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SUMMARY

.The pﬁrpose.of this study was to develop a mathematical
model of human arm strength. The specific type of stfength
studied was isometric push strength in a transverse plane
located 20 inches above the seat reference pbint.

Data was coilected on one male Subject in 22 radial
directibns around the body, at 10 héna locations in each
radial direction, The subjéct was.seated.. His.hand was in
the semi-pronated position during exertion.

The apparatus used for data collection was a framework
housing a piezo-electric force transducer.

The sﬁbject employed a free-push exertion technique
which provided minimal Body support of restriction. General
conclusions concerning ;trength capabilities were derived
from the data.

The following criteria were considered in developing
the matheﬁatidal prediction model.

:Consideration for the ultimate user of'the model

Realistic data collection techniques

%]

Intuitive parameters in the model

~

Computational simplicity
Predictive flexibility
Acceptable predictive accuracy

The_laboratory_procedures were evaluated to determine the
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effect of secondary factors such as fatigue and learning.
A.sequential model building process was used, wherein

curﬁes were fitted_to data in individual directioms. :The

individual curves were then intégrated info a sihg1e éenera1

model, The'general model utilizes four pafameters._



CHAPTER I
INTRODUCTION

The purpose of this thesis is to devélop'a mathematical
model of human static push stfength for a seated person. The
particular locétion in the reach Sphere which was studied:
is the transverse.plane iocated 20 inches_ébofe the seat
reference point. This study is a-part of an ongoing research
effort at the.Georgia Institute of Technology. Lower (1976)
initiated this reseafch with the design éﬁd construction of
.the strength testing apparatus; which was used in this study

in modified form.

Objectives

‘The pbjectives of this thesis were to safisfy the

following criteria: o ‘

1. Cpnsider.the ultimate user of the model and
develbp the model in such a way that it can be
easily applied by these users. In this case,
the user can be assumed to be the:wdrkp1a¢é5
designer, industrial designer or machine designer,'
with or without access to a digital computer.

2. Use data which are collected with realistic

- techniques--that is, without constraints omn body

position. -



3. Develop a model which employs pafameterS-which
ﬁa?e clear, intuitive meanings.

4. Ensure that the model is computationally simple.

'This means that the predictions can be'obtained
quickly and easily without the need for advanced
technical experience or access to a digital |
computer,

5. Develop a model which is robust enough to predict
patterns of strength.af ail directidns around the
body.

6. Ensure that thé.model has good predictive

accuracy.

Procedures

Maximum strength values were collscted on a seated
male subjecf using his right (preferred) hand. His hand was
oriented in the semi-pronated position, The apparafus
cqnsisted of a_Steel framework housing a piezo4e1ectric
force fransducér'(load‘cell) which measured isometric
pushing force. Values of strength were ccllected in 22
different radial directions around the body, with approxi-
mately 10 data points in each direction. All of the data
points were located in a transverse plane 20 inches above
the seat reference point.

The subject was instructed to use a free push position,

. the restrictions of which are:



1. Keep both feet on the floor

2. Kéep both buttocks on the seat

3. Keep at least one point of the back on=

the chair back at éll times. H

A four parameter model was initially fit to theldéta
on individual-radial directions. .Then.expressions for the
parameters were derived which were functions of the radial
anglé. Finally, these expressions were integrated into the
genera1 mode1, which predicts strength as a function of hand
-loCation, expressed as angle around and distance from the
Ttight shoulder.

Factors éffecting the subject's performance were
analyzed by performing.an analysis of variance on data
collected at two test points. The effécts sfudigd were

hand location, fatigue, time of day, and learning.

Conclusions

From examination of the data, several characteristics
of pushing forces were observed. The'location of'the largest
forces was in the right frdnt quadraﬁt of the transverse
plahe. Strength profiles on individual ra&ial diréctions
fook one of two general shapes: A centrally humpéd form
which varied in height and skewness from one radial'direction
to the next,'or.a highly.skewed'form Which_Was.highest 
close to the body and sloped downward at~more distant

locations.



The distance from the body to the location of maximum
strength in each direction was smallest behind the subject's
left shoulder, but graduélly increased as the hénd location -
moved forward and around the Body to fhe-rightr

There was a small stafistically signifiéant effect
in the.data due to fatigue. There was a significant negative
"learning' effect. This effect was probably due to soreness
and declining motivational levels of the subject. The free
push criteria were.probably responsible for some of the |
variability of the data but this effect was not pronounced
enough to affect the general utility of the model.

The final model was as follows:
_ R yBRm m-R {B(m-Ry)
5= 5 )T G

where

S = strength

Sm = makimum strength in one direction

R = distance to hand in one direction

Rm-= distance to maximum strength in ong-directibn
B = shape_paramefer of strength profilé

=
1]

distance to maximum reach in one direction



CHAPTER II
LITERATURE REVIEW

~This chapter revieﬁs the strength literature with
emphasis on the following areas: |
1. Patterns observed in puShing'strength
2. Pushing techniqﬁes used by experimental subjects
3. Quantitative models of‘arm-strength. |
For a more general review of strength literature including
other directions of exertion, definitions of terms, aﬁd histori-
cal perspectives, the reader is referred to Lower (1976) and

Hunsicker (1955).

General Push Sfrength Patterns

The purpose of this thesis is to describe puéhing
strength with a mathematical model. There have been many
studies on human strength, but a limited number have studied
pushing strength as a combination of the individual ¢fforts
of several musclé groups. The majority 6f the studies which
have thbught of pushing strength in this way did not deveiop
mathematical models. Various patterﬁs of stréngth were
observed in these sfudies, however, and a successful mathe-
matical model should predict these patterns. For this reason
a brief review of the patterns of strength found by other

researchers has been made.



Push Strength Patterns of Standing Subjects

Standing push strength.has been most completelf
invéstigated by Krcemer (1969). In one experiment, the
subject braced both shoulders against a back wall and pushed
forward with one hand. It was noted that his arm was
straight af 80-90 percent of his maximum reach. The strength
values increased to a point in the middle of his reach and
then tapered off (Figure Zjl).

In another experiment, the subject bracéd one
shoulder against the back wall and pushed forward with his
opposite hand. Even though the same humped form resulted
(Figure 2-1), this position was considered to be inefficient
bgcause of the rotation of the trunk at allldistances except
from 70 to 90 percent of reach, when the arm was_straight
and pushing was done with the shoulders.

When the subject placed one point of hiéhback'against
the back wall and pushed forward with both hands, the hump bf
the curve moved closer to the body. At farther distahcés
a slight upward trend was noted (Figure 2-1).

If the subject pushed with both shoulders contacting
the back wall with two hands, the hump moved further away
(Figure 2-1). In this condition the subject could lock his
arms, resulting in the high maximum forcé, In Kroemer‘(1974)
several genéral conclusions were made. First, it was noted
that posture, support, and the force path through the body all

have gross effects on:push force. If the'subject can wedge
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ﬁimself between the pbint of applicatibn-and a wéll or foot-
Trest, he can exert higher'forcé. This is especially true if
the force path thfough.his body approachés horizontal. |

It was noted that bracing against a rear wall and
pushing forward with two arms is efficient, but bending of the
arms tends to decrement force. Oblique force paths and one-
handed pushes (even if braced) also decrement force.. The
highest observed forces wefe observed when the operator
pushed with his back, with his legs pushing rearward against
the rearwall. In general, maximum push strength was observed
at 80 percent of the maximum reach. Laubach (1976) studied
push strength differences between males and  females. The
results in push strength from that study are given in Table
2-1,

Push Strength Patterns of Seated Subjects

Hugh Jones (1947) studied push strength in the mid-
sagittal, left-, and right-shoulder sagittal plane, and a
sagittal plane outside the right shoulder. The hand was
located 15 inches above the seat plane. Strengtﬁ.was observed
to increase to hand locations 29 inches from the.body_and
decrease from 29 to 33 inches, where the arm was straight.
This pattern was attributed to the mechanical advantage at
the intermediate positions outweighing the muscle's loss of
power due to shortening. ~Strength in the mid- to right-
shoulder-sagittal and outside-right4shbulder sagiftal planes

had less Strength.



Table 2-1. Push Strengfh Coﬁparisdn Between.Males'
and Females (after Laubach, 1976)

Number

Direction of Hands Br%ce - fgg Méan © 95%
Forward - 2 Foot Rest 31" 38 40
Forward 2 Vertical Wall 39 43 44
Rearward 1 Vertical Wall 39 .‘ 35 35
Lateral 1 Vertical Wall 25 43 50
Forward 1 Vertical Wall 43 47 49

ES
Percentile of male strength exerted by females

# &
Female percentile rank
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Hugh Jones detected a "toggle" effect in pushing
ﬁherein'the §treightening.of the arm to a peak or ”1imitihg”
angle of 135° greatly increased push'fOrce. He noted that,
because of this éffect, push fOrCesrcan be stronger than pull
forces. Subjectively, however, puﬁhing'fofce was less
comfortable for the subjects because of increased intra-
thoracic pressure aésociéted with pushing.

Hunsicker (1955) established a nomenclature system
for pushing in the.right shoulder sagittalrplane. By this
system,.180° correspdnded to pushing horizontally directly
ahead, 90° correspondéd to pushing downward, and 0° corre-
sponded to a horizontal reérward push. In the Shoulder
sagittai plane; maximum strengths were recorded at 180°7.
These values decfeased to 90° and slightly increased to 60°
(See Figure 2-2). Percentile tables for sitting position
push were developed on a sample size of 55. This information
is givén-in Table 2-2. | o _

Thordsen, et al. (1972) studied seated push strength
in the following aircraft oriented locations:

Stick: 1in centerline of seat, iS:inches
in front of SRP, 12 inches above SRP
.Throttie: 10 inches left of seat centerline
20 inches forward of SRP
12.4 inches abové SRP
Collectivé: 14 inches left of seat centérline
10.3 inches forward of SRP

4.75 inches above SRP
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Table 2-2. Sitting Position Push Percentile Data

(after Hunsicker, 1955)

Percéntile . _ Elbow Flexion
180° 150° 120° 90° . 60°
5 50 42 36 . 36 34

10 76 62 44 47.5 47
20 82 118 65 54 54
30 101 90 78.5 66 62.5
40 132 116 = 87 77 76
50 139.5 12B.5  95.5 84 93
60 156 136 112 8a 97
70 164.5 149 121.5 101.5 - 113
80 177 164 131 112 123
90 206 181 150 125 143.5
95 210 194 172 154 150
Min 33 34 30 25 24
Max 215 210 220 178 174
u 138.0 123 103.5 86.5 92.3
e}

48.9 45.1  43.3 32.8  37.7

* . )
In pounds, N = 55, right arm.

12
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Overhead_controi: 10 incheé 1eft.of seat centerline
0.0 inches forward of SRP
47;3 inches above SRP
Panel Control: 10 inches left of seat centerline
24,7 inches forward of SRP
23.0 inches above SRP
Hatch Control: 13 iﬂches right of seat centerline
13 inches forward of SRP
23 inches above SRP
These data were collected on a sample size of 51, using the
left hand in the mid-position, except for collective and
overhead confrols, which were in the pronated position.
Percentile data from this study are given in Table 2-3.
Laubach and Kroemer (1974) Complefed a study using
similar control locations. They concluded that the strongest
ﬁush forces occurredrbn the line between the shoulder and the
handle. Weaker forces occurred in directions perpendicular
to that line. They also noticed high variance betwéen force

directions at the same hand locations.

