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THE MANUAL WOBRK SPACE OF THE
UPPER EXTREMITY AMPUTEE

CHAPTER I
INTRODUCTION

The logs of an exbtremity results in a great deficit
in motor activity for the individual. He isg restricted in
ambulation, in his selection of an occcupation and in recre=
ation. He experiences difficulty in being accepted by a
society that considers hLim as handicappeds The prosthesis
is intended to replace this loss. However, even with a
prosthegis the full range of motion of the normal extremity
can not be matched. In the leg, the functions of weight
bearing and locomotion are more eagily replaced by a prose
thesis than are the great numbers of motor activities that
are acconplished by the normal hand. .

Evidence of the first known amputee was found in Irag
in 1957. A skeleton, found by the Smithsonian Institute,
was from an individuel estimated to have lived 45,000 years
ago {(Wilson, 1963). The upper extremity showed a below el

bow amputation which had occurred many years prior to death
( Furman, 1962).
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The earliest record of a prosthesis in use wag de-
serived in the history written by Herodotus eirca 484 B. C.
(MacDonald, 1905; Garrison, 1916; ¥ilson, 1963). A Persian
soldier named Hegesistratus, imprisoned in the stocks, egw
caped by amputating his own foot, According to the author,
he later procured a wooden foot.

The oldest artificial limb that has been discovered
wag found in a tomb in Capus, Italy, in 1858. It was thought
to0 have been made about 300 B. C. {(Popp, 1939). This prose
thesis, & leg, was destroyed during the bombing of the Royal
College of Surgeons in London in World War II. The oldest
artificisl hand, is the Alt-Ruppin Hand which was unearihed
in 13863. It dates back to 1400 {Garrison, 19163 Pubti, 19253
%ilson, 1963).

Prostheses in the Renaissance were made of iron and
used by knights. For example, an iron hand was made in 1504
for Goetz von Berlichingen (MacDonald, 1905; Garrisen, 19213
Gourdon, 1924; Putti, 19253 Popp, 1939). ZXnights wished to
eonceal their mutilations and possible weakmesses, Their
armorers thus became artifieial limb makers. In 1529
Ambroise Paré deseribed such an arm made of iron (Pare,
1840) .  Ambroise Pare was the most celebrated surgeon of.
this period of history. In his capacity as 2 French amy
surgeon during %the Italian campaigns, he wag able 49 modify
the surgical technigues of amputations by using ligatures
to stop.the bleeding of blood vessels. He became directly
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regponsible for increagsing the number of individuals recover-
ing from amputations. Parg, who was also interested in. fashe
ioning a lighter weight prosthesis, directed the fabrication
of an artificial arm from tin.

Making an artificial limb which is suitable for cos-
netic purposes does not present many difficult problems,
However, developing a prosthesis which will take over funce
tions of the normal limb presents an unending array of cone
plications, In 1692, Lamzweerde constructed an artificial
arm in which the fingers moved synchronously with motions
at the elbow (Garrison, 1916). However, it was not until
1836 that Caroline Pichler devised am artificial arm that
provided some function for activities such as sewing and
writing (MacDonald, 1805). In 1844, Van Peetersen demon-
gtrated before the Academy of Sciences in Paris a bilateral
amputee who could perform complicated movements with a pair
of artificial arms.

In the late nineteenth century prostheses were con-
structed that allowed movements through the use of strapas
and rings connected to the ghoulders Count de Beaufort
(1867) devised an above elbow prosthesis in which the thumb
was connected by a string to the hip. In 1877, Osecar Dalich
manufeetured a hand with an intrinsic mechanism which allowed
finger movements (MacDonald, 1905), .

‘In 1896, Vanghettl formulated the idea of connecting

the mechanism of control of a prosthesis %0 a muscle (Wilson,
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1963)s The first surgery to accomplish this {cineplasty)
was actually done by Ceci of Pisa in 1900 (Ceci, 1906).
Sauerbruch, in 1917 according to Wilson (1963), was first to
make a skin tunnel through a muscle for prosthetic purposes
but this procedure was not introduced into the United States
until 1939 by Dr. Henry Kessler {Furman, 1962). These teche
niques were greatly refined by Dr. Charles Bechtol (Fuman,
1962) .

Wars have always caugsed great loss of limbs: The
first use of artillery at Crécy in 1346 resulted in increased
numbers of amputees. The War of 1812 with Great Britain
gtimulated research on lower extremity prostheses. Janes
Potts of London introduced the use of wood in the manufacture
of prostheses for English amputeess of thisg confliet. The
Civil War (1861-1865) in the United States, which resulted
in increased numbers of amputess, saw the formation of sev«
eral of fhe first artificial limb companies, After Worid
War I {(1917-1918) research into prostheties was stimulated
with the establishment of the Surgeon Generzl's Conference
on Artificial Limbs in 1917. During World War II the first
prosthetic research center was established by the Ravy in
1943. In 1945 the Army Prosthetic Research Laboratory was
formed, In 1948, further impetus %o research was given by
the passage of Public Law 729 which authorized the expendi-.
ture of one milliion dollars per year for artificial aids.

In 1954, Conzress passed Public Law 565, the Vocational Ree



5
habilitation Ammendments Aet. This permitted the Department
0f Health, Education and Welfare to pay for cosis of research
into prosthetics and training of the physically handicapped.

Anmputations have also become more Ifregquent with prog-
ress of modern high speed transportation and the introduction
of more complicated high speed machinery into industry and
agriculture, Advancements in operative techniéues plus the
introduction of aseptic gurgery and anesthesia have resulted
in higher rates of survival,

Interest in the surgical techniques of amputation,
started Yy Paré in the sixteenth century, has not waned {Du-
pertius and Henderson, 1946; Jones and Ryan, 19463 White;
1946; Loon, 19603 Hall and Bechiol, 1968). The search for
gome external power to operate the prosthesis has also pro-
duced much experimentation (Livingstone, 1965; E’icKenzie;
1965; Mehaurin, 1965; Wilson, 1965). The concept of myo-
eleetric control of the prosthesis was particularly fruitfld
in creating many new ideas and adaptaticns (Kuitert and Vule
tes, 1954; Batiye gt al., 19555 Kobrinski, 1960; Bottomley,
1964; Popov, 1965).

Modifications of the prosthesis itself have been dee
veloped through research on terminal devices {Fishman and
Berger, 1955; Fishman and Kay, 1964), cosmetie gloves (Dembo
and Tane-Baskin, 1955; Carnelli gt al., 1955), harnesses
(Pursley, 1955; Mchaurin and Saamons, 1963), and cables -
{Northrop Aviation, 1950). Work has also been done to Tind
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aids to help the amputee perform certain tasks (Smith and
Fisk; 1963; Friedmann, 1965; Field, 1968).

Research has dealt with many problems of the amputee.
liuch statistical information has been collected as to the
nunber, types, ages, and sex of amputees (Berger; 19583 Lame
bert and Seiora, 1959; Glattly, 1963). Other research has
been concerned with their vocational efforts (Dietz, 19323
Shepherd and Caine, 1968) and their psychological adjustments
(Randall et al., 1945; Hughes and White, 1946; Whittkower,
19475 Vultee, 1955; Dembo, 1956; Siller and Silveman; 1958).

Some studies have been completed concerning the actual
funetioning of the prosthesis. For example, in a study by
Peizer {(1958) amputees were evaluated on their abilities to
perforn normal everyday activities with their prostheses.:

In a study by Lambert and Sciora (1959) amputees were rated
ag to whether they had good, fair, or goor use of their pros-
theses.

Investigations into work space have evolved from onw
gineering problems created by technological advances brought
about by the machine age. Time and motion studies were
started by Gilbreth at the end of the nineteenth century
(Giloreth, 1911). As a result of this research, engineers
began to recognize the human factors in engineering.

Anthropological inguiries turned from determining
simple body measurements (Gilliland, 1921; Glanville and
Kreezer, 1937) to changing the design of the machine %o ac-
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commodate both its purpose and the man who would operats it
(Hugh-dones, 1946; Randall et al., 19465 Darcus and ‘&’ieddell;
1947; Morant, 1947; HcPFarland, 19513 Xing, 1952; I)empster; .
19553 Dempster et al., 1959).

The field of athletic research has contributed the
techniques of photography to the analysis of motion. Nuy-
bridge (1887) who investigated all types of normal motions
and Marey (1895) who studied athletic motion were two pio=
neers of these techniques. Demeny (1902) used lights to
analygze the abnormalities found in walking. 3By taking photoe-
graphs in quick succession, he was able to obtain a path of
the trajectories of locomotion.

Photographic methods were utilized by Gilbreth {1911)
in an analysis of the fundamental elements of a series of
motions which are used in performing a specific task. He
used a motion picture camera which recorded the paths of
lights attached to the moving subject. Denpster and his co=-
workers (19555 1959) and Rozier (1970) adapted the methods
0f Demeny and Gilbreth to analyze manual work space. They
attached lights to the arms of subjects and took time expo-
sures of the light path as the subject moved his arm.
| Anthropologists have developed the concept of manual
work space as being the maximal volume that can be utilized
for the operation of controls. King gt al. (1947) measured
the exbtreme anterior arm reach at different angles and leve

els. Barmes (1951) defined the manual work space as being
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determined by an arc made wiﬁz the arm p.ivo'éed at the shoule
der and with the hand sweeping across a table, otut he did
1ot recognize the three-dimensional aspects of the work
space. Dempster gt al. (1959) found the three-dimensional
manual work space which he termed the kinetosphere. Rozier
(1970) has described the three~dimensional manual work space
with the scapula restricted.

Relatively little research hag been carried on cone
cerning the manual work space of the upper extremity amputees
Keller et al. (1947) employed a three-dimensional analysis
of specific motions performed with the prosthesis and Kay
and Peizer (1958) utilized a positioning test to determine
the movenments in whieh the prosthesis could be used to great-
est advantage. A three~dimensional analysis of the entire
work space has not been completed, Therefore, it has not
been possible to design functional working areas for the am-
putee without these data.

The shape of the manual work space of the amputee with
a prosthesis has not been defined. It ig not known how the
work space of the normal extremity differs from that of the,
extrenity with the prosthesis or how the work space differs
between above and below elbow amputees. It is the intent of
this study to lay a basis for the-definitiqn of the limits |
of the three-dimensional work space of the upper extremity .
anputee. The bagic differences between the work space of

the above elbow and the below elbow progthetic limb can then
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be viswvalized. The dlsability can also be agsessed in terms
of reduetion in work space when compared o the normal exe
tremity, Shifts in occupation may not be necessary for rany
anputees if more is known about their space limitations for

motor activity.



CHAPTER I1
HATERIALS AND KEPHODS

Materials

Twenty white male upper extremity amputees were se-
iected from the general poynlatioxi. Eleven of the subjects |
were below eibow amputess and nine of the subjects were above
elbow amputess. These subjects were volunteerss They either
responded to letters asking for volunteers or they were asked
to volunteer when they were present at various Oklahoma ame
putee clinicé.

The eguipment that was used in this study is shown in
Figure 1. It will be helpful to refer to this figure when
reading about equipment ;nentioned in the following paraw

v~

Tn
Pk o3I LATD B

g St | - T e

igure 43 Shows Lo saperimental chalr anda Lo0vrest.
Figure 1b shows the mirror and ffontal grid in relation to
the chair and footrest. PFigure le shows a subject pei'fom-
ing a motion. Figure 14 shows the hand grid. The arrange-
ment of this eguipment is shown in Figure 2, |

A wooden chair was devised for seating the subjects
when the work space measurements were taken. Its seat di-

mengsions were selected according to recommendations of Barnes

10
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Figure 1. ZExperimental egquipment and experiment in
progress. A. A side view of the work chair and footrest.
Note the position of the adjustable headrest. B. A4 front
view of the equipment. A mirror is positioned at a forty-
five degree angle with the chair. The footrest is placed
directly in front of the chair. A stand suspends the fron-
tal zrid and a tape measures is attached to the floor at the
side of the chair. The number on the footregt identifies
the experimental subject. 0. Front view of the subject
completing an interval., The mirror provides the side view
of the subject. D. Close-up view of the hand grid. The
@wrist is in the neutral position. Rote the position of the
light opposite the interphalangeal joint of the middle fine
ger of the left hand.
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FIGURE 1
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Pigure 2, Diagrammata.c view of experimental equip-
ment in place, a. Work chair. b. mirror. ¢, frontal
grid. d. footrest. e, electrical equipment for llght
system. e. camera. g gtrobe light.
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(1951). The seat measured fifteen inches in width by seven-
teen inches in lengthes This shallow geat permits the body
to bend at the hip and not at the waist., It also does not
impede the circulation of the blood near the knees. The
back of the chair measured twenty-six inches in height by
eleven inches in width. It was narrow so that the scapula
and elbow were not impeded in movement, It inclined postew
riorly to seventeen degrees as in the studies of Dempster
et gl. (1959) and Rozier (1970). The headrest of the chsir
held the head firmly and restricted movement of the subject.
It was adjustable in forward, backward, up, and down direce
tions to accommodate individual differences in height and
girth.

