equation 5.13. The pre-
diction error, therefore, may not be as great as when only magnitude
of the residual is considered. It is easily possible for the location
of the hand to vary four tec six inches in relation to the body. Minor
variations in posture, ox differences in body position in the chair can
all contribute minor differences in relative spacial location of the
hand. Strength predictions are thought to be within the 1imits of !
experimental variability.

Advantages. The model is simple computationally and could be
used for design purposes with relative ease. There is good intuitive
appeal for the model and for the values of its parameters. Strength
predictions are within the limits of experimental variability. The
model meets both selection criteria.

Disadvantages. The model over-predicts in areas directly in

front of the body and under~predicts at points of maximum strength in

most areas to the right of the mid-sagittal plane.
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Figure 28. Contours of Final Predictive Model With
Data From Study 11
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

Conclusions
Study I

Strength was found to be greatest in the front and right front
quadrants of the reach sphere. Smallest forces were exerted in the handle
location directly behind the head. For a given force direction and hand
grip location, the effect of forearm rotation is minimal, in that the
effect is extremely dependent on handle location and direction of force.
Strength was greatest in all handle locations when tested 20 inches above
the SRP, decreasing as the hand is raised to 40 inches or lowered to seat
level,

The moét significant effect on strength variation is the direction
of force. For any given handle location, forces exerted in different
directions varied greatly. None of the handle locations or forearm
rotations is uniformly suited for exertions of very large forces in all
directions. In generél, forces exerted in directions perpendicular to
the long axis of the arm will decrease as the hand moves away from the
body. For push and pull forces, strength increases as the radial distance
of the hand from the body increases. In all locations, smaller forces
were exerted in the left or right directions while, generally, the

greatest forces were exerted in all positions when pulling.
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The data tables and the statistical analysis provided should aid
the design engineer in the arrangement and design of hand operated controls.
These data may be used as general guidelines for such designs. Although
the data is on a single subject only, the results may be used to assign
lower limit specifications on the strength required to gperate hand

controls.

Study IT

Strength varies in the transverse plane parabolically with the
distance of the hand grip from the SRP. It is possible to develop a
simple mathematical model of arm strength in the transverse plane in a
form which is useful to the design engineer. TFor the plane 20 inches
above seat level, an equation that can be used to predict pushing forces

with the forearm in mid-pesition is:

Log (S) = 2.837 - .003438(X ~ 10.5)° - .002649(Y - .5)°

(6.1)

+ 137 =102 + (v-.1)2

The methodology used to develop this predictive model is a useful
method by which to analyze strength data. It may be effectively used to
provide other design equations that can significantly increase the
flexibility of the design engineer in determining specifications for man-

operated egquipment.
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Recommendations

Future Research

Immediate Extensions. Further work may be done which follows

directly from this research. This work could be bhased on a similar but
possibly more extensive data base.

1. Collect data on push forces in the transverse planes through
the SRP and 40 inches above it, and extend the predictive
model of equation 6.1 to three dimensions.

2. Develop such a model for each of the six directions considered
in this research.

3. Investigate the possibility of developing a single predictive
equation by incorporating the equation for each direction of
force. This could be done by using one or two angles to
define the directiomns.

Such a study would require several mounths of data collection prior to
initiating the analysis. Study I data collection lasted 42 days. It
would require at least four times this number of days to collect enough
data to properly develop a predictive model for Study I.

Further Study of the "Normal-Natural' Position. Since the "normal-

natural" pesition is the one most commonly found in practice, further
investigation of strength variations in this position should be conducted.
It is felt that more useful information can be obtained from the study of
strength exertions as they actually occur in practice than can be obtained
from controlled, restricted single plane studies. The knowledge now
available on sagittal and frontal plane strength should be used as a

basis for extending this knowledge to three dimensions. The
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standardization of such studies should be an immediate goal.

Studies on a Standing Subfiect. Many hand controls are operated in

the standing position. Studies with objectives similar in scope to those
of this study should be made on arm strength for the standing subject.

Gather Percentile Data. There is a need to extend this study to

more than one subject. Proper use of the data would be facilitated by
knowledge of populaticn norms., The use of equations such as equation 6.1
could be extended by developing such an equation for each of several
selected percentile standings. Once the subject's percentile rating is
known, the appropriate equation could be applied.

Sex and Age Differences. Strength studies similar to Studies I

and II should be made on more subjects of both sexes to examine strength
variation attributable to sex and age differences.

