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ABSTRACT 

Today, it is possible to build a complete externally powered 
thetic arm; however, one of the major obstacles to this undertakin 
control of the arm. Two of the ways to lessen the problem of con 
would be to permanently combine or link some of the joint moti 
or to eliminate some of the degrees of freedom of some of the jol 
The only study to determine whether joint motions can be 
or eliminated, indicates that these avenues of prosthetic/ortho 
fication are not practical except in the case of a design for a 
function (for example: feeding). Presently, however, there are sev 
programs to further investigate the coupling of joint motions. 

INTRODUCTION 

One of the largest problem areas in prostheticlorthotic r 
control. This problem has existed as long as man has used 
machinery to extend his capabilities. However, in the case of prost 
and orthotic designs, one of the objectives is to have the mecha 
perform a normal function as naturally as possible when convent1 
control methods are not available. 

The key word here is "naturally." Naturalness of operation im 

Reprinted with permission from Technical Report 6914, AD-701883, U.S. 
Medical Biomechanical Research Laboratory, Dec. 1969. 

Citation of specific commercial equipment, material, or tradenames in this tC 
does not constitute an official endorsement or approval of the use of such comme 
products. 

The findings in this report are not to be construed as an officiaI Departme 
the Army position unless so designated by other authorized documents. 
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h a t  not only does the device have to appear and operate as nearly as 
possible as its normal counterpart, but that controlling the device should 
not interfere with other bodily functions. While it is socially acceptable 
to have a person totally occupied with operating a common machine 
Su& as an automobile (with a very obvious man-machine interface), it 
is not as acceptable to have a person totally or obviously involved with 
h e  operation of a prosthetic or orthotic device. The more naturally a 
device can be operated, the better for the handicapped person. 

As more artificial joints are required to replace those lost with in- 
creasing levels of amputation or paralysis, more sites are required for 
operation and/or control of these joints (if they are other than friction 
pre-position types). There are only a small number of sites on the body 
that can be utilized to control these devices without interfering heavily 
with other unimpaired body actions. (Among these are the shrug, shoul- 
der hike, and chest and abdomen expansion.) Of these, only two are 
practical enough for usage in a purely mechanical system. 

PURPOSE 

The purpose of the Interfacial Couplings project is to study the 
methods of control and the sites of control on the body (especially with 
respect to the person with a high level of amputation or paralysis) to 
determine whether these can be enlarged, improved upon, or be made 
multifunctional. 

The initial phase of the project consists of a literature search of pre- 
vious motion studies to determine what motions are required (how 
many degrees of freedom and the range of motion in each degree) to 
perform the maximum number of essential daily activities. Perhaps this 
could be summed up in the phrase "motion effectivenessM-how much 
benefit can be obtained from each degree of freedom and what is the 
optimal range within each degree. (Keller et al. (27) used the term 
"kinematic complexity cost.") The ultimate goal is the simplification 
of prosthetic and orthotic design and the reduction of control site 
requirements. 

This literature survey has been restricted (due to the lack of transla- 
tions) to those studies written in English. References to foreign studies 
are through information contained in the English language studies. 

HISTORY 

Historically, the published study of human motions can be traced as 
far back as Leonard0 da Vinci (1452-1519), but the scientific study of 
motion seems to have begun with the work of German and Swiss investi- 
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gators in the late 19th century (notably Albert, 1876;d Strasser and 
Gassman, 1876;~ Fick, 1904-1911;f and Braune and Fischer, 18873. 