The footrest was made of wood. It was placed in front
of the chair and was adjustable in height. The position of
the footreat was changed with each subject t0 insure that
the legs were in the game position regardless of differences
in leg length,.

The fréntal grid, over which the subject moved his
hand or prosthesis, provided a fizxed standard of reference
for measurements made from the photographic negatives. It
was nade of one inch by two inch wire mesh; and cut in four
strips measuring one foot by four feet. The grid was suse
pended from a horizontal bar which was attached to a movable
gtand. The height of the bar was adjuatable and the atand

wog fitted with casters which permitted it to be moved ease
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ily. The grid was easily assembled amd photographs could be
taken through it,

The mirror was four feet square.. This was large
enough to give an image of the subject and his movements.
The stand for the mirror was also fitted with casters which
permitted it to be moved. The nirror afforded the important
gide view of the subject.

The hand grid furnished a flat surface which was moved
in a parallel relation to the surface of the frontal grid.
it was made of a sguare foot of the one inch by two inch wire
mesh., The grip was made of wood which had been carved in a
set pogition to insure that the hand grid was held in the
same way by each subjects The hand of each subject zgrasped
the grip in a position similar t0 that of the hand at rest
when the arm is supported in a horizontal .mamner, Thisg is
called the neutral position. The hand grid was attached
vertically above, and one inch in iront of the holder. This
allowg for clearance between the knuckles and the frontal
grid. It is absolutely .necegsary for the subject to hold
the grid uwpright, keeping his wrist in the neutrzal position
at all times.

The wooden hand grip could not be held in the pros-
thegis. Instead, a metal holder was made of a flat piece
of metal two inches in length. 4 light was attached to the-
end of this holder. This holder could be held by the ter-

minal device of the prosthesis,
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A system of lights, composed of four 1/25 watt neon
bulbs, was arranged in parallel and connected to a cireuit,
The circuit was intermittently broken causing the lights to
flash., The rate of the flashing of the light could be
changed to accommodate various speeds of movement of the
subjectse.

The following photographic equipment was used in ob-
taining photographs of the subjects. 4 35 mr single lens
reflex camera, manuiactured by the Minolta Corporation, was.
attached to a tripod which was placed 2t a height of three
feet. Plus X Pan film {ASA 125) gave fine grain negatives
which could be enlarged without losing quality. The strobe
light used was a Braum gelif-contained 110 volt unit. The
enlarger was a Leitz Focomat Ie which allowed suitable ene
largement of the 35 mm negatives to 1/6 natural size.

A straight arm goniometer was used to measure knee
and hip angles when positioning the legs of the subjects on
the footrest. A metal tape measure was uged to record arm
length and a cloth tape measure was fixed to the floor bew
gide the chair as a gulde to use when moving the frontal
grid in relation to the subject. A Keuffel and Esser polar
planimeter with a fixed tracer arm was used to record areas

of tracings of movement patterms,

Methods

The experimental techniques used in this investiga-
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tion weres based on the research of Dempster and co-workers

(1955; 1959) and Rozier (1970).

Experimental Equipment

The equipment was set up ih'a space twenty feet long
by»six feet wide. The walls adjacent to the equipment were
covered.with black plasﬁic to provide a dark background and
to prevent reflection. The chair was positioned at one eﬁ&
of this space, fifteen feet from the camera. The footrest
was placed directly in front of the chair, The nirror was
positioned at a forty-five degree angle to the left side.
Theyfrontal grid was placed perpendicular to the floor with
its stand positioned to the side of the chair; This stand
wag moved at specifie aix inch intervals along a tépe mneas-

ure glued to the floor.

Meagurements of Subjects
Yeagurements on each subjeet included height, weight,
noreal arm length, prosthetic arm length and length of stump.
Joints of the upper extremities were examined for normal
range of motion. The type of prosthesis was noted as well
as the length of time that the subject had used the prose—:
thesise
. A metal tape measure was used t0 measure normal arm
lengths This is the distance in inches from the acromion
nrocess to the distal interphalangeal joint of the middle
finger., The length of the prosthetic arm was also neasured.
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This is the distance in inches from the acromion process %o
the end of the terminal device,. The length of the stump was
meagured from the anterior border of the acromion process to
the end of the humerus in the case of the above elbow ampie
tees and from the olecranon of the uwlna to the bony tip of
the stump in the case of the below elbow amputees,

The subject was seated in the chair fzcing directly
forward with the feet 6n the footrest. Using the goniometer
the hips were @ositioneé at a seventy~-five dégree angle and
the knees were positioned at an 160 degree‘angle. The reste
ing arm was placed at the side in a position that did nofA

interfere with movement of the other extremity.

| Experimental Procedure
When measuring the work space of the normal extremity
the subject held the hand grid in his hand with the lights
taped in position. The first light was éecured over the

proximal interphalangeal joint of the third finger. This

was determ

-
1
(-4 S ALAY

ed %0 he the centewr of the orin be Dempotor ot

al. (1959). This point was used rather than the tip of the
finger because tﬁe controlé in a work space ordinarily cane
not be operated at the end of the finger tips (King‘gg‘gl.;_
1947) . A second light was taped directly over the olecranon
to show movement at the elbows A third was taped over the -
acromio;clavicular joint to show movement of the seapﬁlae

According to Taylor and Blaschke (1951); there is only «25
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inches of skin and flesh superfiéial %0 the acromig-clavi-
cular joints A4lso, there is little skin movement to disturd
the relationship of the ligzht to the jointe A fourth and
final light was taped over the jugular noteh of the sternum,
This light was used to determine excessive movement of the
trunk, |

The subject was instructed in the proper procedure
before beginning the experiment. The -headrest was adjusted
td £i% the subject and the subject was instructed to refrain
from moving the trunk laterally or forward; He was told to
hold the hand grid in the same orientation without changing
the way in Which his hand was positioned on the hand grip.
He was instructed {0 maintain the hand grid at a distance
no greater than three inches from the frontal grid. He was
to move the hand grid first in a full clockwise c¢ircle and
then in a counterclockwise circle in the extremes of movew
ment possible. Léteral rotation of the head was permitied
to‘enable the subjeet to observe hig hand motion. -A trial
novenent was allowed and any mistakes or extrancousg movew~
meﬁts whicﬁ.were.observed were corrected.

The experimental procedure was then begun. The roaﬁ“
was darkened except for the lights attached o the subjec%‘g
axm‘éﬂd body. The frontal grid was first positioned ax thé,
extreme anterior reach of the’axm.while the am was at nihey«
ty degrées of forward flexion. A time exposure photOgraéh |

was taken of the movement of the arm. A strobe light was
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flashed once during cach exposures This provided an image
of the subject orn the £ilm. The frontal grid was reposi-
tioned at six inch intervals, moving it closer to the sube
jects The whole sequence was repeated at each interval,
The grid was raised when necessary to give adequate elear~
ance for the knees. Sections of the grid were removed when
necessary %0 avoid contact with the trunk at positions close
t0 or poglterior Ho the subjects
The entire procedure was modified and repeated for

the progtietic extremitys The first lizght was seoured in a
zetal holder which the subjset held in the terminal device
of his progthesis. %his light corresponded to the light
over the proximal interphalangeal joint of the normal hand,
A second light was taped at the elbow joint at the olecramon
in the cage of the below elbow amputee and at the joint of
the prosthesis in the case of the abvove elbow ampulee. A
third light was placed over the jugular noteh of the sternum,
The light oz the acronion could not be positioned due to in-
terference with the shoulder harness of the prosthesiss The
subject wags instructed to grasp the metal holder in his ter-
minal device in such a way that the holder and light were at
right angles to the frontal grid, Other instructions re--
mained the same as for the normel extremity.

.In both the above and the below elbow groups of ampu-
tees the subject closest to the mean was chosen as well as

the subjects with percentage differences on either extreme
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from the mean. The data from these subjects were used %o
nake guperimpositions of the interval tracings. The data
were also uged o make styrofoam nmodels of the threc-dinene
sional work space (Appendix). Tracings were then made from
the styrofoan models in order o make drawings of frontal,
rorizontal and saglttal sections through the work gpaces,
Balga wood models were also made of the work spaces of the
above and below elbow amputecs with the percentage differw

ence valnes closest to the mean (Appendix).

Analysis of Phétographic Meagurenents

The film éecording of the light paths was developed
by the usual pho’sdgraphic chemicals in the prescribed manner.
The negatives were then projected in an enlarger }to 1/6 nat-
ural size of the subject. Tracings were made of the paths
of the light which was attached over the third finger. An
orientation point was marked on each tracing which correse-
ponded to the mid-point of the junction of the back and the
seat of the cbair, Deapster et ai. (1959} called this point
the "R" point, 4 line was also drawn marking a horizontal
level at the shoulders. The "R" point and this stationary
line were used as orientations when superimposing one trace
ing over another, | | |

. The tracings showed two circles, one 'representing the
clockwise path and the other representing the counterciocke |

wise path, A line was drawn between the two circles to rep-
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regent the nean area tracing, Planimeler readings were then
nade on each-tracing}to find ths area of the outline in
sguare inches. A total of fhree tracings was mede of each
cutline and then this sum wag divided by three to obbain the
nean or average area, in certain cases the outline was o0
large to be circungcribed at one time, This outline was.di-
vided into iwo paris, planimeter readings‘made, and the regd-
ings added. In all cases the ares measurenents were mulii-
nlied by six to refurn Thsm to full scale, and then multii-
piied by =six inches to find the volume of each interval in
cubic inches. The full scale wvolumes of all intervels for
2 ginglie subject were added to give the total work space
volume. The above procedures Were'followed using the data
obtained from the tracings taken from the normal anm'and for

the prosthetic amm,

Statistical Treatment

The difference in the normal and the prosthetic vole
umes was Iound and converited t0 a percentage difference in
order to be able to compare differences among subjectss The
means {averages), medians (middle values), standard devia=
tions {variations from mean), and coefficients of variation
{ variability) were calculafed for all measurements. The
mean is generally the most réliahle or accurate nmeasure of
central tendency (Guilford, 1956). The median was also

found to indicate the skewness of the distribution. The
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standard deviation indicates a reliable degree of variabili-
1y, The coefficient of variation indicates the existing
variation in a series of data. It is egqual to one hundred
tixes the gtandard deviation, divided by the meon.

A Spearman rank corrslation was worked out relating
+he normal volume to the difference volume; prosthetic vole
ume; age, height, weight, stump lengbh, tiune Worn; znd pProge
thetie extrexity length. A second rank correlation coeffie-
cient was done correlating the prosthetic work space volume
with the remaining datas. A third rank correlation was done
releting the difference volune %0 normal volumne, prosihetic
volumey age, heigh®, weight, stump length, tire worn, and
prosthetic extremity length. The rank correlation coeffi-
cient is used here because, although there may appear to be
a dependency heiween two variables, the distributiorn is une
known and there can be no assumptions made aboub popﬁlation
distributions,

According to Yamane (1967) Spearman's rank correlam

tion coefficient ig found with the formulat

6 Ea®

Tg=1-~n (n2 - 1)

TheAsymbol "xs" stands for the Spearman rank corre;atian COm
efficient. The symbol "E" means "the sum of%, #4® is the
difference between the ranks of the two numbers, and "a%
gtands for the number in the sampie.

The ¥Yileoxin-flann-Whitney v test was calewlated to
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find the sigmificance in the yercentage diffsrences deter-

ninzd Tor the left versus the right handed »rosthesis wear
ers. The w btest was also caleculated %o indicate the signifi-
cance in the normal volunes, difference volumes, and percente
age differences in the above elbow versus the below elhow
group. This test was used because it is applicable to ob-
servations on two independent random samples which can be
compined into & single ordered series. The formula uzed $o
Tind the sum of renks, “Tl“, of the number of observations

in 2 group, "N, was according to Tate and Clellsnd (19957):
i

The symbol §y is the number in one sample snd Nz igs the nume
ber in the sscond sample. The symbol "T* ig the sum of ranks

of the smaller gample.



CHAPTER III
RESULTS

Body Measurements
0f the twenty subjects used in the pregent study,

eleven were below elbow amputees and nine were above elbow
amputess. The values of the neasurements made on these two
groups of subjects can be seen in Tables 1 and 2. The age
of the twenty subjects varied Ifrom seventeen to sixty-six,
The age of the group of below elbow amputees averaged 45.4
years, while in the above elbow group it averaged 33 years.
The height of the twenly subjects ranged from 5 feety, 5
inches to 6 feet, 3 inches. In the group of eleven below
elbow amputecs, the height averaged 5 feet, 10.6 inches,

JEC A R S L S Ty

- L Ve
Wil WAL UL U

r e lesmamam a7 Tmme
UGS AWV [SFRairy

ampuvees averaged 5
inches, The weight of the twenty subjects varied between
112 pounds to 255 pounds. The weight of the group of below
elbow amputees averaged 186,6 pounds, while in the group of
above elbow amputees it averaged 156.6 pounds.