Examination of Anthropometric Relationships. Although there has

been little success in the past in determining high correlations between
strength and body dimensions, it may be possible to conduct studies
similar to this one in order to find correlations high enough to be
included in a prediction equation. The feasibility of such a model should
be investigated further.

Applications of this Research

Tt is recommended that the data for Study I be incorporated into
the existing arm strength data base. The final recommendation is that the
mathematical model from Study II, equation 6.1, be implemented for use as
a basis for future study, and as a predictive tool in determining strength

requirements in equipment design problems for which the model applies.
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APPENDIX A

This appendix containé a complete table pf data obtained from
Study I. Each data peoint occupies a cell made up of a combination of
four factors: handle location, distance level, forearm rotation, and
direction of force. All data is recorded in pounds. A description of
the 18 handle locations may be found in Table 3, and Figure 19, Chapter

ITI.



DISTANCE
LEVEL

1 Far

2 Mid-
range

3 Near

DISTANCE
LEVEL

1 Far

2 Mid-
range

3 Near

Table 19.

FOREARM
ROTATION

1 Prom
2 Mid-

Pos'n
3 Sup

1 Pron
2 Mid-
pos'n
3 Sup

1 Pron
2 Mid-
pos'n
3 Sup

FOREARM
ROTATION

1 Pron

2 Mid-
pos'n

3 Sup

1 Pron
2 Mid-
pos'n
3 Sup

1 Promn
2 Mid-
pos'n

3 Sup

Handle Location 1

1
Le

27.

20.
22.

34.

22.
23.

34.

24,
34,

ft

08

2

Right

39.

39.
33.

49,

48.
40.

69.

62.
51.

6

0
23

75

0
0

24

87
87

3
U

53.

44,
56.

71.

51.
61,

97

81.
70.

Handle Location 2

L

42,

34.

35

46.

48

36.
48.

61.

46

1
eft

4

58
.85

57

.33
65

13

33
.0

Ri

39.

39,
35.

49.

46.
36.

56.

61,
40.

2
ght

67

33
37

24

27.

28

27.

37.

31

32,

39.
68.

Data From Study I

P

5

77
67

9

7
1

.64

20
37

.5

95
.97

67
.47

4

Down

41.2

41.5
26.1

59.5

58.2
354.0

74.4

71.3
38.2

5

7

5

7

7

Down

35.
36.

60.

56.
41.

62.

81.
56.

.43

33
13

03

= wn

13

67
17

5
Push

31.97

38.6
31.6

28.55

31.93
26.05

26.0

30.0
19.15

5
Push

93.2

87.0
47.77

63.83

68.0
46.5

57.3

43.4Q
32,57

6

132

Pull

46.43

63.

73.07

44.8

62.9

40.

40.

6

Pull

80.

95.
83.

76.

66.
80.

44.

55.
52,

43

95
75

67

53
43

05

65
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Table 19. Data From Study I (Continued)

Handle Location 3

DISTANCE FOREARM 1 2 3 4 5 6
LEVEL ROTATION Left Right Up Down Push Pull
1 Far 1 Pron 30.9 31.87 43.05 71.83 47.5 70.87
2 Mid-
pos'n 23.6 34.03 21.83 69.75 40.5 48.65
3 Sup 24.9 16.43 20.47 76.33 40.63 74.8
2 Mid- 1 Pron 32.3 38.6 44.17 103.0 45.7 58.45
range 2 Mid-~
pos'n 37.33 36.5 22.83 99.23 28.33 45.03
3 Sup 36.2 25.67 34.43 80.6 31.43 64.0
3 Near 1 Pron 33.95 39.33 49.33 126.0 31.0 53.47
2 Mid-
pos'n 40,37 37.7 26.4 108.45 28.13  43.5
3 Sup 31.5 32.1 66.25 110.5 28.63 46.85

Handle Location 4

DISTANCE FOREARM 1 2 3 4 5 6
LEVEL ROTATION Left Right Up Bown Push Pull
1 Far 1 Pron 20.5 39.03 206.5 35.2 134.9 126.73
2 Mid-
pos'n 15.03 28.87 22.4 28.5 1l42.4 101.9
3 Sup 18.75 29.6 16.4  28.55 110.05 137.27
2 Mid- 1 Pron 21.0 31.58 20.75 40.17 47.0 102.8
range 2 Mid-
pos'n 22.33 28.0 26.5 49.85 58.37 125.5
3 Sup 20.0 33.1 24.5 31.7 117.0  146.8
3 Near 1 Pron 21.75 36.5 24.13 68.5 29.27 107.55
2 Mid-
pos'n 29.47 26.55 32.9 34.77 34.03 106.75

3 Sup 29.73 43.1 32.83 58.2 54.5 122.7



DISTANCE
LEVEL

1 Far

2 Mid-
range

3 Near

DISTANCE
LEVEL

1 Far

2 Mid-
range

3 Near

Table 19.