Little work had been done on motion study in the United States prior 
to the 1920's. Since then, there has been an increasing number of 
investigations conducted most of which are devoted to the lower 
extremity. This disparity in research efforts is due to the fact that while 
the joint motions of the lower-extremity motions are complex, they are 
also repetitive. The upper-extremity motions are so diverse that not 
until relatively recent times (1947) has anyone tried to measure the 
coordinated motions of daily living. Most of the studies were concerned 
with terminology and were, primarily, studies to determine the rotation 
range of each joint, acting independently of the others. The majority 
of the investigators used a goniometer to make the measurements, and 
the rotations were measured as angles (to the nearest 5 deg.) in a given 
plane. Also, all but a few of the studies used very small and specialized 

dAlbert, E. Zur Mechanik des Hiiftgelenkes, Wien: Med. Jahrb, K.K. Gesellsch. 
D. Arzte, 1876, pp. 107-129 (cited by) Dempster, W.T., SPACE REQUIREMENTS 
OF THE SEATED OPERATOR, Technical Report No. 55-159, Wright Patterson 
AFB, Ohio: Air Research and Development Command, Wright Air Development 
?enter, 1955. 

"Strasser, H. and Gassman, A. Hilfsmittel und Norman zur Bestimmung und 
Veranschaulichung von Stellungen, Bewegungen und Kraftwirkungen am Kniege- 
lenke, Meckle: Bonnet: Anat. Hefte, 2:6!7, 1893 (cited by) Steindler, A., KINESIOL- 
OGY OF THE HUMAN BODY, Springfield, Ill.: Charles C Thomas, 1955, p. 121. 

* Fick, R. Handbuch der Anatomie und Mechanik der Gelenke. Part 1, Anatomie 
der Gelenke, 1904, Part 2, Allgemeine Grlenk-und Muskelmechanik, 1910. Part 5, 
Spezielle Gelenk-und Muskelmechanik, 1911. Jena: G. Fischer. (cited by) Dempster, 
Op. cit. 

g I. Braune W. and Fischer, 0. Uber den Schwerpunkt des Menschlichen Korpea, 
Vol. XV, abh. Math. Phys. Klasse kgl. Sachs. Ges. d. Wiss. 20 VII. Leipzig, S. Hirzel, 
1889 (cited by) Steindler, Op. cit. p. 121. 

2. Braune, W. and Fischer, 0. Untersuchungen uber die Gelenke das menschlichen 
Armes; 1. Das Ellenbogengelenk (0.  Fischer) ; 2. Das Handgelenk (W. Braune and 
0. Fischer) . Abh. d. Math. Phys. C1. d. K. Sachs. Gesellsch. d. Wiss. 14 (2) :29-150, 
1887 (cited by) Dempster, Op. cit. 

3. Braune, W. and Fischer, 0. Uber der Antheil, den die Einzeinen Gelenke des 
Schultergurtels am der Beweglichkeit des Menschlichen Humerus Haben, abh. d. 
Math. Phys. C1. d. K. Sachs. Gesellsch. d. Wiss. 14(8) :39M10, 1888 (cited by) 
Dempster, Op. cit. 

4. Braune, W. and Fischer, 0 .  Die bei der Untersuchung von Gelenkbewegungen 
Anzuwendende Methode, erlautert au Gelenkmechanismus des Vorderarms beim 
Menschen, abh, d. Math. Phys. C1. d. K. Sachs. Gesellsch. D. Wiss. 13(3) 315-336, 
1886 (cited by) Dempster, Op. cit. 

5. Fischer, 0 .  Kinematik Organischer Gelenke, Braunschweig: F. Vieweg and Soh& 
1907 (cited by) Dempster, Op. cit. 

6. Fischer, 0. Zur Kinematik der Gelenke vom Typus des humero-radial Gelenkes~ 
abh. d. Math. Phys. C1. d. K. Sachs. Gesellsch. d. Wiss. 323-77, 1909 (cited by) 
Dempster, Op. cit. 
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populations, and seldom did the investigators subject their studies to 
statistical analysis beyond determining the mean for each joint motion 
measured. 

Some of the better joint range studies are: 
Gilliland (1921) (18), who measured the voluntary movements of a 

goup  of 100 male college students. He listed the range and the standard 
deviation in addition to the mean. He used several varieties of measuring 
instruments. 

Sinelnikoff and Grigorowitsch (1931),h who measured 100 males and 
100 females between the ages of 20 and 50 to determine whether there 
was correlation between constitutional body type or sex and motion 
range. They also calculated the standard deviation in addition to the 
mean. However, their measurements were made using a goniometer and 
are subject to limitations of goniometers. (See measuring methods.) 