In order to be able to compare zbove and below elbow

lengths, the stump measurements were made as percentages of

the total normal arm lengths. In the below elbow amputees,

26



TABLE 1
MEASUREMENTS OF BELOW ELBOW AMPUTEES

Age Helght Veight Stump Time Worn Normal Arm Prosthetie
Sub ject In In In Length = In - Length Arm Length Harness
Years Inches Pounds In & Years In Inches In Inches
A 4o 73 220 200 3 32 30 Fig. 8
BY 2l 7% 190 36.6 . 6 31 30 Fig. 8
c¥ 51 72 165 23.7 8 30 29.5 Fig. 8
p* 66 68 175 25 20 . 27.5 28 Saddle
E 46 69 200 29.3 6 3@ 29™ Fig. 8
25 70 185 314 25 29 25.5 Ring
G 46 71 185" 27.6 25 31 29 Fig. 8
H 22 75 255 3 3 34 30.5  Fig. 8
o 29 68 135 27" 3 28 24 Ring
Jr 65 70 168 22.2 40 28 27 Saddle
K 438 70 177 22.4 20 30 29 Ring
Mean 45,4 70.6 186.6 26.9 1%.5 29.9 28.4

(Average)

r = Right Extremity Amputee
m = medlan

A



TABLE 2
MEASUREMENTS OF ABOVE ELBOW AMPUTEES

Age Height VUWelght Stump Time Woxm Normal Aym Prosthetie
Subject In In In Length In Length Arm Length Harnesa
Years Inches Pounds In % Years In Inches In Inches
AT 3h 73 220 23.3 21 32.5 30 Ring
B 56 67 125 Lly 3.5 27 25 Seddle
o 50 73 170 300 30 29.5 30 Fig. 8
D 3% 74 215 32.8 8 31.5 29 Fig. 8
EX 47 67 150% 32.1 23 27.5 26.5 Fig. 8
F 17 65 120 29,6 w® 27 27 Fig. 8
¢~ 25 71 147 33.9 .08 29 26® Ring
H 48 70 150 18.9 25 7n 29 Fig, 8
ol " 2™ 112 16 10 2g™ 25 Seddle
Mean 33 70 156.6 28.9 15 29 27.9
(Average)

r = Ripght Extremity Amputee

n = Median

g¢c
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the stumps, as measured from the olecranon to the end of the
stump; averaged 26.9 per cent of the total length of the nor-
nel arm. In the above elbow group, the stumps, as measured
from the acromion to the end of the stump averaged 28,9 per
cent of the total arm length.

The anmount of time that the amputees had worn pros-
theges varied from one month to 40 years. In the group of
subjects with below elbow amputationg the time worn averaged
14,5 years while in the above elbow amputees it averagéd 15
years.

Normal arm length (distance from the acromion to the
distal interphalangeal joint of the middle fingéé) varied
from 27 %o 34 inches in the twenty subjects. In_the‘below
elbow amputees aﬁm length averaged 29.9 inches, while in‘the
above elbow group it a#eraged 29 incheg. In the twenty sube
jects the length of the prosthetic extremity (diatan&e from
the acromion to the end of the terminél devicé) varied from
24 inches to 32,5 inches. In the below elﬁaw émpuﬁees %he
length of the prosthetic extremity averaged 28.4 incheé COm~-
pared to the above elbow group in which it ave;aged 27.9
inches. ‘ '

There were three basic types 6£ harnesses worn by the
ampﬁtees in this study: figure eighf, metal fing; leather
shoulder saddlé. In the group of beiow elbow aﬁputees gix -
subjects had figure eight harnesses; three had ring harnesses

and two had leather shoulder‘sadale harnesses. In the above
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elbow group, five subjects had prostheses with figuré eight
harnesses, on three of which the elbow lock was regulated by
the opposite shoulder. There were two ring and. two leather
gshoulder saddle harnesses, On one of the prostheses with the
leather shoulder saddle harness the opposite shoulder regu-
lated the wrist mechanism and had no elbow locks

The length of the prosthetic extremity was found to
be shorter than the normal arm length in eighteen of twenty
subjects. In the group of below elbow amputees the progw
thetic extremity averaged 1.8 inches less. In the group of
above elbow amputees the prosthetic extrenity length averaged
1,7 inches less than the normal arm.

All twenty subjects were initially right handed and
of these 60 per cent had their right armm amputated, In the
below elbow amputee group, 63.7 per cent had the amputation
on the right side whereas in the above elbow group 56 per
cent had the amputation on the right side.

Various problems were encountered in the attempté of
the subjects to complete the reguired intervals, The first
interval refers to the position of the frontal grid when it
ig farthest from the "R® point of the seat. This distance
will vary with each subject since the first interval is de-
termined by the length of the amterior reach of the subject's
arme The second interval will be six inches closer than the
first. Thus the frontal grid has been moved eighteen inches
toward the "R" point at the fourth interval, It has bsen
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moved twenty-four inches at the £ifth interval and at the
gixth it is usually behind the "R" point,

The gubjecty differed in the amount of effort,; or on-
thugiasm with which they completed the ranges of motion re-.
quired. These ampulees were much more interssted and willing
than the non-amputee subjects of the previous study by Rozier
(1979). Nany subjects had difficulty keeping the hand grid
parallel to and three inches from the frontal grid and had
t0o repeat sequences when measurements were made using the
normal extremity. When moving the light with the prosthesis,
the subjects had trouble keeping the light and metal holder
pointing at right angles to and three inches from the frontal
grid., Trunk movement was also observed in some subjects as
they tried to reach the extremes of motion.

The subjects! range of movement varied to a great de-
gree., Using the nofmal extrenity thirteen of the subjects
could conmplete all six intervals and six of the subjects
could complete only the first five intervals with the normsl
extrenity. In the eleven subjects with below elbow proce
thesea, five were able t0 complete only the first four interw
vals end the remainder were able to complete the firat five.
0f the nine subjects with above elbow prostheses one was able
t0 complete only the first interval, one was able to complete
only the first two intervals, two could complete only the
first three intervals, three could complete only the first
four and two could complete the first five,
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It was noted that more time was needed for the sube
jects to complete the sequence of ranges with the normal amm
than waz needed to complete the sequence of ranges with the
prosthesis. However, the spsed of movement was usually cone
stant when the nomal arm was used. When the prosthesis was
used; the subjects varied the gpeed as they changed from a
clockwise to a counterclockwise direction. The subjects with
above elvow prostheses had more difficulty controlling speed
and tended to move very quickly.

- It was also observed that when the subjects performed.
the sequences with their normel arms, more varlability in
shape was encountered between the clockwise and counterclock-
wise.paths than when the sequences were performed with the

prostheses, This was true for all intervals completed.

Analysis of Photographic Negatives
When the photographic negatives were enlarged, the

distance from hand grid to frontal grid could be checked for
correciness LYo LAS LMBES 1h VLS BIXTor. The gubjects, wuen
using the‘normal arm, had difficulty staying close to the
frontai grid in the lower parts of the cireles of movement.
When using the prosthesis the subjects had more difficulty |
poiﬁting the metal holder at right angles to the frontal grid
in the lateral part of the circles of movements The clock-.
wige and coﬁnterclockwisé paths of light were much cloger to-

gether when the prostheaia was used than when the circles
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were performed'by‘the normal arm. Many of the subjects also
tended to make a rectangular pattern with the prosthesis
while making & more curved pattern with the normal extremity.

The light on the olecranon procesgs of the normal arm
nade a smaller circle resembling the larger one made by the
nand. In the intervals in which the subject®s arm moved atb
the gide of his bddy; this pattern of light 2t the elbow was
an are of a half circle with %the convexity of the are direc-
ted lateraliy.  However, movement at the elbow could not be
completely seen in the photographs. The light at the elbow
of the prosthetic extremity, when viewed in the mi:ror, &P
peared to be moving closer to the body. It was also less

visible in a frontal view.

Heagurenents of Ligzht Paths

The tracings of the light naths which were tzken from
the anlargementa of the negatives were measured for all sube-
jects. The planimeter remdings of thess tracings yielded
ihe areas of all the intervals of each subject. Areas of
gpecific intervals were not comparable among subjects since
the subjects started at different distances from the "R
point. Firat, the intervals of the omallest and the largest
apreas were determined. for esach subject. Secondly, the gpee
cifie dintervzls were identified when the subjeet was able or
unable to ¢ross the hand grid or light in front of his bedy.

Hext, superimpositions of the light paths were made for the
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subjects in each group with the percentage difference clos
est to the mean, as well as for the subjeets in each group
at either extreme of the mean (Figures 3 through 14). Then
the differences in the height énd shape of the intervals
were detsrmined for these asubjects.

When the subjects used their normal arms, the sixth
interval had the gmallest area in eighteen subjects, Howe
ever, in two subjects the first interval had the smallest
area. In two subjects the second interval had the largest
area, in thirteen subjects the third had the largest and in
five subjects the fourth had the largeat.

When the subjests with below elbow prostheses were
measured, in two subjects the first interval had the largest
area, iﬁ”eight gubjects the second had the largest and in
one subject the fourth had the largest area. When the sub-
jects with above elbow prostheses were measured, in three
subjeets the first interval had the largest area, in three
subjects the second, in two subjects the third, and in one
subject the fourth had the largest area. The lagt interval
had the smallest area in all cases. In subjects who could
not complete all intervels the smallest interval was counted
as the one posterior to the last interval completed. This
interval was counted as having a value ol zero.

Host of the subjects could not move the hand of the
normal exitremity across his body after the frontal grid had

been moved twenty-four inches toward the subject. However,
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Figure 3. Superimpogition of the interval outlines
for the normal extremity of the below elbow amputee wlth
the percentage difference value closest to the mean. Front
view, Note the pesition of the "R" point.
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Pigure 4. BSuperinposition of the interval outlines
for the prosthetic extrenity of the below elbow amputee
with the percentage difference vilue closest to the mean.
Pront view. DNote the position of the "R" point.
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Figure 5. Superimposition of the interval outiines
for the normal extrenity of the below elbow awputee with
the smallest oercentage difference. Front view. ote the
position of the "R" point.
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Figure 6. Superimposition of the interval outlines
for the prosthetic extrexity of the below elbow amputee
with the swmallest vercentage difference. Front view. Hote
tine position of the "R" point.






43

Figure T. Superimposgition of the interval outlines
for the normal extremity of the below elbow amputec with
the largest percentage difference. Front view. lote the

position of the "R" »noint.
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FIGURE 7
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Figure 8. Superimposition of the interval outlines
Tor the prosthetic extremity of the below elbow aumputee
with the largest percentage difference. Front view, Hote
the position of the "R" point.
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Figure 9. Supeprimposition of the interval outlines
for the normal extremity of the above elbow ampubee with
the percentage difference value closest to the meun. Front
view. Hote the vosition of the "R" point. :
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Figure 10. Superimposition of the interval outlines
for the progthetic extrenity of the above elbvow amputee
with the parcentage difference wvalue closest to the mean,
Pront view. GHote the position of the "R" point.
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FIGURE 10
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- Pigure 1l. Superimposition of the interval outlines
for the normal extremity of the above elbow zumputee with
the smaliest percentage difference. Front visw. Hote the
position of %he "R® point.
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Figure 12, Superimpogition of the interval cutlines
for the prosthetic extremity of the 2bove elbow amputee
with the smallest percentage difference. TFront view, Hote
the wosition of the ®"R" point.
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FIGURE 12



FPigure 13. Superimpoasition of ths interval outlines
for the normal extremiby of the above elbow auputec with
tihe largest percentage difference. Front view. Note the
position of the "R" point,
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FIGURE 13
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Figure 1l4. Superinposition of the interval outiines
for the prosthetic extremity of the above elbow amputee with
the largest nercentage difference. TFront view., Hote the
pesiticn of the “R" n»noint. '
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FIGURE 14
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it was noted that one subject could cowmplete thisz movenent.
In the group with below elbow prostheses five couid not come
plete this movement at the third interval and six could nos
co@pl ~te the movement at the fourthe In the above slbow
grouy, one agubject could not move the prosthesis aeross the
body at the sescond interval and two could not complete thia
noverent at the third intsrval,

The diffeprence in arcas for specific intervals were
Tound ond then the intervals with the siallest and the larg-
est differences in zrea were indicated for bothk groups. In
the proup of below elbow suputess, the interval of the smali-
gst differencs between the normal arnm and the arp with the
srosthesis was the firgt interval in six subjects and the
fiith in one gsubject. The interval with the larsest differ-
ence was the first in one subject, the third in six subjects,
the fourth in three subjects, and the Iifth in one asubject.
In the avove slbow group of mapuizes the interval of the
smallest difference was the first in =2ight subjects and the
aixth in one >ubject. The interval with the largest differ-
ence was the second in one subject, the third in six sube
jeets, and the Iourth in two subjects.