FOREARM
ROTATTON

1l Pron

2 Mid-
pos'n
3 Sup

1 Pron

2 Mid-
pos'n

3 Sup

1 Pron

2 Mid-
pos'n
3 Sup

FOREARM
ROTATTON

1 Pron

2 Mid-
pos'n

3 Sup

1l Pron

2 Mid-
pos'n

3 Sup

1 Pron

2 Mid-
pos'n

3 Sup

Handle Location 5

1

Left

24.

30.
.5

21

29.

31.
25.

29.

40,
25.

0

2

17

45
33

33

17
47

2

3

Right Up

43.8 69,

42,77 76.
34.25 67.

37.16 103.

43,1 82,
41.75 78.

32.77

53.4

Handle Location 6

1

Left

27.

19.
28,

28.

22,
36.

46.

28

45

.77
45.

0

2
Right

31.77 27,

29.5 18.

21.83 29

43.47  27.

41.83 41,
26.55 32.

48.35 34.

46.33 51
29.0 58

122.

103.
48.83 98.

83

25
17

73

33
33

3
Up

35

67
.0

7

47
57

33

.6
.13

Data From Study I {(Continued)

Down

42.33

38.45
37.0

45.4

37.7
37.33

60.2

56.17
52.5

bown
46.23

29.6
44 .35

49.75

69.5
59.45

54.67

85.2
72,67

5
Push

57.5

42.75
70.1

51.95

32.43
60.03

48,2

24.75
30.33

Push
123.5

104.5
67.0

102.5

84.
61.

S Ln

82.5

69.
47.

WL
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6
Pull

95.03

80.75
78.95

83.4

72.7
70.57

62.5

57.25

© 69.98

Pull
115.5

125.53
125.0

100.8

112.9
97.6

95.67

89.2
96.13
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LEVEL

1 Far

2 Mid-
range
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DISTANCE
LEVEL

1 Far

2 Mid-
range

3 Near

Table 19.

FOREARM
ROTATION

1 Pron

2 Mid-
pos'n
3 Sup

1 Pron

2 Mid-
pos'n

3 Sup

1 Pron

2 Mid-
pos'n

3 Sup

FOREARM
ROTATION

1 Pron

2 Mid-
pos'n

3 Sup

1 Pron

2 Mid-
pos'n

3 Sup

1 Pron

2 Mid~
pos'n
3 Sup

Data From Study I (Continued)

Handle Location 7

1

Left

24,

19.
28.

30.

20.
30.

47.

31.
.33

37

6

75
2

17

26
53

B3

24,

21.
22.

28.

25

31.

27.
30.

Right

87

08
0

75

.83
22,

73

83

55
77

19.

18.
21.

24,

22.
26,

28.

25.
30.

Handle lLocation 8

1

Left

52.

32.
27.

49,

34.
28.

39.

34.
22.

8

Right

12.

13.
13.

26,

17.
.5

17

28.

22,

47

2
28

33

27

67

87

24.0

67.

38.
55.

72.

76.
77.

75.

82.

87

3
Up

35

57
33

3
Up

a3

=~

03

47
.2

Down

103

69

63.

105.

85.
76.

131.

104.
86.

.27

.6

27

45

58
65

Down

25
41.

62.

55.
66

66.

57.
74.

.93

.05

03

25

.93

97

73
5

S

Push

54.

62.
63.

51.

53.
32.

34.

53.
31.

P

52.

49.

32

42.

33.
24.

23.

22,

24

65

95
85

ush

33

03
.75

35

05
.0

Pull

95.5

89.
79.

75.

74.
76.

68.

70.
66.

Pull

75.

68.
55,

61.

49,
.27

46

48.

37.
45,

37

43
67

45

25

53

05
67

135
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DISTANCE
LEVEL

1 Far
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range

3 Near

Table 19,

FOREARM
ROTATION

1 Pron
2 Mid-
pos'n
3 Sup

1 Pron

2 Mid-
pos'n
3 Sup

1 Pron

2 Mid-
pos'n

3 Sup

FOREARM
ROTATION

1 Pron

2 Mid-
pos'n

3 Sup

1 Pron
2 Mid-
pos'n
3 Sup

1 Pron
2 Mid-
pos'n
3 Sup

Data From Study I (Continued)

Handle Location 9

1
Le

24,

32

33.
31.