Glanville and Keezer (1939) (19), who studied 10 males between the 
ages of 20 and 30. Their joint range data are listed separately, not only 
for left and right sides, but also for voluntary and forced motions. They 
also list the range, the standard deviation, and the probable error for 
each movement. Their measurements were made by goniometer and the 
description of the motions studied was not precise. 

Dempster (1955) ( l l) ,  who studied 39 male college students. These 
were grouped and analyzed according to somatotype. He used photogra- 
phy to make the study and listed the mean and the range in his tabula- 
tion. Barter (1957) (4) later gave Dempster's data a very thorough statis- 
tical analysis. 

Table 1 lists the results of the above motion range studies with 
respect to the upper extremity. Several references have been included 
in the bibliography that are not listed above. These are summarized 
in Table 2 and are included because of their wide usage as standards. 

AN UPPER-EXTREMITY JOINT REVIEW 

Not counting the hand, the upper extremity is commonly thought to 
.consist of three separate joints with a total of 7 deg. of freedom. Actually, 
the upper extremity begins at the sternum with the sternoclavicular 
joint, which possesses 3 deg. of freedom. The next joint in the upper- 
extremity linkage is the scalpuloclavicular, also possessing 3 deg. of 
freedom. The joint that is commonly thought to be responsible for all 
the shoulder motion is the humeral joint. This joint also has 3 deg. of 
freedom. The last two joints are the elbow and the radiocarpal or wrist 
joint with 2 deg. of freedom each. This gives the arm an actual total of 
13 deg. of freedom. The first two joints in this chain of links actually - 

Sinelnikoff E. and Grigorowitsch, M. Die Beweglichkeit der Gelenke als sekundares 
geschlechtliches und konstitutionel les merkmal. Zts. F. Konstitutionslehre, 15 (6) : 
679-693, 1931 (cited by) Dempster, Op. Cit. 



SHOULDER 
Forward flexion 
Backward extension 

TOTAL 

Horizontal flexion 
Horizontal extension 

TOTAL 

Abduction (coronal plane) 

Rotation 
Arm horizontal-up 

down 

TOTAL 

Ref. 19 
Glanville & Keezer 

(1 939) (n = 10) (right side) 
Ref. 4 &  10 
Dempster 

Analyzed by Barter 
(1955) (n = 39) 

Ref. 18 
Gilliland 

(1921) 
(n = 100) 

Mean 

188 
61 

249 

134 
48 

182 

97 
34 

131 

Voluntary 

Mean 

261.8 

207.5 

Sinelnikoff & 
Grigorowitsch 

(1931) (n=100) 

s.d. 

12 
14 

19 

17 
9 

20 

22 
13 

24 

Forced 

Mean 

179.0 
55.2 

234.2 

129.3 

94.1 
82.7 

176.8 

s.d. 

13.5 

10.5 

Mean 

180 
59.8 

239.8 

Mean 

184.6 
67.7 

252.3 

136.7 
rotation 

101.1 
92.0 

193.1 

s.d. 

7 .2  
10.1 

11.7 
without humeral 

22.1 
10.0 

s.d. 

8 .0  

s.d. 

6 .4  
11.9 

12.4 

22.5 
7 . 2  



"All measurements in degrees of arc. 