Differences in the size and shape of the areas of the
intervala were apparent from the tracings taken fronm light
naths of the pormal extremities. Generalliy, the first in-
terval was @ circle with the upper border of the cirele just

above the level of the eyes of the subjects Two=-thirds of
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thls eircle was directed laterally., Subjeccts were able to
reach further nmedially and above nead level in the second
interval. The third interval was similar in shape to the
second but iarger. It alao had a cnaracteristic indentation
due to the knees. The fourth interval lacked a definite
outline of the knees. Here tne majority of subjects could
5511l wove the hand across the midline of their bvody but did
not have enough ¢learance between their body and the frontal
grid to permit this movement. Some subjects could move the
hand over the midiine at the aigher parts of the intervals
»ut not in the lower. The fifth interval was, in the ns-
Jority of cases, entirely lateral to the "R" point. The top
of the outline was directed 2bove the head with the vertical
dimension greater than the horizontal one. The aixih inter-
val was sirilar in ahape to the fifth but with a omaller
285

The tracings of the intervals of the indiwviduals using
the below elbow prostheses were naturally smaller than the
intervals of the individuals usging their normal arms, The
primary difference between the prosthetic and normal tracings
was bthat the intervals of individuals uging prostheses were
not as large. The first interval was usually smaller and
lower and did not project as far across the body. The second
interval wag sualler with ithe majority of the ares lateral
to the midline. The third interval was smaller than the sec-

ond with no indentation due o the kneeg,. The zrea of this
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interval was directly in front of the body. The fourth in-
terval was at the side of the body and swaller than the third
irterval. The fifth and sizxth intervals were entirely laotw
eral 0 the bodye.

The tracings of the intervals of the individuals using
the avbove elbow prosineses were generally mﬁch smaller, fit-
ting well within the tracings of the normal arn. The firast
interval was sxtremely variable among subjects but was gen-
eraily mallsy and lowers It was also more iaterslly direc-
teds The gecond and third intervals were smaller and direc-
ted latverally. The fourth and 1iith intervals wore entirsly
lataral to the body but not as far as those of the tracing
for the norwal arie

Fhen coﬁpariﬁg the tracings of the above elbow zroup
with the below elbow zroup, it was apparent that the trac—
inzg for the zbove elbow prostheses were much snaliecr znd
extended neither as high, as low, 28 far laterally, nor as
far medinlly. 7These tracings showed that a larger percente-
agz of tne interval areas of each tracing were diprected lat-
gral to the midline.

Representative subjects whose percentage difference
rajnes were clogsest to the mean and those on either extreme
of the nean were used to provide data. The interval volumes
of these representative subjects were used to make styrofoam
zodels of the norsal and the prosthetic work sp&ces (Appen-

dix). These wers then cut in horizontal, sagittal, =znd
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frontal sections and drawings made to show the three~dimen-
sional aspect of the work space (Figures 15 through 20).

Yhe three representative subjects for the below elbow
group of amputees could not reach as far in any direction
with their prostheses as they could with their normal arms.
At the fourth interval close to the body the subject with
the mean percentage difference could reach across the pid-
line of his.body but the remaining two subjects couwld not
(Pigures 15, 16, 17).

The three representative above clbow subjects could
not reach ag high, as iar posteriorly or across their boedies
as completely with their prostheses ag they could with their
normal arms (Figurss 18, 19, 20). The subject with the
giallegt percentage difference coulid rsach as low with his
nrosthesig as he could with his normal arm but the other two
representative subjects could not. lNone could reach across
the midline at the fowrth interwval.

When viswing the drawings of these representative
subjects 2 binanual area is seen (Figures 15 through 20).
Tais is the area of overlap of the normal and the prosthedic
work space in which both extremities can do work., The bi-
manual area does not extend as far as the fourth interval
in either group of ammutees. In the group of above elbow
anputess the bimsnual zarea is seen to be legs than that for

the zroup of below elbow auputees.
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Figure 15, Sections through the manual work space
of the below elbow amputee with the psrcentage difference
value ciosest to the mean. The solid line represents the
work space of the normal extremity. The broken line rep-
regents the work space of the prosthetic extremity. The
arez 0f overlias indicates the bimanual woerk space. A
Horizonbtal section at mid-~chest level, B. Frontal section
at the fourth interval, C. 3Sagittal section through the
"R* point. The dotted line indicates the most posterior
extent of the work space which projects lateral to the "®*
point,.



64

FIGURE 15



Figure 16, Sections through the manual work space
o the below elbow amputee with the smallest percentace
difference. The solid line represents the work aspace of
the normal extremity. Tne broken line representa the work
space of the prosthetic extremity. The area of overlap ine
dicates fthe binanual work space. A. Horizontal section at
mid-chest level., B. Frontal gection at the fourth inter-
val. C. BSagittal section through the "R" point. The dot~
ted line indicates the most posterior extent of the work
space waich projects lateral to the "R® point.
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c
FIGURE 16
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Pigure 17. Sections through the manual work space of
the below elbow amputee with the largest percintage differ-
ence. The solid line represents the work space of the noge
mal exitremnity. The broken line represents the work space of
the srosthetic extremity, The area of overlap indicates the
binanual work space. A. Horizontal section at nid-chest
level., B. Frontal gection at the Jlourth interval., €. Sage
ittal section through the "R" point. The dotted line indi-
cates the most posterior extent of the work space which npro-
jects lateral to the "R"™ point.
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Figure 18, Sections through the manual work space
of the above slbow amputee with the percentage difference
value clogest to the mean. The gsolid line represents the
work space of the normal extremity. Whe broken line repe
resents the work space of the prosthetic extremity. The
area of overlap indicates the bimanual work space. A.
Horizontal section at mid-chest level. B. Frontal section
at the fourth interval., C. Sagittal section through the
“R% point. The dotted linme indicates the most posterior
extent of the work space which projects lateral to the "RY
point.
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FIGURE 18
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Figure 19. Sections through the menual work space
oi the ahove elbow amputee with the smallest percentage
difference. The solid line represents the work space of
the normal extremity. The broken line represents the work
gpace of the prosthetic extrenity. The area of overlap in-
dicates the bimanual work space. A. Horizontal section
at mide-chegt ilevel. B. Frontal section at the fourth ine
terval, C. 3Sagittal section through the "R" point. The
dotted line indicates the most vosterior extent of the
work space which projects lateral to the "R" point,
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Figure 20. Sectiong through the manual work space of
the above elbow amputee with the largest percentage differe
ence. The solid line represents the work space of the nor-
nal extrenity. The broken lire represents the work gpace of
the prosthetic extremity. The area of overlap indicates the
bimanual -work space. A, Horizontal sectlon at midechest
level., 3B. Fronial section at the fourth interval. C. Sage
ittal section through the "R" point. The dotted line indi-
cates the most posterior extent of the work space which pro-
jects lateral 4o the *R* point,
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Statigtical Analysis

After the areas of the intervals were determined, the
volumes of the normal and prosthetic work space, the volume
differences and the percentage differences of each subject
were computeds These data are presented in Tsbles 3 and 4.

The work space volumes of the normal extremities of
the eleven subjects with below elbow prostheses averaged
31,012 cubic inches. The standard deviation was 8,074 cubie
inches. In the group of subjects with above elbow prostheses
the work space wvolumes of the normal extremity averaged 30,
156 cubic inches. The standard deviation was 11,497 cubie
inches«

In the below elbow group the work space voluues qf

the prosthetic aztremities.averaged 17,241 cubic inches.
The standard deviation was 6,145 cubic inches. In the group
of avove elbow subjects the work space volumes of the prog-
thnetic extremities averaged 5,453 eubic inches. The stand-
ard deviation was 4,735 cubie inches.

The difference between the normal and the prosthetie
volumes in the group of subjects with below elbow prostheses
averaged 13,862 cubic inches. The standard deviation was
4,551 cubic inches. The percentage difference averaged 45
per cent, The standard deviation was 12 per cent. In the
group of subjects with above elbow prostheses the difference
in volume averaged 24,704 cubic inches. The standard devie-

ation was 8,353 cubic inches. The percentage difference
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TABLE 3
VOLUMES OF BILOW ELEOW AMPUTEES

Normal Prosthetic  Difference Percentage

Ir Inches In Inches In Inches %
A 27,402 21,890 5,512 20.1
B 31,532 22,179 9,353 29.6
c 49,334 30,178 19,156 36.8
D 25,790 14,514 10,976 42.5
B 38,739 21,463 17,276 44.5%
P 32,742 17,161 15,581 47.6
¢ 29,2208 14,8218 14,399% 49.3
i 25,304 12,711 13,593 49.7
1 18,169 8,492 9,677 53.3
3 20,03 123211 15,819 57.9
e 33,874 13,726 20,148 59.5
Hean 31,012 17,241 13,862 44.8
Standamd 8,074 6,145 4,551 12

n = nedian
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TABLE 4
VOLUEES OF ABOVE BLBOVW AbPUTEES

Horual Progthetic Diiference Percentage
swgess  johme  fme i ichie’ bismprs
In Inches In Inches In Inches %‘
A 44,834 15,178 29,656 6643
B 22,831 5,644 17,187 75.3
¢y 52,699 11,494 41,205 78.2
D 25,203% 3,758 21,4455 85.1
T 18,921 2,786 16,136 85,32
F 22,234 3,103 19,131 86
G 23,252 3,092 20,160 86.5
H 27,684 3,328 24,362 88
I 33,753 698 33,055 97.9
Hean 30,156 54453 24,704 83
Stendard 11,497 4,735 8,353 8.3

n = nedian
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averaged 83 per cent. The standard deviation was 8.9 per
cente.

The normal and proathetic volumes of the subjects in
both groups with the percentage differences closest to the
mean and on either extiremes of the mean are shown graphically
in Figures 21 through 26. The interval volumes are plotted
at six inch intervais from the "R" point. The &ifference in
voiumes is the area between the solid and broken lines,

The reductions in volumes due to the above or below
eibow prostheses of ithese subjécts are gseen graphically in
Figures 27 and 28, The work space volume of the nonmai X~
trenity is campared to The work space volume oi ihe prds~
thetic extremity« The shaded area represents the amount of
WOork space volume that is lost when the prosthesis repiaces
the normal extremity. In Figure 27 the work space volumes
for the three below elbow subjects shows that the subject
with the smailest percentage difference lost 20 per cent of
the normal work space. The subject with the largest percent-
age difference lost 60 per cent and the subject with the por
centage difference clogsest to the mean loat 45 per cenf. In
Figure 28 the work gpace volumes for the three above elbow
subjects showa that the subjeet with the smallest percentage
difference lost 66 per.cent of the normal work space. The
gubject with the largest percentage difference lost 9.9 per-
cent and the subject with the percentage difference closest

t0 the mean loat 85 per cent.
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Figure 21+ A graph illustrating the normal and pros-
thetic interval volumes of the below elbow amputes with the
percentage difference value closest to the mean. The inter-
val volumes are plotted at six inch intervals from the *"J{%
point, The golid line represents the work space volume of
the normal extremity. The broken line repreaents the work
space volume of the prosthetic extremity. The total normal
work space volume is the area below the solid line (38,739
cu. in.). The total prosthetic work space volume is the
area below the broken line {21,463 cu. in.). The area be-
tween the lines is the difference in volume (15,273 cu. in.).
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Figure 22, A graph illustrating the normal and pros-
thetic interval volumes of the below elbow amputee with the
smalleat percentage difference. The interval volumes are
plotted at six inch intervals from the "R" point, The solid.
line represents the work space volume of the normal extremity.
The broken line represents the work space volume of the pros-
thetic extremity. The total normal work space volume is the
area below the solid line (27,402 cu. in.). The total proge
thetic work space volume is the area below the broken line
(21,890 cu, in.). The area between the lines is the differ
ence in volume (5,512 cu. in,.). : .