Pushing Techniques Used by Experimental Subjects

The importance of the pushing criteria used by subjects
in stfength studies is a point which has been ﬁentioned in
the literature (Kroemer, 1969). The question of the restricted
versus non-restricted pUshiﬁg criteria is a major area of

concern, because of its implications on the'apﬁlicability of



' %
Table 2-3. Percentile Data for Selected Seated Push Forces
' (after Thordsen, et al., 1972)

Percentile Stick Throttle Collective Overhead Panel Hatch
99 124.8 238.2 98.5 65.9 245.1  60.4
95 | 100.3  208.6 94.2 51.8" 219.6  56.8
75 79-.9 - 180.2 79.2 38.2 194.8 44.0
50 67.9 162.5 66.5 31.3 174.8 34.0
25 54.9 140.7 54.6 25.4 148.6 25.3
5 36.3 93.8 41.4 17.7 103.2 16.2
1 29.2 44.9 36.2 12.9 74.5 11.8
n 68.8 157.7 67.1 32.5 169.8 35.0
o 20.4 34.8 5 36.3 12.S

16.0 : 10.

%
In pounds, N = 51, left arm,

/A
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the data generated. The following paragraphs briefly review
the pushing criteria used in past studies.

Standing Push Force Techniques

It seems that in studies where subjects were standing
fewer restrictions were imposed on their individual pushing
techniques.

Ayoub (1974) tested standing push strength with an
adjustable-height bar. No foot rest was provided for the
subjects--only.friétion between the shoes and the floor was
relied on to transmit reaction fbrces. This is an extreme
case of the experimental simulatioﬁ of real pushing condi-
tions._ Body weight was found to have a positive effect on
pushing force at conditions where the feet were far from the
bar and the bar was at a high position. The highest push
forces were found to be exerted when the foot distance from
the bar was 90-100 percent of the shoulder height, and th¢
bar height was 70-80 perdent of the shoulder height.

Kroemer (1969) utilized'various realistic, non-
restricted'pushing situatiohsT These conditions were tested
with and without foot rests. Because the subjects assﬁmed a
variety of bracing poéitions between the load and a rear wall,
no.muscle group isclations were attempted. These positions
resulted in more realistic forces than studies which réstricted
the subject to stand erect. This condition limits the force
exerted because of the tendency to fall over.

Streimer and Springer (1963, in Kroemer, 1969) also
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allowed subjects to assumé natural positions in pushing.
Pushing strengths were recorded at the knee, waist, chest, and
overhead positions.

The natural positioﬁ.criteria was also used for pushing
‘at the two inch, 24 inch, and overhead level by Fox (1967,
in Kroemer, 1969). The subject was allowed to push with his
shoulders or hands. The Schanne model (1972) calculated the
optimal position for pushing with an iterative computer
program. His approach was somewhat restricted, however,
because his human voluntary‘forces were calculated on the
bésis of isolated mﬁscle grbups. Because of this approach,
cOmplex.areas, such as regions behind the mid—frontal plane,
were not investigated. In com?lex areas such as those behind
.the body, interaction between muscle groups is'inevitable,
and the isolation of muscle groups is impossible. A
correction factor was ihcluded in the model to corréct for
inter-group interaction in areas in front of the subject.

Sitting Push Force Techniques

Bécause seated pushing is more dependént_on the seat
structure,.more restricted pushingfstudies have occurred on
seated subjects than'wheﬁ-Subjects are étaﬁding. Pushing
strength with an adjustable back-rest was studied by Caldwell
(1962). The force exerted was very apparatus—depéndent. It
was found fhat higher backrest positions resulted in highef
forces exerted. He noted that force exerted was dependéﬁt.

on the resistance force at the shoulder. The toggle effect
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entioned by Hugh Jones (1947) was aiso obserfed. These

results suggest that strength forces may vary between studies
simply on the basis of the_experimental apparatus. Therefore,
a nonrestrictive, hdn-apparatus-dependent approach would
seem to be as valid an approach as the restricted approach.

Aﬁother ekamplé_of a restricted pﬁSh study was that
by Thordsen, ét_a1. (1972). In. this study, a limited number
of aircfaft.control locations were studied. A rigid seat
structure wés used, with a high, hard backrest and fouotrest.
The pushing convention used was as follows: Both feet were
to remain on the footrest, and at least one point on the
upper back must always be in contact with the seat back.
This convention restricted the subject considerably. There
.would bé'a need to modify the push convention.if more remote
test locations were to be considered.

A rigid seat and footrest was used in the Hunsicker
(1955) study also. Because all of the push forces were
directed forﬁard in the shoulder sagittal plane, the
subject's back always contacted thé seat-back. No long
reaches occurred, because the locating index was arm aﬁgle
rather than hand location. Hente, the seat back had a
definite effect on the forces measured.

An examplé.of a very free pushing criteria-was that
used by Gaughran and‘Dempster (1956). The subject sat
freely on a bench Qith no béck or foot'contact ﬁith'ahy.

surface. It was found that maximal push force could be
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exerted when the moment arm of the couple formed by (1) the
upward resistance force of the bench and (2) the downward
force_through thé_center of gravity of the body was maximized
(see Figure 2-3). This moment arm could be lengthened-by
muscle tension which would move the contact area on the buttocks
and thighs forward while keeﬁing'the location of the center of
gravity the same. The_éddition of a backrest.increased7the
amount of force exerted by providing resistanée. This increase
“in force was highest when the backrest was at thé shoulder
position. . )

Other studies which used thé free pﬁsh criteria were
Lower (1976) and Lower et al. (1977). These studies used.
the followihg criteria: Both feet were on the floor at all
times, both buttocks on the seat at all times, and at least
one point on the entire back was to contact the backrest
at all times. This criteria allowed the subject to rotate
his body for pushing at positions behind his back, and to
reach to longer distances in front of him. These loose
restrictions led to slightly increased data variance, but the
increased realism was considered to have offset the vafiance
increase.

Conclusions on Pushing Techniques

From examining the data it seems that non-restrictive
push criteria are seen more frequently in the studies for
standing subjects than seated subjects. Strength data on

seated subjects in specialized settings, i.e., aircraft,
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Figure 2-3. DPush Positions for Maximum and Minimum
Force (from Gaughran, Dempster, 1956)
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tend to use restrittive.criteria. In the studies which are
directed toward ultimate use in industry, tﬁere are efforts
toward the.use.of generél, non-réStrictive push criteria.

A problem exists now because the majority of the seated
push data has been collected in restricted conditions. It
is difficult to apﬁly this data to the more general pushing
forces found in industry. Until more data is collected
using free push criteria on seated subjects, this probiém

will remain.

Models of Strength

There are several types of models which have been |
developed to prédict strength. The types which can be used
to predict arm pushing strength include computerized models,
models in equatidn form, and rigorous kinematic models.

Computerized Models

The model déveloped by Chaffin and Baker (1970)
predicted static arm forces in the saggital plane. It
consisted of a compﬁter program which utilized the following
inpufs (see Figure 2-4):
| 1. Subject body dimensions: =body height, weight,

" center of gravify of the hand-wrist combination,
lower arm length, lower.leg iength, foot length,.
and elbow height when standing. These data were

.used in Dempster's (1964) equations to derive |

eight body link lengths and masses.. These links
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composéd_a simplified ''stick-man'" representation
of the body.

2. Body position of the specific task folbé stﬁdied:
this was composed of various angles between links.
These angles were determined from photographs of
the subject or drawing table tempiates.

3. Force.direction of task to be studied: for a
lifting task, this direction would be a downward
force acting at the.hands.

4. Maximum voluntary torques: these torjues were
computed from force data collected directly from
the subject. The following forces were measured:
a. ankle plantar flexion
b. knee extension
c. hip extension
d. shoulder extension
e. shoulder flexion
f. elbow extension

A cable, pulley and load celi force measuring device was
used to collect these values. |

Following the input of the above data, the program

computed task torques for each joint based on the anthro-
pometric subject data and an initial external force value
to be acting, say, downward at the hands; |

The program.then compared each computed task torque

with each inputted voluntary torque. The Stopping criteria
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were as folloﬁs: (1) if any task torque exceeded its -
correspbnding voluntary torque, (2) if the computed torque
at the L5-S1 vertebral level exceeded given fracture‘limits
(1284 1bs for males; 784 1bs for females). The current
external force at the hands was considered to be the predicted
maximum strength if either stopping criteria was satisfied.
If neither of these conditions existed, the program incre-.
mented the external force by one pound, and the process
iterated until one of the stopping conditions was satisfied.
This model predicted the data with a least squares standard
deviation estimate of 32.4 pounds.

Martin and Chaffin (1972) expanded this model to
include two important features. The first feature was_that
their model iterated over many body positions for each hand
location to find the optimal poéition. The task torques at
this position'were then compared to the Voluntéry torques.
Also checked at each position were spine fracture conditions
and body balance. Body balance was evaluated by examining
tofques at the ankle joint, so that no hand force and body
position would résult in the body becoming unbalanced.

The second new feature of the Martin and Chaffin
(1972) model was thé binary search procedure used in choosing
successive external hand force values. Instead of simply
incrementing the force by one pound after every iteration,
the search procedure either halved or doubled the current'

value. This is a more efficient technique for converging
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on the opfimal force value.

Using input data'fromlbther sourceé; rather than
directly measuring a subject, push'prediction contours were
developed (see Figure 2-5). This figure.illustrates one of
the conclusions stated in the'report which asserted that push
strength increases with horizontal displacement of the hands
from the body.

| Three dimensional pfediction capability was the résult
of the Garg, Chaffin (1975) model. This model was similar in
concept to the two previous models, but performed in modes
usiﬁg one or two hands.

Validation for this model was performed.on_subjécts at
.Wright Patterson Air Force Base in the same hand_locatipns
that were examined in Thordsen, et_al..(iQ?Z). "These studies
indicated that the ﬁodel was good as a first approximation
mddel,.but a correction factor, whiqh was a function of
handle location and-force direction, was needed,

Schanne (1972) utilized the same task torque approach
as the above models., He also developed regreésion equations
for torque at each joint. These equatidns pfedicted_torque
as a function of various joint angles. The voluntary torques
used'by Chaffin, Baker (1970) were replaced by thése predic-
tion equations.

Dynamic Strength Modeling

The above models dealt with static forces, or forces
in which the muscles involved do not appreciably change in

'1ength, An example of a dynamic force model is the Pearson,
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‘Butzel (1963) model. This model is a rigorous kinematic
study of arm strength. For general_applicatioﬁslamong'_
machine, industrial, aﬁd workplace designers, its use woﬁld
be somewhat Iimited, due to its computational and theoretical
compiexity. | |

Models in the Form of Predictive Equations

Lower (1976) developed a mddel.for predicting static
push forées in thé transverse plane located 20 inches above
the seat reference point. This model expressed strength as
a function of hand location in the plane. The lower model,

which is parabolic in form, is as follows:

Loge(S) = 2.837 - .003438 (X-10.5)% - .002649 (Y-.5)?

+ 137V (X-100% + (Y-.1) %

where X and Y are coordinates of the hand in the.transverse'
plane. |

This model over;predicts in .areas in front of the body
and under-predicts maximum strengths in areas to the right of
the mid-sagittal plane.