10 

24 
22 

30 

13 
12 

2 1 

7 
9 

13 

7.6 

22.1 
15.2 

13.0 
13.0 

7 .4  
6.1 

143.2 

104.9 
114.3 

219.2 

105.6 
91.8 

197.4 

74.1 
39.7 

113.8 

142 

77 
113 

190 

99 
90 

189 

47 
27 

74 

8.5 

25.8 
11.0 

10.6 
15.2 

8 .1  
7.1 

9.5 

.- 

9.0 

16.7 

ELBOW 
Flexion - FOREARM 
Pronation 
Supination 

TOTAL 

WRIST 
Dorsiflexion-(extension) 
Palmar flexion (flexion) 

TOTAL 

Ulnar deviation (adduction) 
Radial deviation (abduction) 

TOTAL 

138.3 

91.1 
99.4 

190.5 

95.0 
54.1 

149.1 

66.1 
27.1 

93.2 

142.1 

180.5 

63.2 
78.2 

141.4 

38.3 
23.9 

62.2 

152.3 

166.0 

96.5 

8 .4  
9.2 

11.5 

7.6 
5.3 



Ref. 2 I Am. Acad. of 
Ortho. Surg. 1 (1965) 

SHOULDER 
Forward flexion 
Backward extension 

TOTAL 

Horizontal flexion 
Abduction (coronal plane) 
Adduction 

Rotation 
Arm at side-medial 

lateral 

TOTAL 

.4rm horizontal-up 
down 

Ref. 8 
AMA 

(1958) 

TOTAL 

70 
90 

160 

Ref. 5 
Batch 

(1955) 

Ref. 24 
US Army 

Ref. 34 
Nemethi 
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do not have much range, but serve to allow a greater 
flexion, extension, and rotation than would otherw 
allowing the humeral joint to face in different directions. 

MEASURING METHODS 

The most common method of determining the ranges of motion 
a joint has been by use of the goniometer. This, basically, is a protract 
with two arms, one fixed and the other movable. The fixed arm 
aligned with a reference line such as a table edge or a stationary 
on the body, and the pivot of the goniometer is center 
axis. Then the member on the other side of the join 
is moved through the range of its motion, the movabl 
goniometer being aligned with the center line of the m 
ence between the angles measured at each extreme of th 
gives the joint motion range in that particular plane. 

This method of measurement has some disadvantages, 
is that there are no joints in the body that act precisely as a pinne 
joint. Because of the synovial membranes, not only do the leng 
the members on either side of the joint change, but also a gliding 
occurs in the joint. Both of these actions change the actual cen 
rotation continuously as the joint moves. These effects differ depe 
on the position of the joint and the load carried by it. Another 
advantage is the difficulty of establishing the approximate location 
the joint center and the centers of the extremities on either sid 
joint with accuracy due to the flesh surrounding some joints. 
positioning techniques and different types of goniometers may also 
duce differing results for the same joint motion. The goniome 
ever, is the simplest method of measuring and gives a good a 
tion if used carefully with consideration for its limitations. 

Another method of measuring joint motion was developed by th 
Swiss and German investigators of the 19th century. The 
realized that the actual motion pattern of a joint such as t 
scribed a solid angle and was called a cone of excursion. Lan 
method consisted of rigidly anchoring one part of a cadav 
moving the other member to the limits of its excursion in ev 
The limiting positions were measured by protractor and were plot 
on the surface of a sphere. Albert (1876)j improved this method 
placing a wire mesh hemisphere over the joint to be m 
radius of the hemisphere was approximately the same as 
the movable member and the wires were placed so that they indicate 

' Langer, C. Lehrbuch der Anatomie des Menschen, Wien: Wilhelm Braumuller 
1865 (cited by) Dempster, Op. cit. 

Op. cit., Albert. 
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latitude and longitude. The measurements in this form could be easily 
mapped. The method was further refined by Strasser and Gassman 
(1876)k who referred to it as a globographic presentation. 

This method suffers from one of the problems that goniometry suffers, 
the requirements of a single center of rotation from a system that does 
not possess one. These early investigators used cadaver or skeleton parts 
to make their studies, thus introducing additional inaccuracies into their 
measurements since living flesh has different characteristics. This method 
also requires a considerable amount of time and trouble to set up. 