34.
14.

40.

48.
37.

ft

6

.8

83
75

33

35
17

Ri

27.

26.
27.

24,

31.
27.

35.

39.
23,

2
ght

0

13

77
03

Handle lLocation

1
Lef

24,

2t.
23.

25,

37.
24,

35.

41,
30.

t

06

17
07

83

2
Rig

41.

45,
36.

59,

60.
45,

62,

69.
59.

ht
87

83
8

55

15
5

36.

33.
38.

24,

51.
36,

32

33.
26.

54,
63.

84,

72.
67.

102,

80,
83.

3
Up

27

oW

.65

o 2]

.63

47
33

83
75

b

25.

14,
S12,

22,

32.
9.

27.

25.
21,

4
own

83

Down

52,

41,

28

55.

39.
31,

63.

51
32

.9

.06
.9

P

15

25
58

18.

24,
29.

35.

20.
34,

Pu
47

31.
35.

36.

30,
33.

31.

26
25,

5

ush

.33

.25
.17

13

sh

.03

w O

55

25

.37

83

P

85

13

77.

71.

71.
70.

49.

61.
50.

Pu

60.

83.
86.

54.

74.
71.

55.

67,
53.

6
ull

.05

.27
3

75

78
55

11

25

07
1

136



DYSTANCE
LEVEL

1 Far

2 Mid-
range

3 Near

DISTANCE
LEVEL

1 Far

2 Mid-
range

3 Near

Table 19.

FOREARM
ROTATION

1 Pron

2 Mid-
pos'n

3 Sup

} Pron

2 Mid-
pos'n
3 Sup

1l Pron
2 Mid-
pos'n
3 Sup

FOREARM
ROTATION

1 Pron

2 Mid-
pos'n

3 Sup

1 Pron
2 Mid-
pos'n

3 Sup

1 Pron

2 Mid-
pos'n
3 Sup

Data From Study I {(Continued)

Handle Location 11

Left

24.

23,
27.

25,

24,
31.

37.

5

8
47

33

0
25

35

Right
41,7

35.33
29,55

43.73

45,75
33.53

52.75

50.43
34.9

27,

29,
29,

27.

36.
31.

47.

38.
37.

Handle Location 12

1

Left

22

20,
30.

23,

23.
33,

36.

35,
.53

35

.63

5
77

33

7
83

97

45

2
Right

33.4

35.55
21.73

42,68

37.37
27.17

44.75

40.03
28.0

35

17
30

44,

22.
30.

45

26
38

Up Down
25 40.6
6 42,7
4 41,5
5 40.92
0 60.4
95 53.3
7 56.0
75 67,83
8 54.9

3 4
Up Down
.5  88.87
.6 70.1
.33 88.03
88 96.5
5 87.03
3 94.8
.73 119.75
.05 91.5
0 1i1.5

Push
94.3

88.0
51.13

130.11

121.0
63.6

91.5

87.1
50.83

Push
54.67

71.35
47.05

51.63

52.45
37.6

33.7

44,65
30.15

Pull

90.83

97.85
101,77

77.77

80,137
96.9

77.30

66.53
95.0

Pull
79.0

72.3
75.43

67.4

64.37
59.2

34.5

48.5
48,6



DISTANCE
LEVEL

1 Far
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range
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DISTANCE
LEVEL

1 Far

2 Mid-
range

3 Near

Table 19G.

FOREARM
ROTATION

1 Pron

2 Mid-
pos'n

3 Sup

1 Prom
2 Migd-
pos'n
3 Sup

1 Pron
2 Mid-
pos'n
3 Sup

FOREARM
ROTATION

1l Pron

2 Mid-

pos'n
3 Sup

1 Pron
2 Mid-
pos'n

1 Pron

2 Mid-
pos'n

3 Sup

Data From Study I (Continued)

Handle Location 13

1

Left

27,

29,
32.

23.

28.
30,

22,

27.
19,

67

[w IRV,

2
Right

17.83

28.7
23.67

41.9

29.45
30.27

34.67

26.5
30.0

59.

59.
80.

88,

83.
93.

Handle Location 14

1

left

21

12,
12,

22.

13.

26,

21.
17.

45

93

37
75

2
Right

23.6

27.0
28.17

26.35
39.87
27.23

40.0
40.3

65.

69,
74.

90.

73.

108,

103.
9l.

38
13

0

74.57

61.5
90.33

Down
33,83

33,57
22.5

40.0
32.43
42.33

31.37
32.55

P

66

45,
33.

