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Harnessing—Here and Hereafter

JOHN LYMAN, PhD.

However well designed the other parts of an artificial arm may be, the func-
tional success of the upper-extremity prosthesis must ultimately depend upon
the adequacy of the coupling between the human being and the inanimate
mechanism. Since this man-machine linkage is intended to hold the arm on the
stump and to secure from residual body sources the mechanical power necessary
for operation and control of the prosthesis, the technique of constructing it has
come to be known simply as "harnessing." Because body harness is such ah
intimate piece of apparel, and because arm amputees exhibit the same kinds
of individual differences as characterize the rest of the population, it seems
likely that proper harnessing will long remain a tribute to the personal skill of
the prosthetist, despite all advances in prefabricated components. Although
the clinic team may prescribe the specifications for a prosthesis within the
existing framework of medical and engineering knowledge, the final result de-
pends largely upon the prosthetist's talent for constructing and fitting the
harness in such a way as to meet anatomical, physiological, and functional re-
quirements.

Functionally, the harness may serve one or more of three purposes: it may
hold the prosthesis in place; it may transmit power and excursion to produce
force and movement in operating components; it may convey to the wearer the
intelligence needed for arm control. In conventional construction of upper-
extremity prostheses, it has been customary to rely upon the harness for the
performance of all three of these services and, further, to obtain them all from
a single harness system. Such an arrangement is of course grossly unlike that of
the normal limb, where the control function, mediated by the nervous system,
is clearly separated from the functions of suspension and of power transmission.
Only in externally powered prostheses, as for examples the TBM Electric Arm
and the Vaduz hand, has an attempt been made to separate the control function
from the power and suspensory functions. Although to date such devices have
not proved to be as useful or reliable as simpler ones, they are representative of
an approach which may, in the long run, lead to far more refined limb substi-

' Assistant Professor of Engineering, University of California, Los Angeles.
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tutes than can be contemplated by further development of a harnessing philoso-
phy which stresses the combining of suspension, power transmission, and
control.

The use of body power for operating an artificial arm forms an inherent
control link between the neuromuscular system and the prosthesis. To the ex-
tent that a "closed loop" is effected via the sensory feedback available to the
power-producing muscles, control of force and excursion through the power-
transmission system is possible without the aid of external sensory-feedback
loops such as vision and hearing. While the latter cues are generally present,
they can at best serve only in an auxiliary capacity. The rich sensations of
touch, pressure, pain, and temperature, which have been lost with the natural
limb, have no substitute beyond their dim reflection in the signals from harness
strap or cineplasty muscle pin of present-day prosthetics technology.

One can argue, with considerable sustaining evidence, that the modern arm
prosthesis is quite functionally adequate in most respects and that the addition
of refinements in the form of further sensory cues for improved control would
only complicate harnessing unnecessarily. But to take this viewpoint is paying
tribute to the adaptability of the human mechanism rather than to the ade-
quacy of today's prosthetics research and development. As facts currently
stand, it appears that no clear-cut assessment has been made of the importance
of sensory losses to the amputee. The effort has been to achieve prosthetic
replacement of motor function, and it still is not generally recognized that this
goal has been approached with the present degree of success only because sen-
sory control loops are established incidentally in the course of harnessing for
power transmission. The major inadequacies leading to failure in externally
powered prostheses can be traced directly to shortcomings in the design of con-
trol loops—Iloops which are intrinsic even in the crudest of body-powered
prostheses.

Since in the present state of the art the optimum connection between the
amputee and the operating mechanism is still so indispensable to the proper
functioning of the upper-extremity prosthesis, this issue of ARTIFICIAL LIMBS
is devoted to a summary of current harnessing technology as developed under
the auspices of the Advisory Committee on Artificial Limbs. Although progress
in the improvement of body harness has been substantial since World War 11,
even the latest techniques fall far short of duplicating the neuromuscular mech-
anism of the normal arm. And consequently there is still a great deal of forward-
looking to be done in the research, development, and production phases of
upper-extremity prosthetics.