The use of photography was introduced by Isaacs and Muybridge in 
1877 to study the motion of a race horse. Muybridge (33) improved the 
method and made studies of humans performing various activities. His 
method consisted of using a battery of still cameras that were triggered 
in groups of three (one for each plane) at regular time intervals (0.075 
see.). Since Muybridge, various other photographic methods have been 
used with varying amounts of success. Although motion pictures are the 
most common, other photographic techniques have been used such as: 
Interrupted light photog-raphy-for situations where the motion pro- 
gresses linearly (e.g., walking); and the gliding cyclogram, developed by 
Drillis1-for repetitive motions in a limited space (e.g., chopping wood). 
However, photography requires an elaborate setup and laborious, time- 
consuming data reduction. 

With the advent of photogrammetry and cineradiography, X-rays have 
provided accurate data in a few limited studies (29). Earlier studies have 
been done using X-rays (42, 45). Analysis of the X-ray photographs is 
somewhat more difficult since the X-rays are obtained from a point source, 
rather than from reflected light used to make common photographs. 

Potentiometers have also been used to study motion ranges (13, 25,43). 
Karpovich et al. (25) described this method very thoroughly. The po- 
tentiometer body was attached to a splint or a metal strip on one side 
of a joint and the potentiometer slidewire was connected with a splint 
or a metal strip on the other side of the joint. The position of the joint 
is indicated by the absolute electrical resistance of the potentiometer. By 
the use of proper instrumentation, velocity and acceleration can also 
be determined. This method of analysis lends itself to computer analysis 
very well. However, inasmuch as this method is similar to goniometric 
measurement, it also suffers from similar inaccuracies. I t  suffers the 

Op. cit., Strasser and Gassman. 
' 1. Drillis, R. Chronocyclographische Arbeitsstudien Psychophysiologische Arbeiten, 

lA, Riga, 1930 (cited by) Contini, R. Prosthetics Research and the Engineering Pro- 
fession, Artificial Limbs, 1 (3) :47-76, Sept. 1954. 

2. Drillis, R. Investigation on Axe and Woodcutting, Riga: Latvijas Lauksaimnieks, 
I935 (In Latvian) (cited by) Contini, R. Prosthetics Research and the Engineering 
Profession, Artificial Limbs, l (3)  :47-76, Sept. 1954. 
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additional fault of being influenced by relative movements between 
flesh and bone. This method requires slightly more sophisticated equip- 
ment and techniques. 

The rise of computer technology has brought about what promises to 
be one of the most rapid methods for the study of joint motion. Thus 
far, there have been no papers published about this method, but some 
recent articles indicate that some research is presently being done using 
this approach (17, 32). The method utilizes a television camera that is 
linked directly to a computer. The body parts under study are instru- 
mented with miniature light sources or special markers. The desired 
motions are then televised. The television signal is fed directly into the 
computer where it is immediately analyzed and the results plotted, indi- 
cated, or printed out. This method promises to be one of the best 
methods of collecting joint motion data, but it too requires a consider- 
able amount of sophisticated equipment and technology. 

DISCUSSION OF MOTION STUDIES 

The first study to make an attempt to determine what movements 
were essential to daily living was made in 1947 by Keller, Taylor, and 
Zahm (27). Their study is brief and used only one subject who had been 
coached prior to the study. The study does, however, provide a general 
approximation of what the required motion ranges will be. They chose 
the photographic method for this study. Rather than attempt to phcto- 
graph and study every conceivable upper-extremity movement, the in- 
vestigators chose 51 activities which they considered to be representative 
of most usual daily activities, or that used movements similar to daily 
activities. 

The subject, after some prior coaching and training, was fitted with 
landmarks and placed behind a three-sided Cartesian coordinate grid 
framework where he was photographed performing each representative 
activity. Two diagonally placed mirrors allowed the activity to be viewed 
from the top and side simultaneously with the front viewing. Each 
representative activity was photographed by a 35-mm. motion picture 
camera (at a speed of 24 frames per second) placed 35 ft. away from the 
subject. A positive print of the film was made and studied on a cinematic 
editing machine. The projected coordinates were estimated to 1/4 in. 
and then mathematically corrected for parallax and angular deviations. 

