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I. Introduction

The present report pertains specifically to the development of devices
which would permit a person having flail arms to feed himself. A complete
statement of Task Plan D. D. 1 (Design and Development Task No. 1), as assigned
to the Device Design and Development Group by the Systems Committee, is con-
tained in Appendix A. As a result of the initial study by the Group and con-
sultation with the Systems Committee, the task was expanded to include the
following:

A. The formulation of a statement of design objectives. The purpose of
this statement is to: (1) make explicit and specific design objec-
tives implicit in the task assignment, (2) provide a framework for
methodical analysis of the problems inherent in the task assignment,
and (3) permit agreement on the degree of sophistication desired at
this time in the design of any system accomplishing the objectives.
The detalled objectives selected are stated in Section II.

B. A survey of the current "state of the art" in fields bearing direct-
ly on the design and development of orthetic devices. A report of
this survey is contained in Section III.

Cs An analysis of function lost as a result of upper-extremity flac-
cid paralysis, followed by an identificgfion of the different classes
of orthetic systems which might be used{%h restore the loss. These
studies are treated in Sections IV and VQ respectively.

D. A survey and analysis of the engineering factors involved in the
actual design of orthetic systems meeting the task objectives. This
was done to help identify areas of future research and development
important to the Project as a whole, and to introduce concepts of
design for a specific prototype system. Sections VI through IX are
concerned with this phase of the work.

E. A 1list of questions pertaining to the design of the various possible
types of ortheses considered, and recommendations for specific areas
of future engineering effort. These are contained in Section X and
XT.

The report is arranged as an essentially chronological account of the
work done. All phases of the study were not treated in equal detail because
of differences in their relative importance, the special backgrounds of the
Committee members, and the availability of information on several phases from
other centers where related work is being carried out.



Although the present report pertains to the treatment of a specific dis-
ability, an effort was made, where possible, to make it applicable to orthetic
devices in general.

II. Design Objectives

A survey of general objectives of orthetic systems is outlined in Appendix
B. These objectives have been modified, for the purposes of this report, to
meet the requirements of the present task. They are described in terms of
ideal and minimum levels of attainment, and are arranged in the four categories
of function, comfort, cosmesis, and practicality.

A. FUNCTION

Oince the hypothetical disability for which the system 1s being designed
consists of a flail arm and a functional hand, the basic objective of the de-
vice must be to provide the hand positions and orientations necessary to the
activity of eating (see Appendix B). The ideal capability of the system would
be one of providing all hand positions and orientations involved in feeding,
plus those for any other high-priority activities which could be provided
(grooming, toiletting, dressing, typing, telephoning, etc.).

The minimally acceptable capability has been considered, arbitrarily,
as one of providing the hand positions and orientations necessary for a four-
phase cycle of eating (while using a standard table, chair, and service). The
eating cycle is defined as including:

1. "loading," with the hand at table-top level, picking up food
with a spoon, fork, or fingers, and picking up a cup or glass;

2. "transporting": the food and utensil to the mouth;

%. "unloading" the food into the mouth; and

4, "returning" the hand to the food area.

Preliminary to "loading'" is frequently a "preparing'" operation which con-
sists of cutting food, adding sugar or cream to a beverage, stirring, use of
a salt shaker, spreading butter, etc. Except for the cutting of soft foods,
preparing functions are not included as minimum functional requirements.
"Serving" functions are also excluded from the minimum requirements.

To perform this cycle, the system must provide the necessary constraints,
power and control required by the activity (see Appendix B).



l. Constraints

As a minimum, the device must provide the constraints necessary for ac-
ceptable alignment, stability, and guidance of movement of upper -extremity
segments in carrying out the cycle.

2. Power and Control

As a minimum, the device must provide the power necessary to effect move-
ment of upper extremities (and eating utensils) throughout the cycle, and to
control (under the direction of the will) the amount, rate, duration, direc-
tion, and point of application of the power in the manner required by the
cycle.

B. COMFORT

Ideally, the device when used throughout the day would cause the patient
no significant discomfort due to skin irritation, pressure, excessive weight,
faulty joint alignment, fatigue resulting from operational requirements, etc.

As a minimum, the device must not cause undue discomfort during the
course of eating a complete meal.

- C. COSMESIS

Ideally, the device should be hardly detectable when worn under loose
fitting, long-sleeved clothing. The motions produced by and required to op-
erate the device should fall within the range of motions commonly used by
nonhandicapped persons in performing the same activity.

As a minimum, the cosmetic aspect of the device must be at least tol-
erable to a substantial number of eligible patients. A moderate amount of
unnatural trunk (but not head) movement to power and control certain upper-
extremity movements will be considered acceptable in the first experimental
systems.