Where will the technology come from that may make possible "sensory pros-
theses" with attendant refinements in the present "motor prostheses"? Prob-
ably not directly from current trends in artificial-limb research. As is common
knowledge, a very real and dynamic revolution is under way in the modern
engineering sciences. It is accompanied by a plethora of popular terms like
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"cybernetics," "servomechanisms," "information theory," "digital and ana-
logue computers,”" and "automation," to name a few. From the developments
that are taking place, many new materials and processes are becoming avail-
able. Just as the aircraft industry, through the Northrop design studies, has
contributed the present lightweight plastic artificial arm and the Bowden-
cable transmission system, so it may be anticipated that within a relatively few
years the electronics and missile industries may make even greater contribu-
tions. Compact, reliable, and lightweight items like the famed transistor may
become as commonplace in the control systems for artificial arms as is presently
the case in hearing aids. New products from metallurgy and chemistry may
eventually make it possible to realize direct attachment of prosthetic devices to
remaining skeletal members of the body through the skin and surrounding
tissue, with consequent elimination of the socket and of the suspensory elements
of harness. Much of the theory and much of the methodology for accomplishing
the direct coupling of man to mechanism, including the all-important link to
the nervous system for control, are either available already or else are promised
within the foreseeable future.

Because in the field of amputee rehabilitation there are never apt to be avail-
able the amounts of research money now characteristic of other fields of science
and invention, it is fortunate that a systematic plan for the advancement of
limb prosthetics has become so well established in the decade since World War I1.
The Artificial Limb Program furnishes an organized means of following
progress in other areas and of adapting to limb substitutes new approaches and
new techniques that would otherwise lie far beyond the purse of prosthetics
research itself. The future in design of limb replacements is thus perhaps now
greater than ever before. Even so, no matter how sophisticated upper-extremity
prostheses may become, the actual utility of any given artificial arm will con-
tinue to reside largely in the degree to which the fitter can attain the optimum
sensory-motor association through accomplished harnessmaking. In no other
known way can so much satisfaction be afforded the individual arm amputee.



The Biomechanics of Control
in Upper-Extremity Prostheses

In the rehabilitation of the upper-extremity
amputee, structural replacement by prosthetic
arm and hand is an obvious requirement, and
it poses a comparatively easy task; functional
replacement by remote control and by sub-
stitute mechanical apparatus is more elusive
and hence infinitely harder. For the purposes
of functional utility, remaining movements
of upper arm, shoulder, and torso must be
harnessed, and use must be made of a variety
of mechanical devices which amplify remaining
resources by alternators, springs, locks, and
switching arrangements. The facility of con-
trol attained through this apparatus is the key
to its ultimate value.

The future of upper-extremity prosthetics
depends upon an ever-increasing understanding
of the mechanics of the human body by all
who minister to the amputee—prosthetist,
surgeon, and therapist alike. It must always
be stressed that the final goal is an amputee
who can function. Too often there is a tendency
to put undue faith in the marvels of mechanism
alone, when in fact it is the man-machine
combination that determines performance. It
is in this broad frame of reference that the
biomechanical basis of upper-extremity con-
trol must be approached.

PROSTHETICS ANTHROPOMETRY

SURFACE LANDMARKS

If successful control is to be obtained, the
various components of the prosthesis must be
positioned with a good degree of accuracy.

' Professor of Engineering, University of California,
Los Angeles; member, Advisory Committee on Arti-
ficial Limbs, National Research Council, and of the
Technical Committee on Prosthetics, ACAL, NRC.

CRAIG L. TAYLOR, Ph.D!.

To do so requires reference points on the body,
of which the most satisfactory are certain
bony landmarks. Most of these skeletal
prominences protrude to such an extent that
location 1is easily possible by eye. Others
require palpation, and this method should be
used to verify observation in every case. The
bones most concerned in upper-extremity
anthropometry are the clavicle, the scapula,

the humerus, the ulna, and the seventh
cervical vertebra. Surface indications of
protuberances, angles, or other features of

these bones constitute the landmarks, the
locations and definitions being given in Fig-
ure 1.