A kinematic analyzer was then used to more carefully study the photo- 
graphed movements. This analyzer consisted of a mechanism of joints 
and linkages which was half the size of the subject and could be moved 
through similar ranges of motion. The analyzer was fitted with pro- 
tractors that would allow measurement of each of the joint rotations. 
Landmarks on the analyzer were adjusted so that they would have the 



Hancock: Interfacial Couplings for Man-Machine Systems 

same relationship to one another as those on the subject. The analyzer 
was used on a table with a positioning grid network drawn on it, scaled 
to represent the grid used during the photographing. The landmarks on 
h e  analyzer were aligned with mathematically corrected coordinates of 
h e  subject's landmarks taken from the photographic data. When the 
analyzer was adjusted, the angular relationship between its members 
was comparable to similar relationships on the subject and the angles 
were read directly from the protractors. These data were then statistically 
treated. 

Keller et al. studied the frequency distributions obtained and deter- 
mined that for some motions ranges could be diminished. They estab- 
lished cutoff points after careful consideration of the ease and feasibility 
of compensating for the reduced motion range. Their data showed that 
only one joint motion-radial and ulnar deviation of the wrist-can be 
eliminated entirely. They suggest the ranges of motion for the joints 
shown in Table 3 as the minimum required for normal daily activities. 

They hoped that the data obtained by these experiments would reveal 
an indication for permanently coupled rotation. A coupling of this 
nature can be justified only if the motions that it combines are used 
frequently, have sufficient importance, and do not hinder other necessary 
motions. They found, based on one subject, ' I .  . . . no functional basis for 
a permanent coupling."m The only group of motions that might be 
adapted to a joint coupling concerned eating, where a combination of 
rotations is used to keep utensils level during the path to the mouth. 

Presently, however, there is additional research being done to further 

Forearm Supination 
Pronation 

Humeral rotation 
(arm torsion) 

--- 
Forearm 

Wrist Dorsiflexion 20° 
Volar flexion 1 30' 

Inward 
Outward 

Flexion 
Extension 

- 
(Thc 

Table : 

45" 
10" 

60" 
60" 

: above values can be compared with the Table of Normal Ranges of Motion- ' .) - 
-Keller, A.D., Taylor, C.L., and Zahm, V. Studies to Determine the Functional 

mquirements for Hand and Arm Prosthesis. Los Angeles, Calif., Dept. of Engineering, 
Univ. of Calif., 1947, p. 18. 
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investigate the possibility of eliminating or linking some of the upper- 
extremity motions. One of the agencies doing some investigation in this 
area is the Swedish Central Committee for Rehabilitation (SVCR). Enger 
(16) of the SVCR reports on a shoulder joint utilizing 1 deg. of freedom. 
Altllough the clinical evaluation had not been completed at the writing 
of the article, the shoulder was found to have ample mobility for feedingm 
movements. Enger does not, however, present much evidence that con- 
tradicts the conclusions reached by Keller et al. The SVCR also is de- 
signing a shoulder mecllanism that will link a supinatory movement 
with that of the shoulder. 

The next study of upper-extremity motions (14, 15) was begun in the 
early part of 1965 by Engen et al. at the Texas Institute for Rehabilita- 
tion and Research. As of July 1968, there was no final report published 
on this research. The purpose of this study is to compare normal upper- 
extremity motion with orthosis-assisted upper-extremity motion to de- 
velop a mathematical model. This model could then be used to evaluate 
the effectiveness of orthotic design changes, point to areas needing design 
improvement and, Engen et al. hope, indicate a pattern of synchronized 
upper-extremity movements. Engen et al. also used the photograpl~ic 
method of study. Each subject under study was marked with a felt tip 
marker on significant upper-extremity physiological landmarks and was 
then photographed with a 16-mm. motion picture camera from a distance, 
of 20 ft. Mirrors were used to provide side and top views simultaneously. 
Each subject was photographed performing the following five motions 
that the investigators felt were basic: 