Figure 2-6 shows contours draﬁn from the data
collected by_Lower and equal strength contours generatéd
from the parabolic.model, The model predicted the data
with an R? = .9040. o

Lower, et al, (1977)'developedua.push strength model
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for the 20 inch trénsverSe plane which used pérameters with

clear physical interpretations. This model is as follows:

b R((R/R.)-1)°
S=5¢e?° e
m
where:
1
R o= (xx 0% (¥
_ 0 0
e 2 . .2
R, = by + b, (8°-by)
b.®
_ 5
Sm = b4e
® = 90° - arctan (Y/X)
and:
(X,Y) = coordinates of the hand (from SRP as origin)
(XO,YO) = coordinates of the shoulder

8 = angle of hand about shoulder (to rightj

R = radial distance froﬁ shoulder to hand

R = radial distance from shoulder to maximum
strehgth in one"difection

Sm = maximum stréngth in one direction

This model gave the poorest fit of the models investigated

in the study (Rz ='.80). Because of the clear, intuitive

interpretations of“parameters-Rm and,Sm,_howeVer,,this model
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was considered to be the hpst promising of several models
presented. |

Figure 2;7 includes plots of prédicted strength.versus
hand disfance'frcm~the shoulder, S versus G;Iand'Rm versus
8, respectively. The strength versus distance plot of Figure
2-7 suggests a tendehcy'forﬂStrength to remain at high
levels, ahd possibly even increase at points close to the
shoulder. This is a result which detracts from the intuitive
appeal of the model. The Sm versus radial angle plot of
Figure 2-7 demonstrates that maximum strength is highest
.almost directlf in front of the shoulder. Equal strength
. contours plotted in Figure 2-8 further illustrate the Sm and

R curves in Figure 2-7.
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CHAPTER III
APPARATUS AND PROCEDURES

This study involved the collecting of arm'strength
data using an electronic force recording apparatus. The
apparatus could be adjusted so that exertions could be made
by a seated subject at different hand locations. Pushing
force was measured at hand positions in the transverse plane
located 20 inches above the seat plane. As suggested by
Caldwell et al. (1974), the exertions were scheduled over four
minute intervals. The measurements were analyzed for'learniﬁg,

fatigue, and session effects.

AEEaratus

Physical Description of Apparatus

The positioning apparatus consists of a rectangular
framework fabricated from 1-5/8 inch "Unistrut' steel channel
(Figure 3-1). This is a modified version of the apparatus
used by Lower (1976). Two channelé were bolted to the floor
parallel to each other ektending between two walls of the
laboratory. At the end of each floor channel, vertical
channels were bolted to the wails. The distance between the
walls is five feet four inches. The distance between the
floor and wall chénnels was 23 and 11 inchés,lrespectively.

Mounted on the floor channels is a roiling trolley,
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on which is mounted the subject's chair. The trolley can be
moved along the floor channels to-any point between the walls
and locked into position.

The chair dimensions are as. follows:

seat width:- 17 inches
seét length: 14.5 inches
béckrest height: 14.0 inches
SRP height: ' 15.75 inches
base width: three feet
base height: three feet

The chair can be rotated and locked in any angle. The back
of the chair is made of 1 8 inch plastic and flexes two to
three inches under.maximum stress, A foot rest is mounted on
the trolley. It is inclined approximately 26 degrees,
Suspended between the two walls at a height of 56.75 inches
above thé floor are two more channels, which are bolted to
the.vertical wall channels.

The force measuring instrument is. a Piezotronics
208A03 Piezoelectric load cell force transducer. Constfucted
by Lower (1976) the frame also contains a handle located such
that force exerted on the stirrup-shaped.grip of the handle
by the sﬁbjéct is transferred by the handle to the load cell.
This is acéomplished by pivoting the handle arbund a center
mounted fulcrum pin. The load cell ié attached to the handle
- with elastic berrylium copper studs. It emits a Voltagé of

10 mv per pound force. The load cell is a rigid structural



35

unit and can accept loadings to 500 1b (linear).

Operational Modes

" The frame Contﬁining the handle and load cell can be
mounted to the wall 'of overhead channels for testing. By
(1) moving the trolley, (2) the handle, and (3) rotating the
chair on the trolley, data.points at varying angles and dis-
tances from the shoulder can be collected (Figures 3-1,3,4).
For points close to the shouider, the frame containing the
handle is inverted and suspended from the overhead channels
at a point near the center of their span (Figures 3-3,4).
For poinfs far from the shouider, the frame containing the
handle is inverted and suspended from the ovefhead channels
at a point flush with the wall (Figure 3-1).

For calibration of the apparatus, the frame containing
the handie is mounted directly to the wall channels so that
the handle points perpendicularly away from the wall (Figure
3-5). In this position, weights are hung from the handle for
calibration. Twénty-five, fifty and seventy-five pounds were
hung from the handle before each test session to check the
accﬁracy of the strip chart':ecorder;

Other Apparatus

The signéis from the load cell are sent via coaxial
cable to‘a.PCB Piezotronics 484B power supply which 1s
connected to a Hewlett-Packard 5306A multimeter. The voltages
are read directly from thé multimeter or sent to a Hewlett-

Packard 7402A strip chart recorder for permanent recording.
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A tape recorder was used to time the exertioﬁé. This
tape is refefred to as the "exertion. sequence tape." ﬁvery
'30 second interval of the four minute rést.period was annourniced
by the tape,. For the last 10 Serndé to the rest, every second
was announced. At that time the tape gave the command 'touch,"
which instfucted the subject to touch, but not.push, the
grip of the handle. Five more seconds were counted, and the.
command "push" was gi#en by the tape. Five more seconds
were tounted, and the tape gave the command "release.'' Then
the four minute rest begén. (The subject had been initially
instructed to build to his maximum effort in one or two seconds
after the "push" cbmmand, and fo sustain the effort until the

M"release'" command was given.)

Procedures

Nomenclature

The study consisted of measuring the maximum push
strength of the subject at each of 215 locations in a trans-
verse plane 20 inches above the seat reference point (SRP).
The data points can be seen in Figure 3-6 and.Tables'4-l and
3-1. Table 4-1 listé the data by radian and Table 3-1 lists
the data points.in the order tested, by test session.

The data points were located apprdximately every three
inches along 22 radial directions. On each radial direction,
or '"radian," 10 data points were located, with the exception

of radian 13 (behind thetleft shoulder) which contained only



TEST
SESSION 1

2.0 29.0
14,0 &5
18.5 -12,0
-9.0 0.0
-2.0 24,0
22,0 18,0
31.0 -B.0
-8,0 -12.0
-22,5 23.0
11.0 12,0
30.0 5.0

2.0 -2a.
-7.0 5.0
4.8 21.0
28.0 14.0
14.0 -2,0
-22.0 -13.0
-4,0 ~18.0
20.0 24,0
30.0 -1.0
2.0 -7.0
-18.0 12.0

TEST
SESSION g

2.0 18.0
26,0 9.5
14.5 -8.0
-22,0  -3.5
~5.0 29.0
24.0 22.0
1%.0  -1.0
-4.0 -8.0
" -6.0 13.5
13.0 .20.0
26,0 5.0
2.0  -8,0
-14.¢ 5,0
7.0 12.0
21,0 12.0
180 -4.0
-13.5 -8.0
0.0 14,0
23,0 29.5
34.5 -2.5
-22,0 13.0

Table 3-1., Data Points

2
26,0 15.0
23.0 -%.0
-15.0 -9.0
-10.0 24.0
8.0 Z21.0
23.0 0.8
-3.0 -14.0
-4.,0 B.0
.0 26.0
18.0 7.0
21.0 -14.0
-20.0 -3.0
1.5 18.0
16.0 12.0
22.0 -3.0
2.0 -13.0
=-i18.¢ 20,0
13.5 22.0
16.0 5.0
?.0 -18.0
=-24.0 3.0
5.5 18.0
7

14.0 8.0
24,0 -10.0
-12.0 =-7.0
=53.,0 1%9.0
17.0 19.0
16.0 3.0
=-10.0 1¢.0
7.0 146.0
38,0 12.5
13.0 -2.0
-156.0 -2.,0
-1.0 22.0
20.0 16.0
24,0 -4.,0
-12.0 -14.0
. =8,0 14,5
14.0 - 23.5
14.0 5.0
.0 -20.0
=18.0 5.0
6.5 14.0

3
18.0 14.0
25.0 -4.5
-2.0 =-4.0
-20.0 21.5
12, 16.0
32,06 5.0
2,0 -4.0
~21.0 5.0
4,0 24.0
23,0 13.0
22,0 -8.0
-6+0 -4.,0
-4.0 20.0
12,0 10.0
- 2%:0 0.5
-4.0 18.0
-20,0 12.5
$.0 22.0
30.0 10.5
20,0 -14,0
-1B.0 =2.5
-3, 26.0
_8

24. 20.0
33.0 -9,0
-6.0 =10.0
-4,0 12.0
11,5 14,0
34.0 5.0
9.0 -14.0
~22,6 5.0
2,5 2B.5
1B.0 10.0
29.5 -15.5
~17.,0 -10.0
-B.0 22.0
21,0 26,0
18.6 2.5
-2,0 -14.0
-25.0 14,0
9.0 20.0
32,0 11.0
15,6 =4.0
-12,0 -1.0¢
-4,0 27.5

in Order of Testing

16,9

22.0

-28.5
?.0
28.9
17,3
~-14.0
4.0
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3.0
16.0
14,0
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~14,0
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14.5
22.0
2.0
-16.0
5.0
32.0
26.0
-10.0
3.0
14.0
27490
=1.0
-14.0
?.0
21.0
18.0
-24.0
2.0
28.0

16.0 .
- =10.0

-2.0

15.0
28.0
9.0
-20.0
4.5
35.0
25,0
~24.5
2.0
16.0
34.0
0.5
-12.0
9.0
24,0
24,5
-26.0
0.0
21,0
26.0
-14.0
-12.0

10
28,0
5.0,

-29.0

5.0
22.0
20.0

-11.0
-14,3
12.0
17.90
-2.0
=10.0
10.5
24.0
?.0
~22.,5
-5.0
20.0
17.0
=5.0
-18.0
17.0
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Table 3-1 (continued)

TEST .
SESSION 11
9.0 29.0
16,0 6.5
18.5 -12.
-9,0 0.0
-2,0 24.0
22,0 18.0
31.0 -8.0
—B,0 -12.0
-22.5 23,0
11.0 12,0
30.0 .0
9.0 ~22.0
-%.0 5.0
4.8 21.0
28,0 16.0
14.0 -2.0
22,0 -13.0
-4.0 -18.0
20,0 24,0
3o.0 -1.0
2.0 -7.0
-1B,0 12.0
TEST
SESSION 16
2.0 1B.0
24,0 ?.5
16.5 -8.0
-22,0 -3.5
=5.,0 29,0
26,0 22.0
19.0 -1.0
-4,0 -8.0
4.0 13.5
13,0 20.0
26,0 5.0
.0 =-B.0
~14.0 5.0
7.0 12,0
21,0 12,0
18,0 -4.0
-13.5 -8,0
0.0 14.0
23,0 29.5
36.5 2.5
~22.0