31.

31.
29.

28.

27.
26,

P

21.

21,
26,

23.

24,

37.

37.
32,

5
ush

.23

15
83

45

75
95

ush

oo

83

87
18

Pull

52,

54,
56.

32.

46,
49,

30.

37.
46,

93

83
55

(o))

25

53
43

Pull

68.

52.
48,

60.

42,

50.

38.
26‘

8

3
15

3

25

28

6
53

138
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1 Far
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Table 19.

FOREARM
ROTATION

1 Pron
2 Mid-
pos'n
3 Sup

1 Pron

2 Mid-
pos'n

3 Sup

1 Pron
2 Mid-
pos'n
3 Sup

FOREARM
ROTATION

1 Pron

2 Mid-
pos'n
3 Sup

1 Pron
2 Mid-
pos'n
3 Sup

1 Pron

2 Mid-
pos'n
3 Sup

Data From Study I {Continued)

Handle Location 15

1

Left

35.

41

35.

45,
27.

50.

69.
28.

63

.3
26,

Right

28,

24,
W43

28

38,

26.
20,

40.

31.
18.

47

23

Handle Location

1

Left

27.

37.
.03

31

33.

43.
38.

40

43.
42,

07

67

83

23
25

.67

83
4

Right

31,

23.
20.

34,

30.
27.

42.

37

33
7
4

33

oW

.37
30,

9

19,

21.
27.

28.

25,
35.

37.

48.
38.

16

24,

15.
19.

26,

21
22

33

28,
23,

Up

35

43

a3
43

17

2T

.27

.45

67
25

Down

40,

39.
41,

52.

41.
62,

83.

51,
63.

63

07
55

25

13
03

O

Dowm

76.

61,
73.

99.

75.
89.

100.

128,
99.

0

27
05

0

25
33

5
Push

56.0

53.15
27.5
67.71

63.1
29,

69.5

64.8
37.

Push
31.17

27.9
27.5

32.0

37.
27.

36.

P

88.

87

95,

62,

67.
77.

57.

56.
64,

6
ull

.75
75

53

Pull

44

58.
38.

37.

31.
35.

25,

25,
35.

.95

27

07

68

139



DISTANCE
LEVEL

1l Far

2 Mid-
range

3 Near

DISTANCE
LEVEL

1 Far

2 Mid-
range

3 Near

Table 19.

FOREARM
ROTATION

1l Pron
2 Mid-
pos'n
3 Sup

1 Pron
2 Mid-
pos'n
3 Sup

1 Pron
2 Mid-
pos'n
3 Sup

FOREARM
ROTATION

1 Pron

2 Mid-
pos'n

3 Sup

1 Pron
2 Mid-
pos'n
3 Sup

1l Pron

2 Mid-
pos'n

3 Sup

Data From Study I {(Continued)

Handle Location 17

1

Left

35

36.
A7

22

48,

41.
.95

47

51.

28.
31.

.85

07

1

83

o

2
Right

27.5

26.8
23.5

34.9

29.6
24,2

44,67

30.
26.5

Handle Location

1

Left

34,

33.
26.

38.

33.
30.

41,

45.
42,

25

53
73

2
Right

30.03

31.5
16.3
36.93

33.0
26,

46.1

33.75
36.33

3
Up

28.43

38.55
29,63

33.97

40,73
38,23

36.67

47.65
41.6

18

19.4
14.8

25.25

27.5
17.87

34.43

30.1
23.73

54,

43.
46,

68.

49,
65.

71.

64

95

67
33

83

25

43
71.

75

Down

84,

83.
89.

113.

88.
106.

125,

98.
124.

47

55
85

97

37

33
0

5
Push

61.18

78.14

69.1
46.35

75.0

68.2
43,

Push
42.0

48.5
55.

40,27

31.95
40.1
37.95

38.33
37.0

P

97

104.
130,

130.

95.
93.

68,

64,
74.

P

46.

45,
51.

41.

41,
49,

36,

41,
37.

6
ull

.6

5

5

75

25

17
43

ull

[o*]

17

07
35
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APPENDIX B

This appendix contains a complete FORTRAN 1V listing of a program
which minimizes the error sum of squares from a simple linear regression.
The subroutine performs regression on the basic parabolic model of (5.3).