D. PRACTICALITY

Ideally, the device should (1) be marketable at a cost within a range
reasonable for purchase by individuals and agencies, (2) be easily adapted
to fit a. wide variety of patients, (3) require a minimum of maintenance, with
no servicing skills or equipment needed beyond those normally available, and
(4) permit convenient renewal of the power source (if used) at low cost.



As a minimum, none of these items should preclude the use of a device
by at least a significant percentage of eligible patients.

IIT. A Review of Previous Developments

The available literature was searched and abstracted, with emphasis on
engineering aspects. A listing and brief description of some of the more
significant references are given as Appendix G. Among the particularly per-
tinent references were those dealing with externally powered prostheses, such
as the IBM electric arm (Refs. 1, 2, and 5) and the Heidelberg pneumatic arm
(Refs. 26 and 27).

In searching for additional information relative to the Heldelberg de-
velopment, attention was called to work being done at the American Institute
for Prosthetic Research. After testing the Heidelberg arm, the AIPR under-
took the development of thelr own device. The ATPR arm employs a pneumatic
system using CO= as a source of energy, and appears to represent a signifi-
cant advance over the original Heidelberg design. Two members of the Com-
mittee, Prof. J. R. Pearson and Mr. R. F. Timm, visited the ATPR laboratories.
A report of Mr. Timm's visit is included as Appendix C.

Another subject of particular interest is bioelectric control. Material
pertaining to such controls may be found in Refs. 10, 15, and 29. '

To familiarize the Committee with some of the current orthetic research
efforts, conferences were held with several visiting representatives of groups
working in related areas.

IV. Basic Analysis of the Disability

Although the primary design objective is to restore function of the
organism as a whole, 1t is best achieved by replacing the functions lost in
the individual body parts. An understanding is necessary, then, of the ef-
fects of the disease process on the function of the various body tissues.

A systematic inventory of such effects can be made by listing the conse=-
quences of impaired cell function to the organ and system containing the im-
paired cells, and to cells and organs of other systems. The tissue functions
altered directly by the disease process can be called the "first-order ef-
fects" (or losses); their effects, in turn, on tissue function in other sys-
tems can be called "second-order effects" (or impairments); and so on. For



each type of tissue involved, the effects are different at the cellular,
organ, and system levels because of the different functional roles of each

level.

If the first-order losses could be replaced in their entirety at each
level, the second- and third- , etc., order impairments that were rever81ble
would automatically be corrected, and the function of the organism as a
whole would be restored towards normal. Even though attainment of such an
objective might be impossible at present, it is still the goal of the project
to replace as many of the first-order losses as feasible, or, failing this,
the functional impairment as close to the first-order losses as possible.

The problem of flaccid paralysis resulting from destruction of the lower
motor neuron has been analyzed to categorize the possible orthetic solutions,
and to permit judgment of the feasibility and requifements of each solution.
Some of the effects of IMN (lower motor neuron) destruction are listed below.

First-order effects

A. Cell level (neuron)
Loss of: (1) pick up; (2) transmission; (3) application of signals
from control centers to muscle fibers.
B. Organ level (nerve)
Loss or reduction in signals controlling: (1) time of contraction;
(2) tension developed by a muscle.
C. System level (motor portion of peripheral nervous system)
Loss or reduction in signals controlling the relative: (1) time of
contraction; (2) tension developed by different body muscles, and
thus controlling coordinated movement.

_Second-order effects, i.e., effects on muscle as a regult of loss of LMN
function

A. Cell level (muscle fiber)

(1) Loss of activation by the nervous system; (2) impairment of
metabolism and function of the contractile mechanism (atrophy
of denervation and disuse) with ultimate irreversible changes;
(3) reduction in distensibility; (4) reduction in heat produc-
tion.

B. Organ level (muscle)

Loss or impairment of ability to apply force at its origin and in-

sertion.

C. System level (all muscle)

.. Impairment of: (1) agonistic, antagonistic, fixating, synergistic,
etc., functions of muscle groups; (2) dynamic joint-constraining
functions of tendons.



Third-order effects, i.e., effects on other tissues as a result of impaired
muscle function

1. BSkeletal system and its assoclated connective tissue
A. Cell level
(i) impairment of bone metabolism (osteoporosis)

(ii) alteration of physical properties of periarticular
fibers (lengthening, shortening, etc.) secondary to
abnormal stresses or reduced movement.

B. Organ level
(i) impairment of movement and application of forces by
skeletal parts.

(ii) alteration of joint alignment or range of motion
(secondary to muscle shortening, periarticular changes,
gbnormal stresses, etc.).

C. OSystem level
Impairment of interrelated movements and applications of
forces by the skeletal framework.
D. Organism level
The abnormal function of all three systems, nervous, muscular,
and skeletal, combine to impair ability of the individual
to carry out purposeful physical activity (self care, voca-
tion, etc.).
2. Other body systems
Venous and lymph return, muscle arterial supply, respiratory func-
tion, heat regulation, etc., may be affected by impaired muscle
function.