13.0

12
26,0 13,
23,0 -9,

-15.0 -%.
-10.0 24.
8.0 21,
23.0 0.
~3.0 =16.
~4,0 8
Z.0 24,
18.0 7
21.0 =16.
-20.0 -3.
1.5 18,
16.0 12,
22,0 =3.
-2.0 -13.0
=18.0 20.0
13.5 22,0
14.0 5.0
2.0 -18.0
-26.0 5.0
5.5 18.0

17
14.0 8.0
24,0 -10.0

-12,0 7.0
=5.0- 1%.0
17.0 1%.0
14.0 2.0

=10.0 10.0

2.0 16.0
38.0 12,5
13.0 ~2.0

~1&6.0 -2,0
-1.0 22.0
20,0 146.0
24,0 =-4.0

-12.,0 =14.0
-8.0 14.5
14.0 23.5
14.0 5.0

9.0 =20.0
-18.0 5.0
6.5 14.0

DOCO0O0O0Q0OTOO OO0

13
18.0 - 14,0
25.0 -4,5
2.0 -6.0

-20.0 21.5
12,0 16.0
32.0 5.0
‘9.0 -4,0

-21.0 5.0

4.0 24.0
23.0 13.0
22,0 -B.O
6.0 -4.0
-&.0 20.0
12.0 10.0

2500 6.5
-4,0 18B.0

-20.0 12.3

%.0 22.0
30,0 10.5
20.0 -14.0

~-18.0 . -2.5%
-3.0 246.0

18

24.0 20.0
33.0 -9.0
-5.0 -10.0
~4.0 12.0
11.3 14.0
34.0 5.0
9.0 -14.0
~22.0 5.0
2.5 28.5
18.0 10.0
29.5 -15.%
=17.0 =-10.0
-8.0 22,0
21,0 26.0
18.0 2.5
2.0 =14,0
.=25.0 14,0
.0 20,0
32.0 11.0
15.0 -é6.0

-12.0 -1,0.
-4.0 27.5

14
16.5 18,0
22.0 1.0

-28.5 15.0
9.0 14,0
28.0 10.0
17.5 -10.0
-14,0 -1.5
4,0 14,0
30.0 26,0
28,0 -6.0
-11.0 -15.9
-14.0 18.0
14,0 31,0
38,5 5.0
2.0 -16.0
-31.0 5.0
3.0 26.0
16,0 9.0
14.0 0.0
-18,0 ~10.5
-14,0 28.0

19
19.0 22,0
19.0 2.0

~14.0 11.5
9.0 12.0
36.0 12,0
22,0 -18.0
-29.5 -5.5
5.0 13.0
14,0 10.0
27,0 -53.5
-15.5 -20.0
0.0 10,0
12.5 18.0
24.0 5.0
9.0 -24.0
-24,0 5.0
6.0 16.0
~2455 14,0
20,0 -6.0
-20.0.-12,0
~2.0 14.0

15
14,5 26.0
22,0 5.0.

9.0 -12,0
~16,0 5.0
5.0 20.0
32,0 18.0
26+0 -12.0
-10.0 -4&.0
3.0 11,0
14.0 14.0
27.9 0.0
=1.0 -12,0
~14,0 11.0
7.0 21.0
21.0 8.0
18.0 -11.0
-24.0 -4.,0
2.0 17.0
28,0 24,0
16.0 1.0
-10.,0 -14.0
-2.0 11.90

20
15,0 28.0
28.0 5.0

7.0 ~29.0
-20.0 5.0
4,3 22,0
35,0 20.0
25.0 -11.0
=24.,5 -14.5
2.0 12.90
16,0 17.0
34,0 -2,0
0.5 ~-10.0
-12.0 10,5
9.0 24,0
24.0 ?.0
24,5 -22.5
-26.0 -5.0
0.0 20.0
21.0 17.0
26,0 ~5.0
-14,0 -18.0
-12.0 17.0

8¢
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five data points. The outermost data point on each radian
was_located-neaf the maximum reach distance of an. (approximate)
fifth percentile male (Kennedy, 1964, in Vancott, Kincade,
'1972). The radians were centered at a shoulder location nine
inches to the right and five inches in front of the seat
reference point.  Each data point was located by'means of an
X,Y designation, with the origin being the seat reference
point, positive X to the subject's right, and positive Y to
the subjeét's front. Other nomenclature conventions are as
follows (Figure 3-7):

1. The distance along each radian from shoulder point
to hand location was designated "RM.

2. The value of the streﬁgth recorded at each hand
location was designated “S”.

3. The distance frbm the shoulder to maximum reach
was designated "M",

4, The angle between each radian and a point directly
in front of the subject's right shoulder was
désignated """, A similar procedure for radial
angle notation was used by Kennedy (1964; in

Van Cott, Kinkade, 1972).

Squecf Data

One:subject was used ‘in the experiment. Anthropometric

data for the subject 1is as follows:
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:Age

Test Sessions

42

25'years
Sex . Male
Height 6'o"
Weight 150 1b.
Neck 15.25 in.
Chest 27 in.
Forearm 10.5 in,
Wrist 6.5 in,
Waist 32 in.
Bicep (relaxed) 10.5 in.
Bicep (fléxed) © 12,0 in.
Hips 36 in.
Thigh 20 in.
Shoulder to elbow 14 in.
Shoulder width 18.38 in.
Somatotype Ectomdrphic
Preferréd hand‘

Right

Each test session measured maximum static push strength

at 22 data points in a pseudo-random order. There were 20
test sessions, which resulted in one replication at each of
the 215 data points, The experiment proceeded at the rate
of two sessions per day:: one in the morning, and one in the
afternoon.

Each session proceeded in the following order:
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1. Calibration of load cell;at'ZS, 50 and 75 pound
| levels
2. Colletting strength data at two test positions
for secondéfy_effe;ts sub-étudy
3. Coliectiné strength data at 22 data points for
main strength study
4. Collecting strength data égain at two test
points_for'secandary effects sub-study.
The followiﬁg paragraphs will discuss the four steps of each
test session in detail. |
Step One: Calibration
Each testléession began by moving the frame containing
the handle to the calibration position (Figure 3-5). Weights
of 25, 50, and 75 pounds were hung from the handle in random
order. The strip chart recorder was zeroed and calibrated
for each weight.
Step Two: Test points for secondary-effects sub-study
After the calibration, strength at the following two
test positions was recorded fbr use in the secondary sub-

study (see Figure 3-6):

Test Point A: X -11, Y = 10
Test Point B: X = 20, Y = 22
_These positions were chosen to represent regions around the

body'in the transverse plané which were expected to have

substantially different strength patterns.
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Step Three: _DatéVPoints for Main Strength Study

uAffer fhe first two seCdndary effects sub-study test
pdints_were collected, the 22 main data points were collected.
. These exertions proceeded according to the previously mentioned
exertion sequence tape. The tape was a voice recording which
counted four minute rest intervals, five second preparatory
intervals, and five second exertion intervals, Dﬁring the
‘rest intervals, thé subject rotated the chﬁir and repositioned
the trolley for the next exertion. He also recorded the value
of the previous exertion. Chair angles and trolley locations
could be read'direcfly fromlscales mounted on the chair and
floor.

The data forms and the computer program which converted
the X,Y locatlons of the data points to actual trolley locations
and chair angles are given in Appendlces D and E.

A_free form.pushing convention:waskused in the data
collection. The subject was allowed to push freely sb long
as both feet touched the trolley, both buttocks touched the
seat of the chair, and at 1east one ﬁoint on his back
touched the back of the chair. Only the right arm was
tested (the subject'Was right—handed),'ahd_the hand was held
in the semipronateéd position.

No other attempt was made to locate or stabilize. the
subject. He was, however,.lnstructed to avoid actlvely
pushing with his feet. The strength value at each hand
location wés taken'as thé average of the middle three seconds

of the five second exertion interval (see Appendix D).
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Step Four: Test Points for Sécohdary-ﬁffects Substudy

The test session was cdncluded with exertibns at each
of the two test points used in the secondary‘effects sub -
study. The results of the two test points before and after
each session were analyzed later with an anaiysis'of variance
to monitor the effects of the following secondary factors.

1. Morning or afternoon test session time

2. Fatigue, or variation from beginning to end of

each session | |
3. Learning, or*var;ation from day to day over the

course of the experiment.
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CHAPTER IV
 RESULTS

This chapter présents the results obtained from the
experiment using the apparatus and procedures described in
the previous chapter. The mathematical-quel‘which was
derifed-from the data is given. Also, this chapter presents

the results of the secondary effects sub-study.

_Sfrength Data

The strength data collected during the 20 test
sessions appears in Table 4-1. This data is presented in
'_the form of equal strength éontours in Figure 4-1. These
contours wefe drawn using the average value of stréngth at -
each hand location. _Some subjective.estimation was used in
completing these contours. The maximum strength eliﬁse (MSE)
indicated.in Figure 4-1 represents the location of the highest
strength readingé on each radian. The perimeter of the contouf
is_the.approximate reach distance of a fifth percentile male
‘(Kennedy, 1964, in Van Cétt, Kinkéde5.1972).

Data obtained alohg individual radians are presented
in.Figures 4-3[through 4-24, Each of these strength.
"profiles" shows two raw data points collected at each hand
location,  the predicted curve generated by the final model

(discussed below) and a plot of op. op is the running
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g} =, . [
%'.5 - ~Table 4-1. Data Points and Strength Values by Radian
= = += . i .
5 03 20 '
o N [~ o 3
§8 1 573 3
= O v =
9,12 68,47 11,12 48,70 12,10 43,47 14,10 57,46
9,14 53,50 11.5,14 53,57 14,14 60,56 16,12 47,70
9,16 73,67 12,16 64,66 16,17 85,63 18,14 66,71
9,18 85,72 12.5,18 92,74 16.5,18 70,72 20,16 82,87
9,20 90,76 13,20 87,83 17, 19 85,80 21,17 84,72
9,21 84,78 13.5,22 72, 80- 18,21 68,85 22,18 70,85
9,22 69,84 14,23.5 83,70 19, 22 87,61 24,20 81,72
9,24  78.77 14.5,26 76.65 20,24 62,75 26,22 82,75
0.26  68.73 15,28 60.62 21,26 70,65 28,24 63.77
9,20 60,65 16,31 52,51 23.29.5 45.55 30,26 38.61
5 -6
14,8 51,40 16,6.5 42,52 14,5 40,40 16,3 47,37
16,9 51,42 18,7. 44,78 16,5 42,50 18,2.5 47,40
18,10 62,52 21,8 64,57 22,5 71,63 19,2 51,43
21,12 83,92 24,9 83,74 24,5 - 77,70 22,1 51,58
23,13 72,80 26, 9 5 90 88 26,5 77, 85 23,.75 56,70
24.5,14 93,82 28,10 76,30 28,5 80,82 25,.5 60,69
26,15 76,89 30,10.5 78,83 20,5 82,95 27,0 55,74
28,16 67,83 32,11 80,80 32,5 83,85 30,-1 83,85
32,18 75,61 36,12 83,52 34,5 85,76 34,-2 67,71
35,20 68,35 38,12.5 46, 36 38 5,5 74,55

36.5,2.5 60,52

Ly



Table 4-1 (continued)