The main program performs the optimization of parameters.
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PRAGRAM MAINCINPUT,OUTPUT,,TAPES=INPUT,,TAPESE=QUTFUT)
THIS PROGRAM IS CALLED R=ZGOPY AND IS DESIGNED
TJ PERFORM NONULINEAR QOPTIMIZATION OF THE
Re3IDUAL SUM OF SQUARES RESULTING FROM A LINEAR
REGRESIION SUBROUTINE CALLZID FUNC. THE
SINGLE TEZRM IN THE MODEL MAY HAVE AS MANY AS
200 NONCLINEAR PARAMETERS,

DIMINSTION HEZ0D) o+ V0130 )+S(LG3) o X{200u) o XSTARCLIOD),

» SHAT(65) «
*T(55}

COMMUN/JIHEZA sy T4 SSREG,SSTOT
READ IN THE XeY COOROINATES ANO THE ASSQCIATED
STRENGTH YALUCES

00U 15 I=1465

RLUADISyL01IHLTI)Y oW {I)sS(I)

S{I)=ALOG(S(I))

CONT INUZ
ScT STOPPING CRITERIA ANDO DESIRED STEP SIZE
FO2 NONLINEAR PARAMETER OPTIMIZATION

N=3

OMIN=.0ul

OcL=.001

AMIA=G

XSTAR(1) =1

XSTAR(EC)=¢

X3TAR{3) =5
3:GIN PARAMETER OPTIMIZATION 3Y MINIMIZING THE
RESTIOUAL
3UM OF SQUARES ORTAINZO FRCM REGRESSION

- ON PARABOLIC MOQEL

J0 bu I=LsN

XEIY=XSTARLTI)

CONTINUL

ZSTAR=9399399949999,(

0l37°=L.

FrAS=y.

XMOVE =3,

30 270 I=1,N

K{IY=XxSTAR(I) +XMOVE*DEL
J0 KeGRESSTION ANALYSIS ON PARASULIC MODEL
JSING PRLSENT VALUEZS GF THEZ PARAMETERS

CALL FUNCUXyHaVySeF ek}

PEN=F+4M0A*FEALS

IF(PFNL.GL4ZSTAR}IGOTO 150

JISP=CISP+(ABS{XMOVEY ) *DEL

XSTARQ(IY=X{I)}

XMV =XMOVe +XMOVE

Z5TAR=PFEN

FrAs=u.

GUTY 13
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X(Iy=XsTax{(I)

IFAXMOVE e GT a3 eJ3e0R W XMOVE L LTW2.71G0TO 160
XMOVE={=34}
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XMOVe =2,

FCAS=G

CONTINUZ

FEAS=(

IF(JISP.LT.OMINYGCOTO 190

DISP=y

XMOVZ=3,

GOTO 14l

STOPPING CRITERIA HAVE BeEEN MET=-=GET FINAL
REGRESSIOM PARAMETERS AND PRINT THE RESULTS

CALL FUNCIXsHsVoSyFeRC)

WRITE (6sc60)

ARITE(E4 2503 LI Xx (1) ,yI=14N)

WRITZ {os2ul)FeRZ24AWB

30 3dL K=.e55

SHAT(K)I =3+ A*T (K}

S{LKY=c XP{5(K))

SHAT(K)=EXPISHATA(K))

RESID=S{K) =3HAT(K)

IF{K NEL1IGOTO 6UL

APITe (By2il)

ARITL {4 2u43)S{K) s SHAT(K) 4RZSIN

CONT INUC

FORMAT(3FS,.1)

FORMAT{*X (¥ ,12,%) = *,£14,.6)

FORMAT(/*THz OPTIMAL X VECTOR IS5*/)

FORMAT (/*THe MINIMUM VALUE QF THE LEAST SQUARES*
** OBJECTIVE FUNCTICN®,/4*F(X) = *4,Ei1446y

¥/ 9 ¥R =SNUARE = *4FB8e395Xs*¥A = ¥,3F8454+5Xe*B = *4F10.47/
. )

FORMAT(*STREMGTH *35X 4 *STREANGTH PREOICTED*+5Xs
¥ *RUSIQUALS*//)
FDRMATILXQFBQ1!1HX!F5-2|1SX'FE-Z,

STor

N

SUBROUTING FUNCIX sHa WS Fe22)
DIMENSLON HIEBY 4 VIDBS) sSIESYZT(HED) 4RIBSI X (100),550(65)
r's
L )
*Til(o5)
COMMONZONC/D 304 Ty SSREG, SSTOT
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S0

3GIN LINEAR REGRESSION ON PARABOLIC MODEL

F=J

SUMSN=§
SUMT=¢
SUMsS={
SUMTS=0
SUMTT=u
SCRO3=0

JU L3 J=1.65

REJIFSART IIHIII =X (1)) ** 2+ (VIJ)=-X (2} ) **2)