ARM AND TRUNK MEASUREMENTS

The typical male torso and upper extremity
are shown in Figure 2, which, together with
Table 1, was derived from average measure-
ments on Army personnel (76). Such an
average form serves to establish harness
patterns and control paths. The arm, forearm,
and epicondyle-thumb lengths® constitute the
basis of sizing prostheses (2). Arm length
places the artificial elbow; forearm length
locates the terminal device. The epicondyle-
thumb length is an important over-all sizing
reference because in the unilateral arm am-

*In everyday language the word "arm" is of course
taken to mean the entire upper extremity, or at least
that portion between shoulder and wrist. In anatomical
terms, "arm" is reserved specifically for the segment
between shoulder and elbow, that between elbow and
wrist being the "forearm." Although in the lower ex-
tremity the word "leg" commonly means the entire
lower limb, whereas anatomically the "leg" is that seg-
ment between knee and ankle, confusion is easily
avoided because we have the special word "shank."
No such spare word is available to describe the humeral
segment of the upper limb.—ED.
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putee it is customary
to match hook length
(and, in the case of the
artificial hand, thumb
length) to the length of
the natural thumb (Fig.

ACROMION

3). The bilateral arm

amputee can be sized HUMERUS._______________].

from body height by l l/ \‘/
means of the Carlyle INFERIOR ANGLE OF SCAPULA—g 1 *

formulas (3), which em-
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ploy factors derived

from average body pro-
portions. EPICONDYLES
FUNCTIONAL ANATOMY RADIUS

The human torso,
ULNA

shoulder, and upper ex-
tremity are exceedingly
complex structures. In
any dealing with these
elements of anatomy,
therefore, it is desirable
to sort out from the
mass of detail those
features important to
the particular area of
study and application.
Where prosthetic con-
trols are concerned, the
mechanism of movement is the central subject
of consideration. This functional anatomy
treats of the aspects of bone, joint, and muscle
structure that together determine the modes
and ranges of motion of the parts. It is a
descriptive science, and while to escape de-
pendence upon nomenclature is therefore
impossible, the purpose here is to convey a
basic understanding of the operation of the
upper-extremity mechanisms without undue
use of specialized terminology. In any case,
the reader should have available basic ana-
tomical references such as Gray's Anatomy (13)
or kinesiology texts such as those of Steindler
(17) and of Hollinshead (9).

ELEMENTARY MOTIONS OF THE UPPER EX-
TREMITY
The geometry of each joint is complex, and
most movements involve an interaction of two

ULNAR STYLOID

Fig. 1. Bones and external landmarks in the upper extremity. Definitions: seventh
cervical vertebra, most prominent vertebra in the neck region; acromion, extreme
lateral edge of the bony shelf of the shoulder; inferior angle of scapula, lowest point
on shoulder blade; epicondyles, lateral and medial bony points at the pivot of the
elbow; ulnar styloid, projecting point on little-finger side of the wrist.

or more joints. Consequently, a motion
nomenclature based on joint movements would
be unnecessarily complicated. More simply, the
motion of each part upon its proximal joint
may be described with respect to the principal
planes which intersect at that joint. In this
system, moreover, one may define a standard
position in which the trunk is erect, the arms
hang with their axes vertical, the elbows are
flexed to 90 deg., and the wrist planes are
vertical to assume the "shake-hands" position.

Figure 4 presents the angular movements
possible in the three planes of space. The
shoulder-on-chest, arm-on-shoulder, and hand-
on-wrist actions take place through two angles,
as if moving about a universal joint. Geo-
metrically, the arm motions are more precisely
defined by a spherical coordinate system where
the segment position is given by longitude and
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Fig. 2. Basic anthropometry of the male torso and upper extremity. See Table 1.

Table 1 colatitude angles. For descriptive purposes,

AVERAGE BoDY MEASUREMENTS however, the anatomical nomenclature is com-

(See Figure 2) monly used. It should be recognized that, for

Lengths multiaxial joints, flexion-extension and ele-

a, bideltoid 17.9in.  vation-depression angles describe motions in

b, cross-back width 14.8 the major orthogonal planes only, and inter-

¥, illl}[’)":relﬁflfth }1('; mediate angular excursions must be thought of
¢, shoulder-elbow length 14.3 as combinations of these motions.