9 10 11 12
16,1 81,37 14,0 35,40 13,-2 42,31 9,-4 46,45
19, -1 52,45 16, -2 44,46 15, -6 4436 9,-8 43,32
22,-3 52,70 18, -4 47,42 16.5,-8 57,42 9,-12 50,40
24,-4 68,63 20, -6 59,53 17.5,-10 46,50 9,-14 51,41
25,-4.5 76,72 22,-8 56,65 18,-11 56,48 9,-16 53,40
26, -5 73,67 23,-9 62,79 18.5,-12 55,65 9,-18 51,47
27,-5.5 86,80 24,-10 72,73 20,-14 ° 59.62 9,-200 56,53
28,-6 74,59 25,-11 71,65 21.-16 57,77 9,-22 65,63
31,-8 85,90 26, -12 62,70 22,-18 76,70 9,-24 57,52
33,-9 56,55 20.5,-15.5 62,46 24.5,-22.5 42,45 9,-29 51,52
13 - 14 - 15 16
2,-7 38,35 -2,-6 35,53 -6,-4 53,62 -9,0 61,66
.5,-10 30,39 -4,-8 55,45 -10,-6 59,46 -12,-1 52,52
-1,-12 40,27 -6,-10 52,43 -12,-7 57,50 -14,-1.5 43,57
-2,-14 40,31 -8,-12 38,51 -13.5,-8 55,42 -16,-2 55,43
-3,-16 32,30 -9,-13 35,35 -15,-9 40,43 -18,-2.5 47,57
-10,-14 45,35 -17,-10 67,45 -20,-3 44,46
-11,-15 37,36 -18,-10.5 43,50 -22,-3.5 57,47
-12,-16 46,46 -20,-12 35,42 -24,-4 55,51
-14,-18 27,42 -22,-13 40,36 -26,-5 54,47
15.5,-20 32,32 -29.5,5 62,47

-24.5,-14.5 26,33

8V



Table 4-1 (concluded)

17 18 19 20

-9,5 67,77 -4,8 80,76 0,10 72,67 3,11 53,54
-14,5 63,60 10,10 64,63 2,11 71,60 2,12 61,60
-16,5 71,57 -12,10.5 62,61 4,12 70,67 0,14 67,61
18,5 . 56,52 14,11 61,61 -6,13.5 74,62 -2,16 82,68
~20,5 60,56 -16,11.5 70,60 - -8,14.5 73,67 -4.18 56,60
-21.5 49,54 18,12 55,63 - 12,17 67.63 5,19 75,61
22,5 62,55 -20,12.5 52,58 14,18 66,62 6,20 64,70
-24,5 54,52 22,13 52,55 -18.20 51,62 -8,22 72,66
-26,5 48,49 -25,14 57,51 -20,21.5 51,60 -10,24 53,71
-31,5 47,51 -28.5,15 52,52 -22.5,23 48,59 -14,28 62,67

21 22

5,12 65,53 7,12 53,52

4,14 56,57 6.5,14. 57,54

2,17 80,67 6,16 82,69

1.5,18 56,92 5.5,18 60,90

0,20 95,72 5,20 77,94

-1,22 87,87 4.75,21 64,92

-2.24  46.83 4.5,22 88,97

3,26 63,70 4,24 86,70

-4,27.5 75,85 3,26 72,83

-5,29 70,60 2.5,28.5 76,65

6F



Figure 4-1.

Raw Strength Data Contours
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Figure 4-2. Contours of Running Average Coefficients
of Variation (CVR} of Strength Data
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average standard deviation éfithe six data points at any
three adjacent locations along the radian. it is computed

as follows:

where

_ jth data point in ith adjacent hand location

ij

[¥;]
L

average of two data points at ith adjacent
hand location
The plot of 0p is located at the bottom of each strength
profile. The siihouette below each strength profile indi-
cates the approximate direction of push in which the data
was collected. Note that the origin of these strength
profiles represents the shoulder point.

Variation of‘thé“raw dat}:is?Shbﬁn ih é0ht§ﬁr'form in
Figure 4-2. These'contours are plots of:apprbximationSﬂof
running averagé coefficients of variation (CVR). The result
of using the runniﬁg averﬁgé coefficient of variation is a
- slight smOofhing.effect along each radian, The running

average coefficient of variation is computed as follows:

o)
= |

Cv ?

[751]

where:
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~op = running average standard deviation (defined
above)
,SR = average Offthe'six data points at any three

adjacent hand locations..
An overview of all of'the data appears in Figure 4-25., This
illustration is a three-dimensional representation of all the

strength profiles‘viewed from a point above the subject.

Mathematical Models of the Data

The Gamma-Based Model

Two major mathematical models were derived from the
data. The first of these was a revised form of the gamma
prdbability distribution.: This model is summarized in Table
4-2. Because of several factors, this model was abandoned. .

The expressions for major parameters,such as maximum
strength and the disténce to méximum strength were awkward.
Another problem was that the pfedicted tufve would not skew
left and tight in response to manipulations of the parameters.
. This capability is essential for ensﬁring that all radians
would be adequately fit by the model. Finally, the general
form of the model did not have the necesséry intuitive_
appeal; It appeared to be awkward and unnecessarily complex.

The Final Model

The final model was based on the beta probability
distribution. Table 4-3 summarizes the characteristics of

the model. "Figure 4-26 defines the graphical meaning of
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Three Dimensional View of all Strength Profiles

Figure 4-25,



Tabie 4-2. Summary of Gamma—BaSed Model
¢ DR

- Strength = A(BR) e

Critical Points:

Max at R = -c¢/D if (A>0, ©>0) or (A<0, ¢<0)

Min at R -¢/D if (A>0, c<0) or tAéo, c>0)

Discontinuous at R = 0

R

+w tangent point if D<0

il

R = -o tangent point if D>0

Strength at Critical Points:

_ _ -Bec.c
SI-c/D = A( eD
sl0 = 0 '
S|, =0
S|, =0
Intercepts: R 0

+oo

R

Inflection Points: R = -C/D + v¢/D if c>1

-C/D - Yc/D if 0<c<1

.66
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~Table 4-3. Summafy of Final Model

Model: ' BR B(m-R_)
R m m-R = Fm
Strength = Sm (ﬁ;J [ﬁjﬁgi
where:
Sﬁ = max strength on any radian
R, = distance from shoulder to max strength on any
radian |
m = distance from shoulder to max reach
B = shape parameter

R .=-distance to hand from shoulder

Expressions for Parameters:

of the hand location, with
(0,0) being the SRP, X-axis
lying in the frontal plane
through the SRP, and Y-axis
lying in the mid-saggital

R=/x-9% + (v-5)2 where X and Y are coordinates

_ plane
S = 39.0 + .4759¢ - .0013¢°
R = 11.25 + .0417¢
m
B = .00019¢
m = 40.0 inthes

where:
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Table 4-3 (concluded)

8 = direction of push in degrees (0° = in frqnt of
right shoulder, increasing to right)
¢ = 0° at 8 = 210°; increases clockwise around body
Extrema:  Min at R = 0
‘Max.at‘R = Rm
Min at R = m
Slpeg = 0
S|R=Rm = Sm
S[th =0

Shape: Increase B = increase peakedness
ohape -

Skewness: Left - Rm < m/2

Right =+ Rm > m/2

Intercepts: R =0, R=m

Error Sum of Squares (all data) = 45,101.00

Standard Deviation (all data) = 13.9 1b



: BR “b(m-R )
_ R m .m-R
$ =8, (i) 7 (g "

Figure 4-26. Graphical Meéning of Model Parameters
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each of the model's parametérs. The effect of eaCh of these
parameters on the shapé of a typical strength profile is
presented in Figure 4-27.

Tﬁe extrema are obtained by,differentiating thelmodel

with respect to R and setting the derivative equal to zero:

If
BR_ . _ . B{(m-R)
_ R m ,m-R m
575 &) 7 G
Then
BR_ . B(m-R.) R_ -~ .m-R
ds _ o R m m-R m m m- -
IR ° Sm-{B(ﬁ;' (ﬁtﬁg) _[Cﬁ—) - () 1T
And if ds _ 0, then R ='D (min}) -’
dR ’ ' ‘
R=m (min)
R = R, (max)

Subjectively estimated eqﬁal strength contours of the predicted
values of the model are shown in Figure 4-28. A detailed
record of the model develépmént procedure appears in the
followiﬂg appendices:
Appendix A: The Reparameterization of thé Beta
Distfibution in Deriving the Strength
Model 7 |
Appendix B: The Procedure Used in Estimating thé

Parameters of the Final Model
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Figure 4-28.
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Appendix C: Determinihg the Adequaty of Fit of the

Final Model

Secondary Effects Sub-Study

The strength values obtained from the test positions
collected at the beginning and end of each test session are
presented in Table 4-4. The analysis of variance was run on

 the following model:

S=m + Pi + Tj + Fk + L2'+

[first order interactions] + em(ijkﬁ)

where
Pi = test period (1 = morning, 2 = afternoon)
Tj = test position.(l = MAM™, 2‘? "B'")
F) = fatigue (1 = before, 2 = after-data collection)

L, = learning (day 1-10)

The analysis of variance model was fit on the data in Table
4-4, The table for this model is given in Table 4-5. All three
or four way ihteractions were pooled to form the residual sum

of squares. From the table it can be seen that main effects

due to fest position, fatigue and learning were significant

at the a = .01 level. Parameter estimates for main effects

and two-way interactions appear in Table 4-6.



Table 4-4. Data for Secondary Effects Sub-Study

.
T; \ 1 2
Etzif:::;f‘\ 1 2 1 2
111 76 81 67 83
2 77 80 62 | 70
aE 65 76 | 63 78
2 67 72 66 | 70
o |1 | 70 80 66 73
2 65 70 58 | 65
nE 64 77 67 | 76
2 69 62 62 69
s |1 65 71 65 77
2 65 | 75 66 65
6 | 1 55 72 63 80
.12 | s0 67 61 75
FEREE 68 60 66
2 57 66 58 68
g |1 60 67 62 | 55
[ 2 60 64 60 61
E 66 66 63 67
2 61 |. 65 57 71
10 |2 64 | 70 56 | 71 |
2 63 62 60, 66




Table 4-5.

*Significant at o = .01
* %
Significant at a = .05
Source of Variation Sum of Squares
Main Effects
T 1073.113
P 25,312
F 154.012
L 1148.612
Two-Way Interactions
T P 15.312
T F 78.013
T L 191.012
P F ©13.613
P L 283,312
F. L 106.612
Residual 471.563
3560.487

Total

O H e

37

79

Analysis of Variance:
Effects Sub-Study

QE Mean

Secondary

Square

W WO H W

1073

15.
78.
21,
13,
31,
11.

12.

45,

.113

25,
154,
127,

312
012
624

312
013
224
613
479
846

745

069

B = k= O

84.
.986
1z.
10.