VOLUME IN CUBIC INCHES X 1000

82

I I B D

R 10 20 30 40
DISTANCE FROM "R™ POINT IN INCHES

FIGURE 22




83

Figure 23. A graph illustrating the normal and:prog-
thetic interval volumes of the helow elbow amputbtee with the
largest percentage difference.. The interval volumes are
plotted at six inch intervals from the "R" point. The solid
line represents the work space volume of the normal extrene
itye The broken line represents the work space volume of
the prosthetic extremity. The total normal work space volume
is the area below the solid line (33,874 cu. in.). The total
prosthetie work space volume is the area below the broken
line (13,726 cu. in,). The area bvetween the lines is the
difference in volume {20.143 cu. in.).
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Figure 24. A graph illustrating the normal and proge
thetic interval volumes of the above elbow amputee with the
percentage difference value closest to the mean. The inter-
val volumes are plotted at six inch intervals from the ®R"
pointe The solid line represents the work space volunme of
the normal extremity. The broken line represents the work
gpace volume of the prosthetic extremity. The total normal
work space volume is the area below the solid line {25,203
cu. ine). The total prosthetic work space volume is the
area below the broken line (3,758 cu. in.). The area be-
tween the lines is the difference in volume (22,445 cu. ine).
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Figure 25. A graph illugtrating the normal snd prog-
thetic interval volumes of the above selbow ampuitee with the
agnallest percentage difference, The interval volumes are
plotted at six inch intervals from the "R" point. The solid
iine represents the work space volume o0f the normal esxtrene
ity. The broken line represents the work space volume of
the prosthetic extremity. The total normal work gpace volune
is the area below the solid line (44,834 cu. in.). The total
nprogsthetic work space volume ig the area below the broken
line (15,178 cu. in.). The area between the lines is the
difrerence in volume (29,656 cu. in.). :
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Figure 26+ A graph illusirating the normal znd pros-
thetic interval wolumes of the above elbow amputee with the
largest percentage difference. - The interval volumes are
plotted at six inch intervals from the "R" point. The golid
line represents the work space volume of the normal extrene
ity+ The broken line represents the work space volume of
the prosthetic extremitys. The total normal work space volume
ig the area below the solid line (33,753 cw. ins). The btotal
progtinetic work space volume iz the area below the broken
line (698 cu. in.j. The area between the lines is the differw
ence in volume (33,055 cu. in.). - -
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Figure 27. A bar graph illustrating the normal and
prosthetic work space volumes for the representative below
elbow amputees. N stands for the work space volume of the
normal extremity and P for the work space volume of the
prosthetic extremity. The shaded area represents the
amount of work space volume that has been lost when the
prosthesis replaces the normal extremity. A. The volumes
of the subject with the smallest percentage difference.
The normal work space has been reduced by 20 per ceni. B.
The volumes of the gubjest with the largest percentage
differences, The pormal work space has been reduced by 60
per cent., C. The volumes oI the subject with the percent-
age difference value closest to the mean. The normal work
space has been reduced by 45 per cent.
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Figure 28. A bar graph illustrating the normal and
prosthetiec work space volumes for the revresentative above
elbow amputees. N stands for the work space volume of the
normal extremity and P for the work space volume of the
prosthetic extremity. The shaded area represents the amount
of work space volume that haz been logt when the prosthesis
replaces the normal extremity. A. The volumes of the sube
jeet with the smallest percentage difference. The normal
work space has been reduced by 66 per cent. 3. The vol-
umes of the subject with the largest percentage difference.
The normal work gpace has been reduced by 97.9 per cent.

Ce The volumes of the subject with the percentage differ-
ence value ciosest to the mean. The normal work space has
been reduced by 35 per cent.
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Coefficients of variation were computed from the data
collected from all amputees. The coefficients of variation
are expregsed in per cents and the lower the numerical value
the lower the variation. In the group with below elbow pros-
theges the prosthetic volume was slizghtly more variable than
the normal volume. According to the coefficients of varia-
tion found for prosthetic extremity length compared to nor-
nal length; age, height, weight, stump length, and time wornm,
the time worn was the most variable snd the height was the
least variable factor (Table 5). In the group of subjecta
with above elbow prostheses, the normal volumes were less
variable arong subjects than were the prosthetic volumes,
According to the coefficients of variation found for age,
height, weight, stump length, time worn, and prosthetic ex-
tremity length (compared to normal length), the prosthetie
extrenity lenzgth was the most variable factor and the height
was the least variable (Table 5).

The normnl volumes were glightly more variable in the
above elbow group. The prosthetic volume was much more vari-
able in the above elbow group. The difference volumeé‘ﬁere
egsentially the same in respect to variability. The percent—
age differences were more variable in the below elbow group.
There was some difference in the variability of time worn
and the gstump lengtn but in the other measurements there was
no noticeable difference. In the below elbow group the time

worn was more variable than in the above elbow group. The
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TABLE 5

Yeasurenents Belowgﬁlbow Above%Elbow
Normal Volume 26 38.1
Prosthetic Volume 35.6 86.8
Difference in Volume 32.6 33.8
Percentage Difference 26.3 _10.7
Age 37.3 31.5
Height 3.3 4.5
"‘\’{f eight 16.7 18.5
Stump Length 18.2 29.4
Pime Worn 84.9 69.2
Prosthetic Extremity

Length (Compared to 77.8 715

FNormal Length)
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stunp length was more variable in the above elbow group.

In the group with the above elbow prostheses the rank
correlation coefficient was fauﬁd for the difference in vole
wmes versus the normal volume, prosthetic volume, age, “
height, weight, stump length, time worn, and prosthetic exe
tremity length (Table 6). There was a significant correla-
tion betwéen the difierence in volume and the normal volume
at the .0l level and for tﬁe difference in volume znd the
height at the «10 level. The rank corfelation coefficient
was found for the normal volume versus the age, height, and
weight of the subjects (Table 6). The only sigrificant cor-
relation was for height which was significant at the. .05
level, ¥hen the prosthetic area was correlated with the
age, height, weight, stump length, time worn, snd prosthetic
extrenity length, the only significant correlation was for
weight at the .05 level (Table 6).

In the group with the below elbow prostheses,. the
difference volume was correlated with the normal volume,
progthetic volunme, age, height, weight, stump length, time
worn, and prosthetic extremity length (Table 6). The only
significant correlation was for the normal volume at the +05
level., lNo gsignificant correlation was.found when the normal
volume was comparedito the age, height or weight, There was
also no significant correlation ﬁhen the prosthetiec volume
was compared to the age, height, weight, stump length, time
worn, and prosthetic extremity length (Table 6).



TABLE 6
RANK CORRELATIONS

BELOW ELBOW ABOVE ELBOW
Difference Normal Prosthetie Difference Normal Prosthetic

Volune Volume Volume Volume Volume Volume
Normal Volume 0.7L 0.97
Prosthetic Volume -0,02 0.30
Age 0.40 0.22 0.00 0.14 0.23 0.24
Height -0.21 0.42 0.42 0.63 0.71 0.47
Weight «0,29 0.30 0.30 0.26 0.4l 0.68
Stump Length =0.15 0.15 «0,60 0.17
Time VWorn 0.51 -0,09 0.38 0.23
Prosthetic Ex= 0.45 0.32 «0.33 0.00

tremity Length

86
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The Wilcoxin-ilann~¥hitney u test was applied to the
percentage differences and the difference volumes between
the above elbow group and the below elbow group. The dife
ferences between the percentage differences and the differ-
ences in volume in the two groups were found to be signifi-
cant. The test was also applied to determine if the per
centage difference varied significantly if the subjeet had
3 right:or left prosthesis. For both the above elbow group
and the below elbow group there was no significant differw

ence according to the u test.



CHAPTER IV
DISCUBSION

The degrees of freedom of motion that the segments
of the body possess are obtained by the suumation of motion
of two or more joints. The high degree of freedom of motion
of the hand in relation to the trunk is 2 result of the free-
dor: of nmotion of the joints of thé variéus segménfs of the
upper extremity. According to Brunnstrom (1962) the expres-
sion "degrees of freedom of motion® was originally coined by
Reuleux in 1875 for use in engineering. It was adapted to
biomechanics by Fischer in 1907. This freedom constitutes
the mechanical basis for the perforﬁancé of'skiilédvmanual

activities. The freedom of motion of all the joints of the

11 Al amader T o Fawmer G
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the work apace.

The term "kinematic chain® is also applicable to the
movement of the hand in space. This expregssion was algo in-
troduced by Reuleux. The tern refers to a eombinétion of
geveral joints uniting successive segments. In an open kin-
~ematic chain the distal segment terminates free in space,

while in a closed chain the end segments are united to fom

100
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a ring or closed circuit. The hand represents the end nefe
ber of an open kinematic chain and it has a great excursion
due t0 the Ifreedom of motion of all the joints in the kine-
matic chain of the upper extremity.

If movenent of an individual joint is restrieted; O~
tion of the entire arm complex will be restricted, and the
work space will be decreased. In the study by Rozier (1970)
the scapula was restricted by shoulder belts to prevent up-
ward rotation, elevation and protraction., This restriction
cauged a decrease in the manual work space of 54 per cent,
In the present study the freedom of motion is drastically
reduced by the losgss of the joints of {the hand, wrist and el-
bow, The prosthesis which is supposed o replace the logt
joints does not re-establish the freedom of motion of the
intact extremity. With a below elbow prosthesis there was
an average decrease in the work space of 45 per cent and
with an above elbow prosthesig there was an average decreage

of 83 per cent.

Proatheses
The typical control system of a prosthesis consists
of g cable with terminal fittings and a housing for the
cable. OUne end of the cable ig attached to a harnesaed body
control point and the other end is attached to the point of
operation of the terminal device. The efficiency of the cone

trol is & critical factor in prosthetic operation.
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The below elbow prosthesis provides subgtitutes for
hend prehension, and wrist rotation. In below elbow anpue
tations the functions of the hand and wrist are absent but
those of the partial Tforearm, elbow, und shoulder remain.
The harness serves to suspend the prosthesis and to provide
the rezction point for eontrol of its operation,

The wnilateral below elbow harness consists of a webe
bing strap in a figure 8 pattern with an open end. The ring
harness, a modification of the figure 8 harmess, consists of
a stainless steel ring at the back cross of the webbing
strap. This serves as the distribation point for the four
diverging webbing straps. The unilateral below elbow leather
harness has a shoulder saddle instead of a front support
gtrap to bear the bulk of the axial load. With this type of
harness the wearer can carry heavier loads without suffering
digconfort caused by concentration of pressure.

In above elbow amputations the functions of the shoulw
der and ara stuup remain and the functions of the hand,
wrist, forearm, and elbow must be replaced by a prosthesis,
The harness mugt transmit power to flex the prosthetic fore-
arm, lock and unlock the elbow, and to operate the terminal
device. The above elbow harness depends upon the figure 8
pattern as the basic strap. A ring harness may algo be used.
Additional straps are required for socket suspension and in-
tegration. If the amputee is required to 1ift heavy loads

the harness nay cause painful pressure concentrations. As
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in the below elbow prosthesis, a leather shoulder saddle may
be used to prevent these concentrations.

Due to the differences of the types of narnesseg and
control systems used by the subjects in this gtudy a definite
relationship could not be established between types of hare
negses and the amount of prosthetic work space. There is a
possibility that all of the harnesses in which the opposite
shoulder is used as an anchor point may restrict movement of
that shoulder. However, if we compare the average work space
volumes of the normal extremities found in this study (30,
584) with those determined by Rozier (1970) (28,211), it ap-
pears that the shoulder harnesses used by amputees 4o not
czuse regtriction of the work space. |

In this study the terminal devices were not actually
much of a variable factor in determining the work space.

The subjects were limited to movement in one plane and they
were not required to 1ift a load. This ruled out comparing
tne strength of the terminal devices except in the one planes
This may also have nullified the effect of some of the dif-
ferences between the prostheses.

The prosthetic extremities were shorter than the nor-
mal arm for nineteen of the twenty amputees. The prostheses
are made so that the terminal device corresponds to the grip
of the normal extremity. Hormal arm length was measured to.
- the distal intverphalangeal joint of the niddle finger and

not to the point of the grip. Thus the prosthesis would be
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shorter than the normal arm when looking at these measure-
ments. When the subjeets performed the movements with their
prostheses the metal light holder added two inches to the
total length. The prosthetic extremities averaged 1.75
inches shorter. The holder may have negated the difference
in lengths. This difference was not found to correlate with
the difference in volumes between the normal and prosthetic
work spacese

In the present study there was found to be a zreater
reduction in work space with the above elbow nrogthesis. It
is tempting to try to correlate this greater reduction with
the lack of an elbow joint. However this can not be done
because of other factors that differ between the above and
below elbow prostheses. The above elbow prosthesis has ree
placed the normal elbow joint with a mechanical one that
flexes and extends but the control of this movement is cone
giderably decreased and more variable than the normal. The
below elbow prosthesis limits nmotion at the elbow joint of
the arme There is actually no replacement ¢f the radio-
ulnar joints, but the terminal device can be manually turned
to simulate supination and pronation. The above elbow prog~
thesis possesses a more complex conirol system which requires
different body motions to control prosthetic movement, These

are linked to different control points on the harness.