TCIV=(R{JDP=X(3))**2
S3NCSE=S(Jrye>?
SUMT=SUMT«T(J)
SUMS=SUMS+S5(J)
SUMSI=SUMSI+SSI(J)}
CROSS=T(U)*S (D)
5CR035=5CROS+C=0S55
CONTINUE
38AR=5UMS/65
TYAR=SUMT /55

QO 30 I=1,065
SUMTS=SCROS=-SUMT*SUMS /65
STT={T{I)-TBAR)**?
SUMTT=SUMTT+STT
CONTINU-
A=SUMTS/SUMTT
B=53Ar=-A*THBAR
SSRCG=A*SUMTS
SSTOT=SUMSQ~-(SUMS**2) /65
F=33T0OT=5SREG
Re=SSREG/ZSSTOT
RETURN

IND

144
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APPENDIX C

This appendix contains a description of the model derivation
procedures used in this study. Included are discussions of development
of the mathematical form of the model, and of the methods used to

determine the optimum values of the model parameters.

Initial Selection of a Parabolic Equation Form

Examination of the data contours in Figure 20 reveals that the
strength contours center on a point which approximately corresponds to
the location of the subject's shoulder. From this center, strength
increases with the radial distance until it peaks, then decreases out
to the end of the reach sphere. There seems to be, therefore, a quadratic
form to the data surface, the height of the curve occurring at the point
of maximum strength. Using the radial distance, R*, we may view the
relationship between strength and R* as parabolic. The equation of a

parabola in these two variables is exactly the same as equation 5.2, the

equation for the general form of the parabolic model. (Spiegel, 1968)

Use of Iterative Regression to Examine Parameter Variations

The expanded form, equation 5.4, indicates five parameters, XO’ YO,

0 A and B. It can be seen that this model is linear in the A and B

parameters, but non-linear in XO’ YO, and R

R

0 The relationships between
these parameters and the variables X and Y were examined using an iterative

least squares regression technique. This procedure is explained

schematically in Figure 29. A short computer program was written to
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accomplish these regressions. From the data of Study II, ten values of X
were selected. For a fixed value of X and using Figure 20, ten data
points (strength values) were estimated for various values of Y and a
least squares regression on equation 5.4 was conducted at each X value
using these ten data points. Several hundred different combinations of

were sequentially substituted into equation

the parameters X YO’ and R

0’ 0
5.4 for each new regression. The combination yielding the highest R2 at
each X value was recorded along with the corresponding regression
coefficients, A and B. The procedure was repeated for the remaining nine
values of X. It was then possible to examine the values of the parameters

X R. producing the best fit for each X, and determine possible

0’ YO’ 0
relationships between the "best" value of a given parameter and the

variable X. This process was repeated by selecting ten values of Y,
selecting ten data points for each Y value, and conducting another iterative
regression. Results of the iterative procedure were not conclusive, but

did indicate that the values of XO and YO producing the largest R2 varied
little with different values of X and Y, implying that both parameters

are probably constants. However, other possible relationships for XO, A
and B could be hypothesized from the results of the iterative regressions.
These include, besides being constant valued, the possibility of varying

linearly or quadratically with X and Y. All possible relationships were

investigated.

Analysis of Possible Parameter Relationships with X and Y

The possible relationships found for each parameter are detailed in

Table 20. By substituting the mathematical expressions from Table 20 for



148

Table 20. Possible Relationships Between Equation Parameters
and the Variables X and Y
HYPOTHESIZED MATHEMATICAL
PARAMETER VARTABLE RELATIONSHIP EXPRESSION
XO —_ Constant XO = 8
XO X Linear XO = ~-2/5X - 16 !
X, X Quadratic X, = 10(x-8)2 + 3
YO — Constant YO =.2
A - Constant A = Constant
A X Linear A=aX+b
A X Quadratic A = a(X—8)2 + b
A Y Linear A=aY¥+h
A Y Quadratic A = a(Y—lO)2 + b
A XY Quadratic A= a(X—8)2 + b(Y—lO)2 + ¢
B - Constant B = Constant
B X Linear B=aX+b
B X Quadratic B = a(X-—lS)2 + b
B Y Quadratic B = a(Y+5)2 + b
RO -—= Constant 20 j_RO < 30
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the parameters in eguation 5.4, models 1 through 10 in Table 16
resulted. There are more than these ten possible parameter combinations.
However, they all become extremely complex and were thus not considered in

this research.