f, forearm-hand length 18.7 The simplified movement system depicted in

g, sitting height 35.8 Figure 4 is incomplete in many ways. Not in-

fi, cervical height 26,1 cluded are such movements as twisting of the

7, supersternale height 230

7, height of iferior snglt of scapuls (ap- shoulder due to various scapular movements,

proximately at midpoint of sitting anterior-posterior swings of the arm in po-
height) sitions of partial elevation, and the slightly
Girths conical surface of revolution of forearm
G1, neck 14.5 flexion.” These details may, however, be
G2, chest 36.3
(3, waist 30.7
G4, e . 6.7 It deserves to be noted here that, taken literally,
Prosthetic Dimens - : Y
FOElAciel TRaiIEAS) expressions such as "forearm flexion-extension," "arm
4, acf'c‘m“’“'CP'COI‘_d}'IE length 13.2 flexion-extension," and "humeral flexion-extension"
B, epicondyle-styloid length 9.9 represent questionable nomenclature. To "flex" means

B + (, epicondyle-thumb length 14.4 to "bend." Limb segments do not bend very readily
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ignored in the interest of the simplicity of
description that is adequate for the purposes
of upper-extremity prosthetics.

THE SHOULDER GIRDLE

Skeletal Members and Joints

The scapula and clavicle are the chief bones
making up the shoulder girdle. Secondarily, the
proximal portion of the humerus may be in-
cluded, since the close interarticulation of all
three bones at the shoulder joint gives a con-
siderable degree of coordinated activity among
them and also extends to the complex as a
whole the actions of many of the muscles
inserting on the individual members.

without breaking. Joints are designed for flexion. In
the lower extremity, for example, one speaks not of
"shank flexion" but of "knee flexion," not of "thigh
flexion" but of "hip flexion." That is, one uses "flexion"
or "extension" not with reference to motion of the
distal segment but with reference to the more proximal
joint. Although Webster accepts the expression "to
flex the arm," he obviously uses the word "arm" in
the everyday sense of meaning the entire upper ex-
tremity, or at least that portion between shoulder and
wrist. Because this loose terminology in the upper ex-
tremity is so widely established, not only among workers
in prosthetics, it is used throughout this issue of ARTI-
FICIAL LIMBS, with the understanding that "forearm
flexion" means "elbow flexion," "arm flexion" and
"humeral flexion" mean "flexion of the glenohumeral
joint (and associated structures) " See page 9 et
seq.—ED.

OF CONTROL 7

Fig. 3. Correct lengths for upper-extremity prosthe-
ses. In the unilateral case, hook length is made to co-
incide with normal thumb length, as is also the thumb
length of the artificial hand. For bilateral arm ampu-
tees, 4 = 0.19 X (body height); B + C = 021 X
(body height). After Carlyle (J).

Details of the skeletal anatomy involved are
shown in Figure 5. There are in the system two
joints and one pseudo joint. In the sterno-
clavicular joint, the clavicle articulates with
the sternum in a somewhat saddle-shaped
juncture recessed in a concavity within the
sternum. The biaxial surfaces permit move-
ments in two planes. Ligaments crossing the
joint prevent displacement of the clavicle
anteriorly and laterally. The elevation-de-
pression range is 50 to 60 deg., the flexion-ex-
tension range from 25 to 35 deg.

In the acromioclavicular joint, the distal
end of the clavicle articulates with the scapula
in an elliptical juncture which permits a ball-
and-socket type of action. The acromio-
clavicular ligaments bind the joint directly.
Strong ligaments from the clavicle to the
coracoid process give important additional
stabilization. The range of movement is small,
being only about 10 deg. in the frontal and
sagittal planes.

The pseudo joint, the scapulothoracic, is a
muscular suspension which holds the scapula
against the thoracic wall but which at the same
time permits translatory and rotatory move-
ments. A large factor in maintaining this joint
in position is barometric pressure, which is es-
timated to act upon it with a force of 170 Ib.

Muscles and Movements

The complex arrangement of bony elements
is rivaled by the involved nature of the muscles
of the shoulder girdle and by the intricate
ways in which they act upon it. The schematic
view of Figure 6 presents the fundamentals.
Elevation of the shoulder is seen to be brought
about principally by elevators and downward
rotators of the scapula, such as the upper
trapezius, the levator scapulae, and the rhom-
boids. Although the rhomboids assist in
elevation, they do not contribute to upward
rotation. Depression of the shoulder is medi-
ated by muscles inserted on the scapula, the



Tig. 4. Simplified movement system in the upper extremity. Wrist flexion is omitted since ordinarily it is not
involved in upper-extremity controls.