Meagurements

The measurements of the age, height, and weight of
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the subjects in this investigation were much more variable
than those in the studies by Dempster et al. (1959) and
Rozier (1970). Subjects in the present study varied in age
from 17 to 66 years with an average of 41 years. The ages
of the subjects in the work by Rozier (1970) ranged from 19
%0 31 years with @ mean of 23 years and those in the study
by Dempster (1959) varied from 17 to 33 years. The height
of the subjects ranged from 5 feet, 5 inches to 6 feet, 3
inches with an average height of 5 feet, 10.5 inches. In
the previous study by Rozier the height was restricted to a
smaller range of from 5 feet, 7.5 inches to 5 feed, 10
inches with an average height of 5 feet, 8.5 inches. The
height of the gubjects in the gtudy by Dempater was even
less variable with an average height of 5 feet, 9 inches.
Welght of the twenty subjects in this gtudy varied from 112
pounds to 255 pounds with an average of 173.2 pounds, come
pared with ithat in the study by Rozier (1970) which ranged
from 135 pounds to 165 pounds with an average of 152 pounds.
Weight was not stated in the Dempster gtudy.

Since there have been no anthropometric data coliect-
ed on upper extremity amputees ag a group, subjects with
average values could not bve selected for study. In the pre-
vious studies (Deumpster et al., 1959; Rozier, 1970) it was
. desired to find the work space for the average mzle subject.
Average subjects were used because the provlem of the work

space is one of placement of controls for efficisnt use.
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The extremes of the work space are less freguently used by
average subjects.

The variability of measurements on above and below
elbow zmputees is geen in Table 5., The height and weight
of the subjects was only slightly different in variability
between the two groups. Age was somewhat more variable in
the below elbow group, The rost variable measurement was
the prosthetic extremity length in the above elbow group,
but in the group with the below elbow prostheses the time
worn was more variable.

#hen the rank correlation coefficients were determined
(Table 6) the length of time that the subject had worn his
prosthesis did not correlate significantly with the reduce
tion in work space. When comparing the time worn with re-
duetion in work space, there was a higher correlation in the
below elbow group but this was not great enough to be sige-
nificant. There was also no significant correlation of prog-
thetic extremity length with the reduction in work gspace but
a higher value was geen in the below elbow group than in the
abvove elbow group. This would seem to indicate that there
is more possibility for different degrees of prostheiic movew
ment with the below elbow prosthesis which perhaps was due
to the increased variability of prosthetie extremity length
- and the time worn., This would also seem fo indicate that
the length of time that the amputee had worn higs prosihesis

did not necessarily contribute to an increase in the work



107

gpace. There was no correlation between prosthetic extreme
ity length, time worm, stump length, and work space volume
for the prosthetic extremitys. In botn the above and the
below elbow gzroups of subjects the stump length did not core
relate with reduction in work space., Thus the conclusion
can not be reached that the amputee with a longer stump will
have a greater work space volumes

The results found with the group of above elbow am-
putees showed that heizght had a significant correlation at
the .05 level with the normal work spaeé volume. There wag
also a significant correlation at the .10 level with the re-
duction in volume. The weizht of the subjects with above
elbow prostheses correlated with the volume of the prosthetic
work apace at the «05 level. It was concluded that the talle
er the subject, the larzer the normal but not the prosthetic
work spvace., Therefore the difference in volumes is in-
creased. The normal volume had a correlation with the dif-
ference in wvolume at the .01 level for the abvove elbow ame
putees. Therefore the increase in the normal volume caused.
the increase in the difference in volume. There was also a
correlation of the normal volume and the differenee in volume
at the .05 level for the below elbow amputees. No other
significant correlations were evident for the below elbow
- §r0UpPs

The amputeeé uged for this study were all initially
right handed and of these, 60 per cent had their right am
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amputated. Aceording to a atudy of 1200 aupuiees by Glattly
{(1963) 50.8 per cent had right upper extremity amputations.
In the present study the fact that the subject was a right
or left amputee 4id not seer to have any effsct on the re-}
duction of the work space. This coincides with the theory
that the joint range of one extremity is not significantly
different from the joint rangse of the other extrenity

(6i11ilamd, 19213 Salter and Darcus, 1953; Dempster, 1959).

Work Spaces Compared

The interval volumes of the normal extremiiies in
this study were compared with those in a previous study
(Rozier, 1970) with regard to the intervals that were the
largest and the smallest. In the present study of the in-
terval volumes of the normal arm, the sixth interval was
the smallest in 90 per cent of the subjects compared to the
previous study in which it was the snallest in 85 per cent
of the subjects. In the present study in 65 per cant of
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per cent the fourth was the largest. In the previous study,
the third interval was largest in 30 per cent of the sube
jects and the fourth was largest in 65 per cent of the sube
jects. The subjects used in thig study were much more vari-
able in height and weight than in ithe previous study and
naturally more variation would be expected in the volumes of

the intervals.
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The above findings tend to indicate that the part of
the work space to the side of and posterior to the body is.
the smaliest in most normal subjects regardless of bhody
build. The largest interval does seem %o vary with body
build and in the present study the third interval was pre-
dominently the interval of largeat area. The obese subjset
was unable $o move across the midline in the interval clos-
eat to the body. This was the fourth interval,

The shapes of the intervals for the normal extromie
ties in the present ztudy compared favorably with those
found by Rozier in 1970, However there were variations
close to the body and around the knees due to the difference
in ages; heights, and weighvs of these subjectis,

In the previous study the reduction of the work space
dus to scapular restriction was 54 per cent of the normal
volume. %#ith the beldw elbow srosthesis the reduction was
45 per cent. The scapular regtriction produced a greater
defieit than the below'elbow prostheses, This might he ex-
plained by the fact that the gscapula occuplies a more proxie
mal position in the kinematice chain than does the wrigh
which hés been replaced by the prosthesis. With the above
elbow prostheses the reduction was 83 per cent. This great-
er 1633 of function is understandzble since both wrigt and
- elbow have been replaced.

Subjects with below elbow wnrostheses had difficulty

reaching the area lateral to the trunk. Eleven subjects
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were unable to complete the sixth interval and of these;
five were unable to complete the fifth interval., According
to Dempster st al. (1959) and Rozier (1970), the posterior
2nd lateral parts of the work space of the normal extremity
are linmited by maximal eibow flexion and scapular retraction.
In the present study the prosthesis itself reduced the exe
tremes of normal elbow flexion and further scapular retrace
tion would not compensate for this., With the zbove elbow
prosthesis there is even Further limitation. One subject
could complete only the first and second intervals, two
could complete the first three intervals, four could COmw
plete the first four and two subjects could complete the
first five izntervals. This indicates that the elbow Jjoint
of the nrosthesis definitely limits motion in the postero-
lateral areas. Also the lack of active supination asnf pro-
nation of the forearm reguires the shoulder and the scapula
of the anputated extremity to be positioned differently than
the normal arm so that full scapwlar retraction may not ke
pogsibles

When using a progthesis indi%iﬁuals were less able
to move the hand across the midline in the intervals close
to the body than when using their normal limbs. In the
above elbow group two subjects could erogs the midline of
the body at the third interval and in the below elbow group-
six could move across at the third interval, Evidently, as

a result of limitations imposed by the prostheses, there is
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more reduction in work space in the areas just anterior +o
the body with the above elbow prostheses. This reduction
was not only due to the inability to position the prosthesis
correctly in these areas butb also to the lack of ability %o
control the elbow joint in some subjectse. The reduection in
the anterior area was alse caused by limitations of the
wrist novement. The wrigt could not be positioned in order
t0 use the length of the forearm to increase the height of
the areas as had been done by the subjects with scapular
restriction (Rozier, 1970).

In the normal extremity the third interval was the
largest, Wpen the below elbow prostheses were used the secw
ond was predominantiy the largest., When the above elbow
prostheses were used the interval with the largest area
varied from the first to the fourth with six subjects have
ing the first or second interval as the largest. For all
amputees the most posterior interval that could be reached
wags the amallest and this compared favorably to the nornal
extremity in which the most posterior interval wasg also the
smallest,

The bimanual area as investigated by Dempster and
Rozier refers to the area in whieh work with both hands can
be performed without added movement of the trunk (Figures
15~20). This area in the subject with a normal extremity
and 2 prosthesis has a somewhat different connotation. Here

it 2lso represents the area in which the normal extremity
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may perform tasks that would ordinarily be performed by the
opposite extremitys. The prosthetic work space is severely
reduced and the normal extremity can do work in a large part
of the work space of the prosthesis. The work space of the
nornal extremity encompasses more of the work space of the
above -elbow progthetic extremity than it does of the below
elbow prosthetic extrenity. It is evident shat without
added trunk motion the normal extremity can reach the area
in which the prosthesis can be used sxcept for a small pos-—
terolateral part of the prosthetic work space.

J The bimanual area is important when considering occu-
pations for amputees, I the amputee is forced to use his
nornal extrenity for most tasks, this will cause fatigue,
Certain tasks and controls can be placed within the proge
thetic work space for effieient use of the progsthesis,

Tasks reguiring two hands must be performed in the bimanual
areas Rearrangement of the work space according to the
above criteria will facilitate the performance cf 2 job by
the amputce.

The largeat and smallest differences in volumes can
be compared among subjectze. In both groups of amputees the
smallest reduction in the work space due to the prosthesis
waa the same, predominantly at the first interval, and the
- largest reduction was predominantly at the third. Even
though the sixth or last interval was the smalleat in,ﬁblume

in the above 2nd the below elbow groups this was not the in-
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terval of largest difference because the gixth interval was
also the smallest for the normal extremity. The third in-
terval was predominantly the largest interval in both groups
but this was not the imterval of smallest difference because
the third interval was also large for the normal extremity.
The gize of the intervals farthest from the body did not
differ as nmuch between the prosthetic and the normal side.
The third interval and intervals right in front of the body
showed the greatest reduction., Thus as the subjectewto-gzrid
distance decreased the reduction of the work space increased.

The shapes of the interval tracings naturally varied
between normal and prosthetic extremities. There wag algo
great variation between above elbow and below elbow proge
thetic groups. In comparing the below elbow tracings with
those of the normal arm the shapes of the intervals vwere not
usually indented due to the knees. However, the lateral
wing' of the work space was present and the interval tracing
of the fourth interval was usually directed latersl to the
midline and not as high as the preceeding intervals. %hen
comparing the shapes of the above elbow intervals to those
of the normal extremity intervals, there was a striking
difference. There was not a great amount of conformity
among the above elbow subjects. The above elbow subject
tended . t0 move in a very limited way in the area  that exe
tended in front of his shoulder.

When comparing the shapes of the planes of the threew
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dimensional models of the above and below elbow prosthetic
work spaces, it was evident thal the below elbow prosthesis
allows much more area for operation than does the above ele
“bow progtheses. Also they demonstrate that the below elbow
prosthesis allows more wovement acrogs the midline of the
body and in the posterolateral areas.

As & result of the variability in age, height; weight;
prosthetic extremity length, and stump length the actual
volunes of the work space of the subjects could not be com-'
pared in bterms of cubic inches. For instance, the volumes
for normal extremities varied from 18,169 cubic inches to
55,699 cubic inches. The volume of the work apace of the
prosthetic extremity varied from 698 to 30,178 cubic inches.
The difference in wveolume for the ncrmal and prosthetic work
~8paces for each subject varied fron 5,512 %o 41,205 cubie
inchess Therefore, the diffsrence in cubic inches from the
nornal volume was converted to a percentage in order to cone
pare subjects. For the group with the below elbow prostheses
the percentage difference varied from 20 to 60 per cent,

The subject with the largest percentage difference did not
" huve the smallest prosthetic volume and the subject with the
smallest percentage difference did not have the largest pros-
thetic volume. For the above elbow group, the smallest per-
centage difference was 66 per cent and the largest percentage
difference was 97.9 per cent. The subject with the largest

percentage difference had the smallest prosthetic volume and
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the subject with the smallest percentage difference did have
the largest proathetic volume. TFrom these observations no
conclusion can be made relating prosthetic extremity volume
to pesrcentage difference,

Yariations of the normal exitremity work space volunes
" were within a close range considering the variability of
height and weight. There was, however, & slightly higher
coefficient of variation (38 per cent) for the above elbow
group comparsd to that (26 per cent) for the below clbow
ST0UDa

The prosthetic volumes were wore vaprizble then the
normal volumes. Thiz could be expected becaunze of the dif-
ferent types of prostheses that the subjects wore. Az noted
previcusly, there were not erough of each type of prosthegis
$0 be able to compare volumes on the basis of the type of
progthesis used. The coefficlient of variation for the above
elbow prosthetic volumes was 86.8 per cent, This high co-
efficient was apparently dus to the many different types of
harnesses aad control syatems. The subject with the smalle
23t prosthetic volume in the above elbow group had a prosi“
thesis with no elbow lock. It was also observed that this
subject had the largest reduction in work space volune.
Those with harness-controlled elbow locks seemed to have
more difficulty performing the movements and keeping the el-
bow locked than d4id those with manual locks,

In the group with the below elbow prostheses the CO-
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efficient of variation for the prosthetic volume was 36 per
cent, This was bthought to be due to the fact that the bew
low elbow ampubtee has retained one more joint in the kinee
zatic chain and there ig less variability in types of »roge
theses in this group than in the above elbow group.