Decision on Final Model Form
In light of the twe criteria used for model evaluation, simplicity
and prediction accuracy, 1.e. high R2 value, the best parameter

relationships found from the iterative least squares analysis were:

XO = 8 B = Constant
YO = 2 R0 = Constant, approximately = 25
A = Constant

2
Although other models yielded higher values of R (see table 16), the
additional terms in these models added little to the prediction
accuracy, yet quickly increased the model complexity. Tterative least

squares provides the following model:

e (S o [/ 2 7 2
0g_(5) = A [ /(x-8)"+(¥-2) - 25]" + B .1)

with R2 = ,5301.
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Methods for Optimizing Parameter Values

Once the three models of interest were selected (excluding the
polynomial model), the parameters of each as shown in equations 5.4, 5.6,
and 5.12 were optimized to provide the best possible fit to the data,.

Two methods were used to accemplish this.

Nonlinear Programming

Both equations 5.4 and 5.6 are linear in A and B, but nonlinear

in the parameters X YO’ and R To determine the optimum parameter

0’ o’
values, linear and nonlinear procedures were combined in a short computer
routine (see appendix B). This program performs simple linear regression
on the model in equation 5.4 using as initial values, the values of the
parameters determined from the iterative procedure. Utilizing a modifica-
tion of a nonlinear optimization routine due to Bazaraa (1975}, the
program minimizes the error sum of squares of the regression medel until
the optimum value is attained. The final results from this procedure
produced the parabolic models in equaticns 5.5 and 5.7.
Steepest Descent

The predictive model of egquation 5.12 has eight parameters. The
model is linear in bO’ bl, b2’ and b3, but nonlinear in XO’ YO’ Xé, and
Yé. The method of steepest descent, commonly employed in nonlinear
regression and response surface methodology, was used. This method is
useful in determining in which direction to vary each parameter in order
to continue reducing the error sum of squares. (Draper and Smith, 19%66)
A description of this technique as it was applied in this study is

presented in Appendix D with an example of its use. This technique

increased the value of R to .9508 and increased the value of R2 to .9040.
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The final predictive model obtained from this procedure is given in

equation 5.13.
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APPENDIX D

This appendix contains a description of the method of steepest
descent as it was used to optimize the values of the parameters in the
final predictive equation. The presentation is limited to a brief
description of the procedures followed and does not provide a detailed
analysis of response surface methodology or nonlinear regression. The
reader desiring further explanation of the steepest descent algorithm is
referred to a text on regression or response surface methods.

The steepest descent procedure is a method whereby the experimenter
proceeds sequentially along the path of maximum decrease in response. The
procedure involves use of an iterative process to find the minimum of the
error sum of squares function. A detailed discussion of the elements of
the procedure can be found in any good text on response surface
methodology or nonlinear regression techniques. It suffices here to
provide a brief outline of the process with the use of an example problem.
Example

Step 1. Begin with the response function: Equation 5.12,

Step 2. Using the four parameters that vary nonlinearly with the
response function, i.e. XO, YO’ Xé, Yé, select staring values. Set up a
24—1 1/2 replicate fractional factorial design. Select as the levels of

the four factors a high and low value whicthrobably bracket the true

value of the variable.
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Step 3: Run a multiple linear regression on the response function
eight times, producing eight values of the error sum of squares.

The design is:

Xy YO X6 Y! SSE
9 -1 9 -1 722
11 1 11 1 .949
11 1 9 -1 1.666
9 -1 11 1 3.020
11 -1 9 1 2.003
9 1 11 -1 2.678
11 -1 11 -1 .834
9 1 9 1 773

Step 4: Using the eight sums of squares as the new response, run
a multiple linear regression, regressing the error sums of squares on

the four parameters to cbtain the equation:

. = — - ' 1
Y = .861 ~ .21763X, - .06412Y, + .28963K) + .10563Y)

Step 5t The estimated coefficients indicate the direction of

steepest ascent so the negatives of these indicate the direction of



steepest descent.
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It can be shown that by selecting the desired step

size dictated by A,

where AXj denotes

AX

AY

AX!

£Y!

Step 6:

It

AX, = b./2A (D.1)
J J
a change of the ith variable above. To change XO by .5,

.5 = bl/ZA = .21763/2 2% = -.43526
-.06412/-.43526 = .1473
-.6654

-.2427

Increment the four variables by the amount above, Use the

new values to evaluate the response function. Continue until the

function no longer decreases.

Step 7:

When the function does not decrease, another experimental

design is set up and the procedure continued until it converges. This

example problem, after several iterations and four directions, yielded

the final predictive model of equation 6.1.
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