75

*
199

%
084

%
014

.201
*
121
.665
.068
®
.470
.929

*

®



Table 4-6.  Parameter Estimates from Secondary
Effects Sub-Study

Graﬁd Mean = 66.76

Main Effects (deviations from grand mean)

P, = .56 Ly = 7.74 Ly = -2.26
P, = -.56 Ly = 2.86 Lig = -2.76
Ly = 1.61 |
T; = 3.66 L, = 1.49
T, = -3.66 Lo = 1.86
P 1.39 Lg = - .14
F, = -1.39 Ly = -4.76
| Lg = -5.64
Two-Way Interactions
i | | .
L _Z 1 2z 1
T, .43 -.43 |
T, -.43 .43
Fy .37 .37 -.94 .94
F, -.37 -.37 .94 -.94
Ly 3.43  -3.43 .66 -.66 .01
L, -.20 .20 .28 -.28 -.47
Ly 2.3 -2.3 1.03  -1.03 2.53
L, ~-.82 .82 1.91  -1,01 1.41
Ly -.20 .20 1.28  -1.28 .47
Lg -3.70 3.70 -2.22 2.22 -.47
L, -1.57 1,57 .34 .34 -1.59
Lg 1.05  -1.05 4.03  -4.03 -1.47
Ly - .57 .57 1.1  -1.901 -.34
L .18 -.18 1.41  -1.41 -.09

.91
.47

.47
1.59-

.47
.34
.09

41
47
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CHAPTER V
DISCUSSTON

Strength Patterns Affecting General Variability

in the Raw Data

Basic Strength Profile Shapes

From examining the three-dimensional view of the raw
data (Figure 4-25) it is obvious that two basic strength .
patterns occur. From a point in front of him and to his
left (radian 19 in Figure 3-6) to a point directly behihd
him (radian 12), the strength profiles show a definite
_"humped” form. Other radians--those across his body to the
left and behind his left shoulder--show profiles which
start high but decrease at increased distances from his right
shoulder. The humped pfofiles on his right side are
probably due to basic charaéteristics of the musculo-
skeletal structures between the shoulder and hand which are
involved in pushing. These characteristics include the
mechanical advantage gained from bone angles and muscle
attachment points, and the tendencf of the muscles involved
to be stronger at points between their maximum and minimum
elongation. Because of these biomechanical characteristics,
the arm, shoulder, wrist, and hand develop maximal efficiency

in pushing at points between their minimum and maximum reach
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distances.(Astrand, Rodahl, 1970).

Possible reasons for the decreasing pattern-of the
left side profiles are less clear. At these points the
twisting of the trunk is more.of a faptdr in pushing.  In
order.to reach hand locatioﬁs on the left side, the more
ideal shoulder and elbow angles used on the right side must
be replaced with angles which afe less:mechanically efficient.

This aﬁkwardness and mechanical inefficiency increases
on each radian as the hand moves farther from the body. This
effect causes the decreasing strength pattern seen in those
areas.

Movement of the Maximum Strength Ellipse

Anothér general strength pattern can be seen in the
maximum strength ellipse of Figure 4-1. Starting behind the
subject's left shoulder and proceeding clbckwise_around this
body, the pdsitiOnIOfithe méXimum stréhgth_slowly moves
farther from the right shoulder. This effect is initially
consistent with the decreasing curves mentioned above and
their gradually blending into the '"humped' curves in the
vicinity of radian 19 (see Figure 3-6). From this point on,
going around the subject to his right, the location of the
"hump" shifts away from the shoulder point. Here, again, the
reasons are not clear. |

It is possible that the shift in maximum strength
occurs because of the general shift in maximum reach in this
area. Note that, for points in front of the subject (radians

one through seven), the maximum reach distances are shortened



by the push criteria, which specifies that one.point on the
back should touch the chair back at all times. As the hand
moves from radian eight to 12, maximum reach distances
actually increase as a result of being able to stretch more
while keeping one point of the back on the chair. At these
angles, the body is twisted and the point of the back which
touched the chair back was almost under the subject's arm,.
This is illustrated by the silhouette on the strength profiles
for radians eight through 12 (Figures 4-10 through 4-14}.
Another reason for the maximum strength ellipse's
moving away from the shoulder in a clockwise direction
involves the body support provided by the chair. At locations
in front of the subject, the chair back ﬁro#ides_a large
part of the medium through which force is transferred to the
floor. Because the back flexes two to three inches befdre
stabilizing, the resulting maximum strength location on each
forward radian is biased rearward. When pushing to the
réar (over the back of the chair), however, force is trans-
fefred more directly through’ the subject'é_buttocksrand feet
to the floof, and there is no resultant forward bias of the
maximum strength location on. the rearward radians.

Location of Highest Strength Values

Figure 4-1 shows another genéral Strength patterh,
which 1s that the location of the highest strength vélues,
that is, the 80 pound contour, is in front and to the right

of the subject. This effect can be attributed. to the
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biémechanical structures invblVed in the push. At these
10cation$, muscle-bone moment arms are not most effi&ient and
bone alignment through the joints is most conducive to large
-exertioﬁs; _

The subject‘s back is firmly planted against thé seat
5ack in the front right quadrant. 1In other locations, there
is a varying degree of trunk twist, which tends to reduce the
toggle effect mentioned by Hugh-Jones (1947). With the back
firmly planted against the flexible chair back, the subject
occasionally could "snap'" his elbow into a slightly hyﬁer-
extended attitude, thereby noticeably gaining force. This
is because of the more advantanéous'me;hanics associated
with the toggle effect. This effect could only occur in the
right forward radians and partially contributed to the higher
stfength values in that area. | |

Comfort is another factor which probably contributed
to the larger values in the right fofward radians. In other
directions, there was either a body twist, the top of the
chair back dug into fhe subject's back, or both. These
conditions may have caused discomfort and resistance
force resulting in lower recorded forces on these rédians.

The feeling of stability gained by having the back
firmly planted on the chair is anotﬁer psycho-physical
factor, which, when decreased, as in the more éwkward.

radians, could have had a decremental effect on strength.
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Variability of Raw Data Along Each Radian

The variability of the data along each radian has been
shown in twé forms: the plot of the running average ¢ values
along each radian, which appears at the bottom qf each
.strength-profile (Figures 4-3 through 4-24); and the contours
of the running average coefficient of-variation_values (CVR)
found in Figure 4-2Z. | |

The Free Push Criteria

The basic réason for the degree of variability evidenced
in the data is the free push criteria used. Note that in
Table C-1 the average inherent standard deviatiﬁn is 8.0
pounds, which, on first examination, seems to be rather high.

It was the philosophy behind the free push criteria
which justifies the increase in variability. The only
stabilization restrictions the free push has on the subject
are that both feet are on the floor, bofh Buttocks are on the
seat, and one point of the back is on the seat back at all
times. These criteria are more.representative of a real
industrial situation (without back or torso assists) than'
those ﬁsed in other studies. |

The more restricted or stabilized procedufes such as
those used in othef.stﬁdies (Schanne,:1972;-Garg, Chaffin,
19?5; Thordsen, et al. 1972) lose appeal because of their
'departure from real life situations..

Also departing from real life is the préctice_ofﬂ

isolating muscle groups in studying strength. An example of
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this practice would be the isolation of the biceps in an arm
st?ength study. The free push philosophy makes no attempt
to isolate any muscle groups, because, on some radians,_
twisting of the frunk and awkward reéching must occur in
order to push in the desired direcfions. Radian 13 is an
extreme example of such an awkward position. BeCause_of'
interaction BetWeen muscle groups, it would be impossible
to isolate muscle groups in sﬁch a complex body position.
The flexible chair back in this study served to generally
locate the body and rarely gave consistent firm support to
the trunk in exertions. | |

Variation Patterns on Each Radian

The running average standard deviation and coefficient
of variation plots in Figures 4-3 thfough 4-24 and Figure 4-2
show the following characteristics of variation.

1. The variation on the subject's right side seems
to follow a regular, predictable pattern. These radians
have high variance close to and far away from the body, and
smaller variance near the middle of each radian. This is due
to the more awkward body positions required for pushing at
‘extremely close and extremely distant points.- At medium
range hand locations, the subject can assume a more natural,
comfortable body position, which results in lower variance.

2. The variation on. the subject's left side'seems to
have little or no regular pattern. This is due to the fact

that the subject rotates his trunk to reach these positions,
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and variance is thereby introduced. Because of the complex
twisting motion involved, no obvious patterns in variance

are seen in these radians.

Subject Variability

The analysis of variance table resulting from the
subject variability sub-study (Table 4-5) shows significant
main effects due to test position, fatigue, and "learning."”

The Test Position Effect

The two test positiohs; A= (-11,10) and B = (20,22},
were chosen in different regions around the subject. At
that time it was assumed that there would be significant
strength differences due to location. Therefore; the
o = .01 significance level from the ANOVA table wés nof shr—
prising.

The Fatigue Effect

The fatigue parameter indicated a statistically
significant decrement in strength over the time span of each
test session. The main effect for fatigue (in Table 4-6) of
1.39 indicates that this effect had little practical
significance. Other contributing reasons for fatigue are the
temperature and humidity in the closet-like test room and |
the fact that the subject moved the apparatus between exer-
tions himself. Although these factors were not excessive,
the confines of the small space did create some diécomert

for the subject. Residual soreness from previous testing
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could have indirectly affected the fatigue effect by gradually
decreasing his mOtivatién during the test session. Each
-sessidn5~1asting approximately two hburs, wasrcomposed of
‘four-minute fests‘and five-second exertions. Because of the
large percentage of idle time in the session, the subject
experienced éome borédom, which could have indirectly affecfed
his performancé during the sessicn.

The Learning'Effect

The "learning" parameter was somewhat paraddxical.
Examination of Table 4-6 and Figure 5-1 shows a negative
effect over the course of the 10 day experiment. That is,
the strength values decreased bver the course of the ekperi-
ment. A rositive effect had been expected. This would have
been primarily due to a training effect caused by the physital
conditioning of the muscles involved. Also, a positive
learning'effect would have‘been expected as the subject
developed techniques for use in pushing on this apparatus.

| Figure 5-1 is a plot of strength predicted by the
ANOVA model versus the day on which the testing occurfed.
Because position effect does not have direct bearing on this
discussion, the effect of position (T) was omitted. The
"learning" trend.is clearly illustrated in this plot by a
steady decrease until day seven or eight. At this point
there seemé t6 be a stabilizing trend. This could be‘due to
subject motivation gained by nearness to the end of the

experiment. Also, there may be an influence here due to a
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delayed acquisition of skill in the pushing task.

There are two viable reasbns for the significant
negative trend in forcé as the experiments progressed:
First, the subject, who was nqt'accustomed to this type of
repeated exertion, did ékperiende a substantial amount of
soreness. The soreness appeafed after the first few days
of the experiment. This soreness could have caused a
motivaticnal drop with accompanying decrements in performance.
Secondly, a general motivation effect could have caused the
negative trend. When the gxperiment began, the subject was
highly motivated. As the experiment progressed, however, the
monotony of.the exertion cycle began to affect the subject’s
concentration.

Another less obvious tontributor to the negative
"learning" effect could have been residual fatigue from the

~prior day's testing.

The Use of One Subject for Data Collection

The data from one subject was used to derivé the
model. There are two justifications for this decisiqn:

1.. The final model is in the form of a general struc-
fure; This structure can be applied to largef subject
populations with the same crescent-shaped-ellipse predictioh
contours resulting. The way the genéral model is to be
expanded is by the manipulation of the equations for

parameters Sm’ Rm’ and B. This manipulation will require



87

the'inclusion_of'pefcentile factors in the equafions. Note,
howéver, that the general model structure deri#ed from the
one-subject data will not need to'bé altered.

2. Because of the large.HUmber.of data collected
(430 points total) it was logistically impossible to involve
more than one subject in the éxperiment. With 6ne'sﬁbject,

completion of the data collection required 10 full days.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Several conclusions may be drawn from this study.
These conclusions fall iﬁto the follbwing categories:
1. Conclusions regarding strength patterns
2. Conclusions concerning sources of variability in
strength |
3. Conclusions regarding the methodoiogy used to
predict strength.