The coefficient of variation for the difference in
normal and prosthetic volumes was 33.8 per cent for the
above elbow group 2nd 32,6 per cent for the below slbow
group, However, wnen the prosthetic volume was calculated
as g percentage of the total volume (that of the normal ex~
tremity) the coefficient of variation of the percentage dif-
fersnce was only 10.7 per cent for the above olbow group an%/
26+3 per cent for the below elbow. group. These findings ine
dicate that the above elbow prosthesis limits movement 4o
such an extent that there is less opportunity for variation

than with the below =lbow prosthesiss

in the sxperimental pite-
cedure was the difference in %he éfforts of the subjects
perfoming the indicated movements. Some tried to periorm |
the motions correctly whiie others were not as congecientious.
However; it was noted that the am@uteeé ugsed in this sﬁudy
tried harder to peéfonm correctly than did the subjects used
in the previous study by Rozier (1970). Only those amputeeé

who were genuinely interested in furthering research in the
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area of prosthetics agreed té participate. The amputees who
were selfe-conscious about their handieaﬁtrefused. The eager-
nessJof the subjects might be reflected in the volume of the
work space but this factor was not evident when percentage
differences were computed. Overeager subjects moved eracti-
cally and this could be seen if the hand grid or light moved
too far away from the fronial grid. Alsoc, some subjects may
not have reached their extremes of motion. tHowever, all pre-
cautions were taken %o insure that the moéements were COfw
pleted correctly.

Since tnese subjeéta were of various ages some had de-
- creaged joint motion. If there was a slight decrease in
joint movement it might possibly be reflected in both ex-
trémities. Decreased Jjoint range of oniy the normal extremn-
ity would decrease the volume of that work space. It would
also decrease the difference in volume. If there were de-
creased joint range in both extremities a decrease would be
seen in the normal and prosthetic work space. However; the
variations between volumes also were affected by many other
varizbles and the slight reduction in range of motion prob-
ably was not of great importance. It should be stated that
if the decrease in joint range was apparent the data for
that subject was not included.

It was assumed at ‘the onget of the study that perhaps
the length of itime that the amputee had worn the prosthesis

might contribute some source of error since some ampubtees
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had more practice in using the prosthesis. However, the
anount of time that the subject nad worm the prosthesis wos
not 2 major factor as far as the extent of wovement was cone
cerned, Algo, the type of movements that were reguired of
the subject were not of the type that the subject was accuge
tomed to performing. The subjec t's nrufchency with the
prosthesis in other tagks was not a ¢wctcr in det rmlnln&

work soace volume.

Applications

Randall et al. (1945) found that 50 per cent of 32
upper sexbrenity amputees changed occupations after the ampu-
tation, 3Berger in‘l958 studied 1630 upper extremity amputees
and found that 14 per cent of these had clerical type jobs
before the amputation, while 64 per cent had this type of
job after the amputation. Work space information in addition
to providing information concerning the use of the terminal
device of the prosthesis might ?revent certain occupational
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In this study characteristic manual work spaces Ior
both types of amputees wefe defined, This information should
encourage the rearrangement of the work space for the most
- efficient use of the normal and prosthetic extremities. For
instance, tasks that reguire two extremities should be placed

within the bimanual work space, tasks that can easily be per-
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formed with the prosthesis anrd those that require the normal
extremity should be placed within the corresponding work
spacegs. Tasks that are out of reach of the prosthetic ex-
tremity could be moved closer or placed within the normal
work space. This type of svaluation of the work space might
be beneficial in indicating modifications for machinery,
cars, and aircraft in order to accommodate the upner extreme
ity amputee,.

The results of this study showed the average decrease
from the normzal manual work space for the yrosthetic exbtrene
ity of the below (45 per cent) and above (33 per cent) elbow
anmputees This reduction indicated that there is furths
need fof inproving prostaeses in order {o increase work gpace
volume. 4n amputse must first be able to reach the task be-
fore his vrosthesis ié effective.

Hethods uged in tﬁis ztudy may have an application in
the development of new types of prostheses. These technigues
can e uged {0 determine the manual work space of an amputee
using different types of prostheses and to indicate whether-
one prcstﬁesis is more effective in increasing the work space

than another.
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& photographic method was used to obbtsin tracings of
movenent of the hand of the normal extremity againgt a fron-
" tal plane at different distances (intervals) from the sub-
jects The same procedure was 8lso used to obtain tracings
of the movement of the prosthetic extremities of above and
below elbow amputees. The intervals were a fixed distance
apart so that volume values could be calculated for each
interval and for the total work aspace.

The freedom of motion of the upper extremity is drase
tically reduced by the loss of the Jjoints of the hand, wrist
and elbow. The prosthesis which is supposed'to replace the
5 4G8s OV ro-ssvabiisin tne freedow of movion of
the intact extremity.

The subjects with above elbow prostheses ha@ an aver-
age decreage in the work space of 83 per cent. The largest
reduction of the work space was seen at the third interval,
The smallest reduction of work space was seen at the first
. interval. The interval of largest volume for the above el-

bow prosthetic extremity varied from the first to the fourth.

120
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The interval of smallest volume was the most posterior il
tervale The above elbow prosthetic extrenibty moved in a
very limited way in an area that extended in front of the
shoulder. The majority of the work space of the prosthetic
extremity can be reached by the normal extremity without
added trunk movement.

The subjects with below eibow prostheses had an aver-
age decrease in the work space of 45 per cent. ©The largest
reduction of work spacs was seen at the third interval. The
gmallest reduction of work space was at the first interval,
Phe interval of largest volume was the second and the inter-
val of smallest volume was the last interval. The normal
extrenity c¢ould not reach as much of the prosthetic extrem-
ity work space as it could in the case of the above elbow
proathenisa '

For both the above and below elbow amputee it was
observed that as the subject~to-grid distance decreased the
reduction of the work space increaged. The length of time
that the subject had worn his prosthesis did not correlate
significantly with the reduction in work space in either the
below or sbove elbow amputees. The fact that the sudject
was 8 right or left anmputee did not effect the reduction in
the work space. It was also found that the prosthetic hare.
negs did not restriet the work space of the normal extremity.

The results of this study may be applied:s (1) to the

prevention of occupational ghlifts aiter an individual becomes
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an upper extremity amputee, (2) to the rearrangement of work
to accommodate the reduced work space of the prosthetic exe

tremity, and (3) to the improvement of prostheses to increase

the work space.



BIBLIOGRAPHY

Ballif, P. 1818 Degeription d'Une ¥ain et d'Une Jambe Arti-
ficielles Inveniges Par Pierre Ballif, By the author,

.UG"‘IIZ]. ? 5 L]
Barnes, R. M, 1951 Hotion end Time Study, John Viley and

Sons Inc., New YOPK.

Battye, C. K., Nightingale, A. and ¥Whillis, J. 1955 The
use of myo-cleetric currents in the operation of
prostheses. J. Bone Joint Surg. J3T-B:506-510.

Beaufort, C. 1867 ﬁecherches sur la ”rctneses des lMembres,
P. Asselin, Paris, 1-10, 4

Berger, . 1958 Studies of the upper extremity anmputee II.
‘The population 1953-1955. Artif. Limbs. 5-1:57-T2.

Bottonley, A. ¥, 1964 Kyo-electric control of powered prose
theses. dJd. Bone Joint Surg. 47-B:4ll-415,.

Brunngtron, S. 1962 Clinical Kinesiology, F. 4. Davis Co.,
Philadelphia, 123~100.

Carnelli, ¥, A., DeFfries, ¥. 3. and Leorard, P, 1955 Color
realism in the cosmetic glove,. Ariif, Limbs., 2=22

57*‘"55'

Ceci, M. 1906 Procédes originaux d'amputatlon plastico-
clnetiques ou plastlco-ortnopedzque Presse Kédi-
cale . 14 - 650 .

Darcus, H. D. and Weddell, 4. G. M. 1947 Some anatomical
and physiological principles concerned in the design
of seats for naval war-weapons. BSrit. Med. Bull., 5:
3137,

Dembo, T., Leviton, 6. and ¥right, B. 1956 Adjustment to
misfortune--a problem of social-pysychological re-
hoebilitation. Artif. Limbs. J=2:14-562.

Dembo, T. and Tane-Baskin, E. 1955 The noticeadility of the

123



124
cosmetic glove. Artif. Limbs. 2-2:47-56,

Demeny, G. 1902 Basges Scientifigues de L'Nducation Physigue,
Pelix Alcan, Paris, ~2275 309=315,

Dempster, W. T« 1955 Space requirementas of the seated op-
erator., WADC TR 55-159.,

Dempster, We. T+y Gable, W. O, and Felts, V. Jo Ls 1959 The
anthropometry of the manual work space for the seat-
ed subject. 4Amer. J. Phys. Anthrop. 17:289-317.

Dietzy, de We 1932 in experiment with vocationally handi-
capped workersa., FPergomnel J. 10:365-370.

Dupertius, S. K. and Henderson, J. A. 1946 Plastic and re-
constructive surgery of amputation gtumps. Supp. U.
S. Haval Wed. Bull. ié: 65"'77 .

Field, D. 1968 Billiards for the arm amputees. Amer. J.
Occup. Ther. 22:323-324.

Fishman, S. and Berger, ¥, 1955 The choice of terminal de~
vices. Artif. Limbs. 2=2:66-T77.

Fishman, S. and Kay, E. ¥. 1964 Acceptability of a func-
tional cosmetic artificial hand for young children.
Part I1. Artif. Limbs. B8-2:15-27.

Friedmann,'b. 1365 Special equipment and aids for the young
bélateral upper extremity amputee. Artif. Limbs. g
2 “33. :

Furman, B. 1962 Progress in Prostheties, U.S. Depasriment of
Health, Bducation and WelLiare, Ditice of Vocational

TArelnm Tl T S s el 1 oo B e e kol e
ARG, L VR CR0My YATAINRE YOIy Wt

Garrison, F. H. 1916 Prosthetic appliances in war-time.
¥il. Surgeon. 39:507-509, :

Garrison, F. H. 1921 History of hedicine, %. B. Saunders
Co., Phila.delph"“‘ﬁ%la, 3, 219.

Gilbreth, '¥. 3. 1911 Motion Study, D. Van Nostrand Co.,
New York, 1-116,.

Gilliland, A. R. 1921 Norms for amplitude of voluntary
rovemrent. J. Amer. ¥ed. Assoc. T7:1327.

Glanville, D. A, znd Ereezer 1937 The maximun amplitude and
velocity of joint movements in normal mele human



125
adults. Hum. Biol. 9:197-211,

Gliattly, H. W, 1963 A preliminary report on the amputee
. census, Artif. Dimbs. 7-135-10

Gourdon, J. 1924 La prothidse des membres. dJ. de Médecine
de Bordeaux. Z96:79~101.

Guilford, J. P. 1956 Fundamental Statistics in Psycholo
and Bducation, NeGraw~Hill BOOK CO., NeWw YOPK, 82,
I0I-102, 135-153, 365-375.

Hall, C. B. and Bechtol, C. 0., 1368 ¥odern amputation tech-
nigue in the upper extromity. J. Bone Joint Surge
45mAs1T1T~1T722,

Hughes, J., and ﬁhita, We Die 1946 Amputee rehabilitation
XII. Emotional rezctions and adjusitment of amputees
to their mjur:}rc Bupp. U.S5, Naval Fed, Dull, 463
157'"163 ] -

Hugh-Jones, P. 1946 The effect of Limb position in seated
subjects on their ability to uwutilize the maximum cone
tractile force of the limb muscles. J. Physiol.
105:332~344.

Jones, D, T. and Ryan, T. C. 1946 Probiems of revision and
reamputation. Supp. U.S. Haval Hed, Bull., 46:37=64.

’Kay, He Wo and Peizer, B. 1858 Studies of the upper extremw
ity auputee. Artif. Limbs. 5-2131-07.

K.e;.ler’ Aes Doy Taylc.t‘, Ce Lo and L'lahm, V. 1947 Studies to
Determine the Functional Requlrementq for band an
arm ﬂrosthe31s, vepartuent of- mnglneerln ) Ln¢verslty

Califormia. Log Angeleg, 3.«33.,

King, B. G. 1952 Functional cockpit design. Aero. Ingin, .
Reve. 11:32-40.