1. Table to mouth feeding activities 
2. Hair grooming 
3. Page turning 
4. Writing 
5. Diagonal reaching 

The film was studied by projection onto a viewing table covered with 
a sheet of translucent acetate. The landmarks were then transcribed onto 
the acetate. After all the frames for a particular motion had been plotted,, 
lines connecting the landmark loci were drawn. From these marks and 
curves, the velocity, acceleration, and angular changes could be measured. 
The original plans called for an anlysis of 10 subjects performing th 
five tasks normally, then for an analysis of the 10 subjects using orthoti 
equipment (without external power), and, finally, an analysis of 
10 subjects using the orthotic equipment with the external power. 
of the last obtainable progress report (September 1967), there was 
much work to be done on this project." There is no indication 

'Engen, T.J. Progress Report on Project RD-1564, Houston, Texas: Texas 
tute for Rehabilitation and Research, Sept. 1965, Feb. 1966, Jan. 1967, Sept. 1967. 
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Engen has taken any steps to compensate for errors in parallax. He is, 
however, using more than one subject and is using more than one 
physiological somatotype. 

McWilliam of the West Hendon Hospital in London is presently doing 
a project that appears to be an extension of some of the work 
of the University of California group. This study is being made to give 
data on the kinematic requirements of the activities themselves rather 
than how the normal arm performs them. This investigator used 180 
tasks for his investigation rather than the 51 tasks used by Keller et al. 
He uses what he terms inspection rather than photography to study the 
motions. He develops a concept of a task space which expands on Keller's 
action sphere. This task space consists of a three-dimensional coordinate 
system centered on the body (rather than the shoulder). McWilliam feels 
that motion specifications should not be too rigid since the way a patient 
will make movements with prosthetic devices is not predictable and 
potential solutions will have to be tested by experiment. No full report 
of this investigation was available as of July 1968. 

Wijnschenk of the Technological University of the Netherlands (43) 
has done enough study of three-dimensional arm motion to develop 
some highly nonlinear differential equations that describe the move- 
ments. He discovered that arms are moved either on a minimum effort 
(slow motions) or a minimum time (fast motions) basis. He designed, 
developed, and built a computer-controlled scale model arm with 5 deg. 
of freedom that can be used to simulate the motions of a normal arm. 
Using these equations and the model, he is hoping to build a myoelec- 
trically controlled, electrically driven prosthetic arm. He used the 
potentiometric method of study. No formal report had been published 
as of July 1968. 

Another investigation in progress, that relates to the subject of this 
report, is being made by E. F. Furnee of the Technological University 
of the Netherlands (17). He is using the television camera-computer 
method of studying human motions. No report had been published as 
of July 1968. The abstract that mentioned this program was concerned 
primarily with the method used to obtain the data. 

General Electric Company is also using the television-computer 
method for their Man-Amplified Program (32) but is not studying 
essential daily activity motion. 

The articles mentioning these last two television-computer studies did 
not make any mention of whether or not these motions were studied in 
just two or three dimensions, or whether any effort had been made to 

for parallax effects. 
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CONCLUSIONS 

1. The human upper extremity (excluding the hand) is a compl 
system of five joints with a total of 13 deg. of freedom. The lack of s 
cific fixed centers of rotation and the inaccessibility of these axes, d 
the surrounding tissue, hamper accurate measurement of joint moti 

2. Only three of the American investigations of joint motion 
been subjected to any statistical analysis beyond determination o 
mean. 

3. Of the several methods of study of joint motions, there are 
two that provide a high degree of accuracy and precision. These two 
are photography and the television-linked computer method. T o  date: 
however, there are only two studies published that use one of these 
methods. 1 

4. There has been only one investigation published that has made an 
attempt to study the coordinated motions of daily living. From thd 
results of this study of one subject, the investigators concluded that: 
(a) of the degrees of freedom of the upper extremity, only radial and 
ulnar deviation could be eliminated entirely without adversely affecting 
essential daily motions-the other degrees of freedom could be curtailed 
somewhat, and (b) a permanent coupling of two or more joint motion: 
is not practical. However, further research is being conducted in thesd 
areas. 
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