Strength Patterns

In the transverse plane located 20 inches above the
SRP, a right-handed subject'develops maximum push strength
in the frong right quadrant. The Qisténee in each radial"
direction to the location of maximﬁh strength is minimal
behind the left shoulder, and increases as the hand moves
clockwise around the body.

Two general profiles of strength occur in pushing.
In some ahgles around the body, the subject is strongest
at hand locations closest to his body. At other angles, the
subject is strongest at a point located between his minimum
and maximum reach distance.

Equal strength contours drawn on an aerial view of the
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subject are crescent-shaped éllipses which are bent around
the shoulder pbint.

Predictive Model

Strength can be prediétéd by the following model with

acceptable accuracy:

S <5y (1) " GER) (6-1)

where:
S = strerngth
S, = maximum strength in one direction
R = distance to maximum strength in one.direction
B = shape parameter of strength profile
m = makimum reach in oﬁe direction |

R = distance from hand to shoulder

Secondary Effects

Secondafy effects on push strength were found to be
the position of the hand, fatigue, and léarning effects.
Such factors as soreness, motivation, and residual fatigue
tend to affect sirength data collection. Apparétus-induced
variance probably contributes to overall variance. The free
push methodoldgy used also confributed to the ovefall variance.
This methodology is mentioned below.

Methodology

"Free push'" criteria were used in the data collection.

The restrictions imposed on the-subject.wéfe as follows:
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Both teet on the'floor; both buttocks on the seat, and one
point of the subject;s back on the chair back a£ all times.

The increased variability in the model caused by
these minimally constrained criteria was not great enough to
offset the advantages which resulted from the criteria. The
primary advantage was the similarity of the data collection
techniques to real-life pushing situations.

The model building methodology used in this study was
effective insofar as it resulted in an intuitively appealing
model. The methodology consisted of examining the Taw dafa
and'detecting tren&s, such as the skewing of strength profiles
as they rotated afound the body. A structure for the modél
was chosen which would skew in either direction as a result
of manipulation of its parameters. The data was then fit
on a radian—by-radian basis. Finally, the model was integrated
into a single expression by developing expressions for the

parameters which were functions of the angles of the radians.

Recommendations

Because of the limited scope of this thesis, there are
several areas into which the basic model can be expanded.

Increased Number of Parameters

 The number of parameters in the general model would
probably need to be increased. Currently, the model has
three parameters for curve location and skewness (Sm,'Rm, m)

and one parameter for shape (B). The model would probably
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benefit from anofhér shape parameter, say parameter "A',
With two shape parameters it may be possible to control each
side of the strength profile individually. This would yield
a finer degree of control for skewing, kurtosis, and general
profile shape. A good candidate for the new model would
include the new parameter "A" in the exponent of the tﬁird

factor:

A(m-R )
- -R
S=8 ) T G "

m : m

(6-2)

Inclusion of Percentile Factor

The model also needs to be generalized to é.larger
population. The current modél is a soﬁnd framework for a more
general model. The addition of a percentile factor would be
necessary to expand the model. Hopefully, the basic struc-

ture of the model, that is:

s-s, Ay M @R,
m m

would remain unaltéred, and the percentile factor could be
integrated into the Sm and Rm equations [Egs. (B—lj and (B-2}1].

Expanded Range of Prediction

More obvious areas for expansion are in the range
over which the model predicts. Currently, it is designed
only for pushing in the 20 inch transverse plane. In the

future it should be revised to predict values anywhere in the
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reach sphere. It should also be made flexible enough to make
separate predictions for pushing, pulling, left- and right-
directed arm forces. |

Further expansions for the model could be made in
age and sek differences. This type of expansion would require

validation on much larger subject population sizes.
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'APPENDIX A

REPARAMETERIZATION OF THE BETA DISTRIBUTION
IN DERIVING THE STRENGTH MODEL

Background

The present strength model is a modification of the
beta distribution which is used in statistics, The most

general form of the beta density function is

.1 (Y-2)P 1 (p-yya-t )
PY) B{p,q} ~ (b-a)p+q-l - .(A 2

for Y £ (a,b)

and p>0, g>0 _ |

The term B(p,q) 1is the béta funciionf@hichléén bé defined
in terms of gamma functions of edﬁiﬁalently;in‘terms of

factorials as follows:

| T Iy 1(q-1)! -
Blpa) = ¥E§3q§q) i (%p+a;{%! ) - A

The standard form of the beta distribution is obtained by

using the substitution x = (Y-a)/(b-a), and takes the form'_
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Wi )

P(x) = B_(;WXP-I (1-x)4°1 )

%

for x ¢ (0,1)
and p>0, g>0
~Various other distributions used in statistics_afe subcases

of Eq. A-=3 as follows:

Transformation _ Distribution

P =q-1 _ e Rectangular

P = q = 1/2 Arc-sineu

q =1 _ Power function
T = x/(1-x) Pearson Type VI
F = va/vl o F

~where V1=2p :

V2=2q

‘Distribution Form

Figure A-1 shows the flexibility of the beta distri-
.HbutiOn and that the,skewness of.the.distributipn'can be
éltered by'modifying'the parameters p and q..@Iﬁ ihitially.-
reviewing the strength data collected in the preseént study,
several modificationg in the beta'distribution (Eq. A;S) |
seemed appfopriate. Thé resulting reparameterizatioh_of.the
beta_distributidn is reviewed in Table A-1 ahd'resulted in

the following Strength model:
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Figure A-1.

Forms of ‘the Beta Distribution
"~ (after Johnson and Kotz, 1970)
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Direct Modifications in Beta Distribution

Rationale

S

P(x)

m

(0, m)

-
1l

E Lo
[

[ I 1]
o ol

1/B(p,q)

The. dependent variable is. stréngth
S, rather than a probab111ty den51ty,
P(x)

The independent variable of the
strength model is radial reach
distance, R

The independent variable, R, is not
confined to the unit interval but can
vary from 0 to M, the maximum reach
distance

The present model is not a probability
density. The integral of the model
over the range of the independent
variable does not have to equal one.
As a result, a constant can be substi-

‘tuted for the beta function, B(p,q)

The curves shown in the lower right
hand corner of Figure A-1 are the most
appropriate forms for the strength

model. Thus, values of p and q less

than 1 do not have to be considered,
and the model can be reparameterized
in terms of the parameters b and d
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W

= kR Pm-r) ¢ A

 for R & (0,m)

b>1 and d > 1

v

Further Modification

The strength model given-iﬁ equétion‘A-4 has four
parameters; however, only the parametET m, the maximum
reach distance, has a'heurisfic interpretation. The remaihing
parémeters, k, b, and d, are simply estimation parameters
which have no direct meaning. As a result, the model was
reparameterized into a more interpretable form.

Differentiating Eq. A-4 with réspect to R yields

S mend /@Ry ¢ BRI (A-S)

Setting.thiS'differentiai equal to zero it is found

that the dependent variable S assumes a.miniﬁﬁm va1ue-of zero

when R = 0 or R = m. - The maximum occurs when the condition
-b/(m-R) + b/R =0 - (A-6)
is satisfie&. hSolving for R in'eqﬁation'A-é yields 

R = Ry = bM/(bed) @
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The R value when S is maximum is denoted Rm; Similarly, the
maximum value of S can be denoted as Sm'and is found by
substituting the expression for R, in Eq. A-7 into Eq. A-4.

This substitution yields

s, = b/ )11/ bed) 14 a-®)

Eqs. A-7 and A-8 can be inverted to yield

b(m-R) |
4= —x— A-9)
and
K.é Sm/[mb+d(b/(b+d])b(d/(b+d))d] E (A-iO)

If these two equations are substituted into Eq. A-4, the -
arbitrary parameters d and k are eiiminated, and after

rearranging terms, the model takes the form
o ' b(m-R _)/R_
— R .b,m-R m m
5= Sy () (R

Ry

(A-11)
Finally,.if the ‘equation

b ='Bkﬁ | | | (A-12)



100

is substituted-in Eq. A-11, tﬁe fihal form of the model is
obtained; |

This last substitution is somewhat arbitrary and is
only done to give the equation armore éymmetriC'appearance;_
' The final form of the model iS

B(m-Rm).

BR_ .
_ R ¢ -R _
5= S, () " ) (A-13)

for R ¢ (0,m)

B > 1/Rm.and_1/[m-Rm)

where
R = distance to hand_
m = maximum- reach distance_
Sm'é maximum strength
Rm = reach distance to maximum strength
B = shape parameter |
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"APPENDIX -B
PROCEDURE FOR ESTIMATING PARAMETERS IN THE MODEL

The fitfing of a model to the data was.a three-step
sequential-process: | ‘
Step one: Fiisfﬂprediction of Rm, Sm’ and B for éach
radian
Step two: Deyelopment of expressions for R_ and Sn
as functions of ¢ | |
Step three:  Development of expression for.B as funétion_

of ¢

Step One: The Four Parameter Model

The method used to estimaté parémetefé waé a computer
rbutiné which will be referred to as the "ﬁet_searth routine."
_This routine was a Fortran program which_ennﬁmératéd large
numbers of combinations of parameters, and, fof each.combi;
nationj”calcﬁlated an S'prediction, é'residual,.ahd'the sum
of the squares of the residuals (which will be referred to
as the “SS'errorﬁ)-fot‘each radian. The goodnesé_of fit |
- of each combination Qf parameters was shown bf directly
combaring thé S8 erfor associated with various'combiﬂétions
_df paraméters.‘ |
| A.non-linear_fegression computer paCkage‘was uti1ized

prior to uSing the net search routine. This program employed
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the Marquardt or Gaussian technique. Its use was abaﬁdoned
because it would not converge on optimal parameters.

| The net search routine was first used on a radian-by-
radian basis to find_the values of S_, R_, and B which
: yielded a minimum SS error. The fourth parameter, m, was
set equal to 40.0. This ﬁumber was an approximﬁtion of the
maximum reach distance. Thé ranges and increments of this

search are as follows:

Parameter | Range o - Increment
B | .005 - .BO .005
Rm . 10.0 -.30.0 - 2.0
s, | 40.0 - 100.0 S 5.0
M | . 40.0 (fixed)

The predictidnS'are_liSfed in Table B-1. Plots were made'of
these p:edictioﬁs vefsqs ¢ (Figure B-1). :Th§1¢'notatipn evolved
from.these plots. - By locatingithe origin;of these plots at
rddian1B, the smooth forms for the S and Rﬁ'plots were -
evident. The_Sm curve is a smooth, well defined second.degree
curve, and the'Rm plot is glearly a.line with a s;ight upward
slope. For this reasonlthe'angle of radianl3 was &esighated
¢.= O._:The ang1é df radiah13‘in the 6 notation is 210 (see
Figure 3-6). |

| | ‘At this point, the plot of B Versus ) rémained.sbme~
-what difficultlto characteriZe. The net search routihe‘was_

used later to re4predict B.