Xing, B. G., Horrow, D, d+ ana Vollmer, B. Ps 1947 Cockpit
Studies--3oundaries of the Maximum Area for the Oper-
ation of mianual Controls. Havad ae&ic¢1 Regearch
Tnstitute, bethesda, Farylande

Kobrinski, A. E. 1960 Problems of bioelectric control,
- Autouztic and renote control. 2Proc. First inter, ;
Congress of the Internatzonal Fede ation of Automatic
Lontrol, Foscow, - .

Kuitert, Jd. He and Vultee, ¥. Bs 1953 Prosthetic training



126

for the upper extrenity amputee with ecineplasty.
Arche. Phys. Med. 3&3357"’3750

Lambert, C. N. and Sciora, J. 1959 A questionnaire survey
of juvenile to young adult amputees who have had PLOJ
theses supplied them through the University of Ill=
inoig Division of Services for Crippled Children. d.
Bone Joint Surgs 41-A31437-1454.

Livingstone, S. M. 1965 Some arguments in favour of direct
glectric drive for an artificial elbow. J. Bone
Joint Surge. 37-B:453-454.

Loon, H. Es 1960 Biological and biomechanical princinles in
anputation surgery. Prosthesis Internatlonal, Come
nittee on Prostheses, Braces and Lechmical Aids, In=-
ternational Society for the Welfare of Cripples,
Copenhagen, 4l=-47.

MacDonald, J, 1905 The history of artificial limbs. Amer.
J. Surg. 19:76-80, A

Yarey, F. Je. 1895 Lovement. {(E. Pritchard, trans.). BE.
Appleton Co., Hew vYork, 1~35.

MeFarland, R. A. 1951 Problems relating to zircrews in air
transport design. 4nn. H.Y. icad. Sci. 51:1146-1150,

HcXenzie, D. S. 1965 The clinieal appiicztion of externally
powered artificial arms. J. Bone Joint Surg, 47-B:

¥elbaurin, C. 4., and Sammons, ¥, 1963 Independent control
harnessing in upper extremity prosthetlcs. Artif,
Limbs. 7=1:11-16.

¥eLaurin, C. A. 1965 On the use of electrxeltJ in upper ex-
tremity prostheses. J. Bone Joint Surg. 47-B:448-
452,

Forant, G. B. 1947 Anthropometric problems in the Royal Air
Force. Brit. ¥ed., Bull. 5325-30.

Kuybridge, B. 1887 The Human Figure in Hotion, Dover Pub=
lications Inc., New Yorke.

Northrop Aireraft, Ine. 1950 Contractor's Final Report to

: the Fational Research Council Committee on Artificial
Limbs. Horthrop Aircrait, lnc., Hawtnorne, Caiil-
0!’1‘11&, 26""30' 91—980




127

/ \
Pare, A. 1840 Oeuvres Complétes. Edition Malgaigne, d. B.
Seilliers. Farls  2r337-226, 615-621. P

Peizer, E. 1958 Studies of the upper extremity amputee.
Artif. Linbs, 5-1 4‘560

Popov, B. 1965 The bio-electrically controlled prosthesis.
de Bone Joint Surg. 47T-B:421-424.

Popp, He 1939 Zur geschichte der prosthesem. Hedizinsche
Welt., 13:961-964.

Pursley, R. d. 1955 Harneas patierns for upper extremity
@rcstheseﬁe Artif. Limbs. 2“3326*60:

Putti, V. 1924 Protesi antiche. Chir. D. org. 4i novimento.
9:495-515.

Randall, F. E., Damon, A. and Benton, R. S. 1946 Human bvody
size in military airerait and personal eguipment.
AA? TR 55010

Randall, G« D., Ewalt, J. R. and Blair, He 1945 Pgychiatric
geacgion to amputation. J. Amer, Hed., Assoc, 128:
45=652.

Rozier, C. Ko 1970 The Effects of Restriction of Scapular
Hovement on the lManual Work Space. Haster's Thesis,
University of Oklahoma.

Salter, Ne. and Darcus, He De 1953 The amplitude of forearm
and of humeral rotation. J. Anat. 87:407-418.

Shepherd, W, and Caine, D. 1968 Vocational end results
following rehabilitation of upper extremity amputees.

Med. J. Augt., 2:167.142,

Siller, J. and Silverman, S. 1958 Studies of the upper ex-—_
tremity amputee. VIIPaychological factors. Artif.

Smith, R. and Pisk, C. 1963 Adapted dcigssors for wpper
extremity amputees. Aner. J. Occup. Ther. 17:244,

Tate, s W, and Clelland, R. ¢, 1957 Honparametric and

ghorteut Statisties, Interstate Printers and Pube
ishers, Danville, 89-9l,

Taylor, C, L. and Blaschke, A, 1951 A method for kinematiec
analysis of motions of the shoulder, arm, and hand
complex‘ Anne N.Y. Acade Sci. 51 1251‘12650




128

U.S. Congress. 1948 An Act to Aid in the Development of
Improved ProsthetiC Appliances, and 1or OURer Pl
0Ses. Puplic Law ¢

TS, cdnwéess. 1954 An act: The Vocational Rehabilitation
AEendments. PUDLIC Law D65

Van Péetérssen, M, 1844 Pigure et description d'un bras
artificial, Compt. Rendus Academie Science. 19:34.

Vultée,ﬂF. E. 1955 Some problems in the management of upper
extrenity amputees. Artif. Limbs. 252336-46.

¥hite, We Lo 41946 The open amputation stump: Its management,
advantages and disadvantages, Supp. U.S. Naval Med,
Bullo ié: 20"'360 . . . .

#Wilgon, A+ 1963 Limb prosthetics today. Artif, Limbs., 7=
2:11-42, C o

Wilson, A. 1965 Hendon pneumatic power units and conirols
for prostheses and splints. J. Bone Joint Surg.
47-B:435-441, .

Wittkower, Z. .1947 Rehabilitation of the limbless: a joint
gurgical and psychological study. Occup. Med., J3:
20=44.



APPERDIX



Plate I. Styrofoam models of the normal snd pros-
thetic work spaces for the below slbow amputee with the
percentage difference closest to the mean. The models do
not present a smooth contour due to the fact that each
model is made up of scale interval outlines each of which
is one inch in thickness. The dark lines on the models
represent the planes in which the horizontal, sagittal,
and frontal sections of the models were cute A, Front
view of the models of the prosthetie (1) and normal (2)
work spaces. Be Top view of the models of the prosthetic
(1) a2nd normal (2) work spaces. C. Side view of the mode
els of the prosthetic (1) and normal (2) work spuces. The
front of each model faces the middle of the photograph.

D. Rear view of the models of the prosthetic (2) and nore
mal (1) work spaces. E. Horizontal sections of the mode
els of the prosthetic (1) 2nd normel (2) work spaces, F.
Sagittal sections of the models of the normal (1) and
prosthetic {2) work spaces. The top of each model faces
the middle of the photograph. G. Frontal sections of the
models of the prosthetic (1) and normal (2) work spaces,
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Plate II. Styrofoam medels of the normsl asnd pros-
thetic work spaces for the below elbow amputee with the
smallest percentage difference, The modeis do not present
a smooth contour due to the fact that each model is made
up of gcale interval outlines each of which is one inch in
thickness. The dark lines on the models represent the
planes in which the horizontal, sagittal, and frontal sece
tions of the models were cut. 4.  Front view of the medels
of the prosthetic (1) and normal (2) work spaces. B. Top
view of the models of the prosihetic (1) and normal (2)
work spaces. C. Side view of the models of the prosthetic
(1) and normal (2) work spaces. The front of sach model
faces the middle of the photograph., D, Rear view of the
models of the prosthetic (2) and normal (1) work spaces.

B. Horizontal sections of the models of the prosthetic (1)
and normal (2) work spaces. F. Sagittal sections of the
models of the normal (1) and prosthetic (2) work spaces.
The top of each model faces the middle of the photograph.
G. PFrontal sections of the models of the prosthetie (1)
and normal (2) work spaces. :



132
PLATE II




133

Plate I1I. Styrofoam models of the normal and prog-
thetic work spaces for the below elbow amputee with the
largest percentage difference. The models do not present
a smooth contour due to the fact that sach model is made
up of seale interval outlines each of which is one inch in
thickness. The dark lines on the models represent the
planes in which the horizontal, sagittal, and frontal sec-
tions of the models were cub, A. Pront view of the models
of the normal (1) and prosthetic (2) work spaces. B. Top
view of the normal (1) and prosthetic (2) work spaces. C.
side view of the models of the normsl (1) and orosthetie
(2) work spaces. The front of ecach model faces the middle
of the photograph. De. Rear view of the models of the
prosthetic (1) and normal {2) work spaces., E. Horizontal
sections of the models of the normal (1) and prosthetie (2)
work spaces, F. Sagittal sections of the models of the.
prosthetic (1) and normal (2) work spaces. Top of each
nodel faceg the middle of the photograph. &, Frontal ssc-
tions of the models of the normal (1) and prosthetie (2)
WOrk spacess
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Plate IV,  Styrofoam wmodels of the normal and proge
thetie work spaces for the above elbow amputee with the
percentage difference closest to the mean. The nodels do
not present a smooth contour due to the fact that each
nodel is made up of scale interval outlines each of which
is one inch in thickness., The dark lines on the models
repregent the planes in whieh the horizontal, sagittal,
and frontal sections of the models were cut. A. Front
view of the models of the normal (1) and prosthetic (2)
work spaces. B. Top view of the normal (1) and pros-
thetic (2) work spaces. C. Side view of the models of
the normal (1) and prosthetic (2) work spaces. The front
of each model faces the middle of the photograph. D,

Rear view of the models of the prosthetic.{1l) and normal
(2) work spaces. ¥. Horizontal sections of the models
of the normal (1) and prosthetic (2) work spaces. F,
Sagittal sections of the models of the presthetic (1) and
nornal (2) work spaces. Top of each model faces the mide-
dle of the photozraphe €. Frontal gections of the models
of the normal (1) and prosthetic {2) work spaces,
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Plate V. Styrofoam models of the normal and pros-
thetic work spaces for the above elbow amputee with the
smallest percentage differences The models do not present
a smooth contour due to the fact thalt cach model is nade
up of scale interval outlines each of which is one inch in
thickness, The dark lines on the models represent the
planes in which the horizontal, sagittal, and frontsl sec-
tions of the models were cut. A. TFront view of the models
of the prosthetic (1) and normal (2) work spaces. B. Top
view of the models of the prosthetic (1) and normal {(2)
work spaces. €. 3ide view of the models of the prosthetic
(1) 2nd normal (2) work spaces. The front of each model
faces the niddle of the photographs De. Rear view of the
models of the prosthetic (2) and normal (1) work spacess
E. Horizontal sections of the models of the prosthetic (1)
and normal. (2) work spaces. F. 3agittal sections of the
models of the normal fl) and prosthetic (2) work spaces.
The top of each model faces the middle of the photogranh.
G. Frontal sections of the models of the prosthetic (1)
and normal (2) work spaces. '
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Plate VI. Styrofoam models of the normal and prose
thetic work spaces for the above elbow ampubee with the
largest percentage difference., The models do not present
a smooth contour due to the fact that each model is made
up of scale interval outlines each of which is one inch
in thiclmess, The dark lines on the models represent the
planes in which the horizontal, sagittal, and frontal sec~
tions of the modeig were cut. A. Front view of the models
of the prosthetic (1) and normal (2) work spaces. B. Top
view of the models of the prosthetic (1) and normal (2)
work spaces. €. 3ide view of the models of the prosthetic
(1) and normal {2) work spaces. The front of each model
faces the middle of the photograph. PB. Rear view of the
nodels of the prosthetic (2} and normal (1) work spaces,

Be Horizontal sections of the models of the prosthetic
(3) and normal {2) work spaces. PF. Sagittal sections of
the models of the normal (1) and prosthetic (2) work spaces.
The top of each model faces the middle of the photograph.

Ge Prontal sections of the models of the prosthetic (1)
and normal {2) work spaces.



140

PLATE VI




141

Plate VII. Balsa wood models of the normal and prog-
thetic work spaces for the below elbow amputee with the per-
centage difference closest to the mean. A, Front view of
the prosthetic work space. B. Front view of the normal
work space. C, Side wview of the prosthetic work space.

D. 3ide view of the normal work space. &. Top view of

paE

the prosthetic work space, FP. Top view of the normal work
space.
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Plate VIII, 3alsa wood models of the normal and
prosthetic work spaces for the nbove elbow amputee with
the percentage difference closest t¢ the mean. A. Front
view of the normal work gspace. B. Front view of the
prosthetic work gspace, €. 3Side view of the normal work
space. D. 3Side view of the prosthetic work space. BE.
Top view of the normal work space. P. Top view of the
progthetic work space.
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