Table B-1. Parameter Estimates from Net Search Routine

Radian 1 2 3 4 5 6 7. 8 g - 10 11 12 13 14 15 16 17 18 19 20 21 22

SM 8 B0 75 80 8 8 8 70 70 65 60 S5 40 45 S5 55 65 65 70 70 B0 85
RM 16 16 18 18 18 18 22 22 22 22 24 30 10 14 14 30 10 14 10 22 20 18
B ° .080 .080 .055 .055 .070 .075 .045 .050 .030 .050 .045 020 .025 .010 .0LO .005 .005 .005 .005 .020 .045 .075
S5 969 1134 1165 1374 1878 2100 707 1084 3153 882 1209 843 232 827 987 1076 691 788 484 1181 2952 1804

4 Param.
Model

B .07 .075 .075 .06 055,055 .04 .06 .03. .05 .06 .02 - .01 .005 .005 .005 .005 .01 .02 .03 .065
SS 1208 1823 1867 1329 2034 2490 866 1183 3091 967 1334 1023 -- 818 1062 1594 71 920 $66 2139 3541 2027

1 Param.
Model

Final
Model

S5 2213 3235 3185 2025 2438 2753 980, 1399 3430 887 1346 2179 503 1204 1018 2680 [578 2422 1017 2139 3610 2873

£0T
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Sfep Two: Fitting Functions to Ry and Sp

Because of its well-defined shape, the plot of S,
versus ¢ was fit with a second degree linear regression model.

This function was

S = 30.0 + 47504 - .0013¢% . (B-1)
This expression fit the data with an R-square value of .92
(see Figure B-1).. Tﬁere was some concern,.however, about the
tendency for the S, data to "dip' in the area from radian '
one to six (see Figure B-1), to evaluate the pofential_effects
of these large residuals on further use of this expression
for Sm’ error SS values were checked at the S, Vvalues predicted
by'the regression equation (B-1). These sums of squares
were not substaﬁtially higher than those resulting from the
original net search predictions, so the-"dip” tendency was
cdnsidered to -be acceptable. |

| The net search predictions for R showed a linear

trend which was fit by a straight_liqe,__Instead‘of using a
weighted least squares prodedure, a liﬁé was fit.to'the_data
_"by:eye." Then, oh radians with.quéstionably large ieSidualé;
the SS error checking procedure which-was;used'in the '""dip" .
problem above was used. This technique eiiminated the need
. to weight residuals on a radian-to-radian basis. The
weighting of residuals would have been in_relation_to.theJSS

~error increase . associated with each residual. The checking
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procedure yielded the same result as weighting of residuals.
None of the increases in SS error was considered to_bé serious
enough to abandon the use of a straight line for predicting
Rm as a function 6f $.

The equation for the line was

R = 11.25 + 04174 (B-2)

Graphs of these expressions (Eqs. (B-1) and (B-2)) are
superimposed on the original net search predictions in

Figure B-1.

Step Three: Deriving the Function for B

.The first step in deriVing_the B versus ¢ function was
to repredict B with the original net search routine, now
modified to iterate only over values of B, with_the_Sm and
R loops being replaced by Egs. (B;l) and (B-2). Similar
ranges and ihcrements were used in this net and ité predic-
fibn.of B values are shown in Table B-1 and Pigure'B—Z.

Note that very little smoothing of the B versus ¢
curve occurred as a result of the new net predictions.
(Compare Figure B-1 with Figuré B-Z.j

'SS error contours were drawn ofer the B versus ¢
plbt. These contours indicated thé shapé of a curve which
would predict B with the smallest SS error on each radian |

(Figure B-3). Typical proposed curves appear as dashed
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lines in Figure B-3.

The most promising curves appeared to be a line, a
second degree curve, and a third degree curve. The third
degree curve was abandoned bécause.its marginally:bettef
fit would be offset by its complexity. Also, it would have
Been overfitting for this model, which was derived from
data from just one subject.

Several second degree curves were fit to the plot with
reasonable R-Square values, but, in order to find the curﬁe
with the least SS error, another net search routiné.was
performed.'.This net itérated over'the three paraméters of a
sécond degree curve to find the combinations of.parameteré
which would yield B values which, in turn, would yield minimum
SS error. This net search also tested various straight.
_linés.and constants.

o The ranges, inérements,“optimal mo&els,'and accompanying
sums of squarés can be séen in_Tabie B-2. Note that the net
:search demonstrated that minimum SS error resﬁlts from the

use of a straight line to predict B fathei than a second

degreé curve of a constant. This was because_th¢ line could
predict the left side of the B versus ¢ plot (Pigure'B-s),
which wés sensitive to SS error, and get réasbnable resuits;

on the.fight]side, without going below ?ero at fadianhl3.

The equation for this line was

-
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Table B-2. Summary of Results of the B Function
' - Net Search Routine ' '

Model: B = C + D¢ + E¢°
_ : Min Parameter
Parameter Range ‘ Increment SS Error Estimate
C .00001-.0046 .00001 45,137.5 .00001
D .00011-.00080 .00001 .00019 .
E (-).00000001-(-).0000041 .00000001 .00000001
Model: B = D¢
' Parametér
Parameter Range Increment Min SS Error Estimate
D .00015-.00024 .00001 45,101.0 ..00019
Model: B = C
Parameter Rangg Increment Min SS Error Paramet;r Estimate

C .0001-.1 ~ .0001 71,359.6 : .02
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B = .00019¢ | . (B-3)

The plot of Eq. (B-3) is shown superimposed on the original

predictions in Figure B-1.
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APPENDIX . C
ADEQUACY OF THE FIT OF THE MODEL

The inherent standard deviations of the data, which

are given in Table C-1, are computed as follows:

where

i location of hand or radian

u number.of the data point at that location

To determine the adequéncy of the final model, the

error sums of squarés was divided by the appropriate.degrees

of freedom to give an estimate of the variance of the model.

There was some uncertainty as to what numbef should be used

for the degrees of freedom, | .
According to the convention used in ANOVA, the degrees

of freedom for each radian would be the number of data points

‘minus the number of parameters, or

20-4 = 16 degrees of freedom.

The variance estimate would then be:



Radian

Raw Data oij
4 Param. Model
1 Param. Model

Final Model o

.Radian

Raw Data op
4 Param. Model
1 Param. Model
Final Model o

Q

Q

Table C-1,

11.

10.1

16.4

10.1 14.6

Variability of Model During Development
1 2 3 4 5 6 7 8 9 10 11 12z
7.63 7.76 9.5 9.8 10.7 11.6 6.6 7.0 11.6 7.2 5.2
9.8 10.6 10.8 11.7 13.7 14.5 8.4 10.4 17.8 11.4 9.2
11.0 13.5 13.7 11.5 14.3 15.8 10.9 17.6 9.8 11.5 10.1
14.9 18.0 17.8 14.2 15.6 16.6 11.8 18.5 11.6 14.8
13 14 15 16 .17 18 19 20 21 22  Average
7.1° 7.5 6.6 4.65 3.63 5.81 8.17 13.7 11.7  7.99
5.1 9.9 10.4 8.3 8.9 7.0 10.9 17.2 13.4 10.80
-~ 9.0 10.3 12.6 8.5 9.6 7.5 14.6 18.8 14.2 12.10
7.1 0 12.6 15.6 19.0 16.9 13.93

STT
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total SS - model SS
16

This approach resulted in variances which were very close to,
and sometimes less than, the inherent variability of the |
data--a resuit which did not seem to be intuitive.

A second approach was used. This approach considers
the model degrees of freedom to be 10. At each of the 10
locations on each radian there are two data points. There-
fore, there aré 10 levels of the independent variable,
resulting in 10 degrees of freedom. Theoretically,'a 10
parameter polynomial would give a perfect fit to the data.

Hence, the error degrees of freedom were calculated as:
20-10 = 10 degrees of freedom
.and the variance estimate for each radianﬂwaéz

error SS
10

Table C-1 shows the standard deviations of:each radian at
each step in the model fitfing process. Note that the raw
data ﬁariénces_are the smallést, and that, as the model
progressed to its final form, the variances inCreased; This
is due to the addition.of-more parameters and the iﬁcreasing

sample size involved in going from individual radians to
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all radians. The average standard deviation of the final
model is approximately six pounds higher tHan the average

standard deviation inherent in the raw data.
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APPENDIX D

SAMPLE STRIP CHART RECORDING AND DATA FORM



S.ample Stri'p_ Chart Recofding of Data

“Figure D-1:
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APPENDIX E

HAND LOCATION COORDINATE CONVERSION COMPUTER PROGRAM

oo oann

10

L&)

(LN

5 WND

PROGRAM SETUP (INPUTrOUTFUT» TAPES=INFUT» TAPES&=0UTFUT)

THIS PROGKAM TAKES THE X AND Y COORDINATES OF HAND LOCATIONS

AS INPUT VARIABLES. THESE VALUES ARE THEN CONVERTED TO

THE VARIABLES "CHANG® AND *RPRPRI®,°CHANG® IS THE ANGLE

WHICH THE CHAIR MUST BE RODTATED TO FOR A GIVEN HAND LOCATION,.

'RFPRPRI® IS THE DISTANCE TD WHICH THE TROLLEY MUST EE MOVED,

BOTH OF THESE YARIABLES ARE READ DIRECTLY FROM SCALES MOUNTED

ON THE TEET EGUIFMENT. THE SHOULDER-HAND D'IISTANCE (R) IS ALSO FRINTED OUT.

DIMENSION X(214),Y(214)CHANG(216) rRFRPRI(216) rR(214)
DO 3 I=1,216

READ(Ss1) XCI}pY(I}

FORMAT(F6,1,F6.1)

P=6.75

Q=57.296 _
IF(X{(I>,5T7.0,0.,AND,Y{I>.GE.0.,0)G0 TO ¥

IF (XtI),LT,.0.0.AND,.Y{I).6E.0.0)G0 TO 190

IF(N(D) o BT+ 0 0. ANDLY(T).LT.0.0)CHANG(I)=

$(3. 1415927 -ATAN(=-X(I) /(Y (I)~-F)) ) kQx(-1)

IF(XC(I) LT«D.0,AND, Y(I) LT 0.Q)CHANG(] )=

$(3,1410927-ATAN(X{I)/{(Y(I>}=F)))%Q

TF(X{(I}.ER.0,0.AND.Y(I),ER.4.75)G0 TO 8
60 TD 2

IFCYCI)LLT.PIGQ TO 11

CHANG () =(ATANCX (I} /(Y (I}=P)) ) R0R(~1.)
GO TO 2

IFCY(I),.LT.F)GO TO 12
CHANGCI)=CATAN(X(I) /(Y {TI=F) 1RQR{~1.)

GO TO 2
CHANG(I)=(3.1415927~ATAN(X (I} /(P=-Y(I ) ) I xQ%(-1.)
BO TO 2 ’ .
CHANG(I)=(3.1415927-ATAN(=X(I}/(P-Y(1))))*Q

GO 7O 2

CHANG(1)=0,0 .
ROIY=BARTC(X(I)=R, X2+ (Y(1)-5, ) x%2)
RPRFRICIY=SORTIX(I)RR2+(Y(1)=F)an2)

-FRINT 4

FORMAT (//33Xs "X " » 7%y *¥*  AX s *CHANG® » 3X s *RFRPRI s 5X¢ *R*)
PRINTH,* . . o

D0 & I=1,214 _

PRINT SyX(I)s¥(T)»CHANG(I) RPRFRI{I) /R(D)

FORMAT(F&. 192X sF&, 192X rF&, 112X 1F4. 202X 1F&.2)

sSTOP
END
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