Fourth- , etc., order effects

Edema formation, reduced skin thickness, the consedquences of impaired
respiratory function, etc., can result from the third-order effects,

Associated losses

Some disease processes acting on the lower motor neuron exert simultaneous
first-order effects on other tissues; e.g., sectioning of a peripheral nerve
destroys sensory as well as motor fibers. The type of tissue involved in
these associated losses depends, of course, on the nature of the diesease proc-
ess, but may include:

A. Sensory nerve and fusimotor fibers, causing loss or impalrment
of tactile and pain sensation, proprioception, muscle spindle con-
trol, etec.

B. Upper motor neurons, causing spasticity, etc.

C. Autonomic nerve fibers, causing impaired vasomotor control, trophic
skin changes, etc. '



V. Classes of Possible Solutions

To assist in the interpretation of the classes of possible solutions,
Fig. 1. has been prepared as a simplified diagrammatical representation of
a feedback control system which is analogous to the normal physical system.

BRAIN
NON-PROPRIOCEPTIVE FEEDBACK (VISUAL, TACTILE, ETC.)

e

PROPRIOCEPTIVE FEEDBACK

—

L,..A SKELETAL

= MUSCLE ™ sTrucTURE OUTPUT

SPINAL
CORD

Pig. 1. Diagram of normal system.

A signal originating in the brain is transmitted along neural path A
to the muscle. Muscular motion actuates the skeletal frame so as to produce
the desired force or motion in the upper-extremity. Proprioceptive feed-
back from the muscle and skeletal structure, plus non-proprioceptive feed-
back (visual, tactile, etc.) completes the control loop by supplying informa-
tion to the cohtrol center relative to the exact nature of the output achieved.
If this output does not correspond precisely to that desired, corrective
signals are issued by the central nervous system to compensate for the per-
ceived error.

The diagrammatical representation of Fig. 1, together with the analysis
of disability contained in the previous section, provide a basis for listing
the classes of possible solutions. The following listing begins with direct
replacement of the first-order loss. Although not feasible at the present
time, this solution would appear to be the ultimate in an orthetic device.
The classes of solutions which follow treat progressively lower orders of
loss. Hence, they represent solutions having progressively less potential
functional merit, but also less probable difficulty of achievement.

Each of the classes of solutions is illustrated by a figure having (a)
a solid-line portion exactly like Fig. 1 except that the damaged neural path
A is shown as a dashed line, and (b) a dotted portion representing the device.



Class 1 - Replacement of the original connection between control center
and motor (Fig. 2).
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Although solutions of this class which attempt to replace the entire
first-order loss could potentially restore a maximum degree of normal neuro-
muscular function, they are not feasible at the present time. The possibility
of their use depends upon the success of future research efforts related to
the following phenomena.

a. Prior to development of irreversible changes, a denervated muscle
is capable of contraction, assuming a suitable stimulus can be provided. 1In
-Fige. 2, electrical energy is supplied to the muscle from an external source
through path A'. The subject of artificial stimulation of denervated muscle
fibers is considered in detail in Appendix F.

b. Provided original nerve path A is not totally destroyed, the patient's
attempts to actuate the muscle will result in a small fraction of the normal
electrical impulses in nerve path A. This ENG (electro-neurographic) signal



is used to regulate the flow of electrical energy from the external source,
using the control unit shown. Unfortunately, not enough is yet known about
ENG signals to predict whether or not this approach will ultimately prove
to be practical. An even more difficult approach would be to detect ap-
propriate signals directly from the spinal cord.

Class 2 - Substitution of an alternate connection path between control
center and motor (Fig. 3).
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This solution strives to replace only part of the first-order loss, i.e.,
transmission and application of signal to the muscle. The signals are de-
rived indirectly from the control centers. In Fig. 3, the denervated muscle
(muscle 1) is artificially stimulated to a degree controlled by an available
normal muscle (muscle 2) in the finger, foot, truck, etc.



Class > - Use of an externally powered linkage, attached to the ex-
tremity, and controlled by the remnant of the original signal (Fig. 4).
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This solution, by substituting an external motor for the denervated
muscle, is directed at the second-order loss, and although more conventional,
restores less function. Figure L4 is a diagrammatic illustration of an orthesis
incorporating a linkage, suitably attached to the skeletal structure, and
powered by an external energy source, probably pneumatic, electric or hy-
draulic. The supply of energy to the motor units which actuate this linkage
is regulated in this case by EMG (electro-myographic) signals which emanate
from the partially denervated muscle. ENG signals could also serve this pur-
pose. The study of EMG signals for this purpose is still in the first stages.
Also, it should be noted that neither EMG nor ENG signals are present in a
100% flail neuro-muscular system.
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Class E - Use of an externally powered linkage, attached to the ex-
tremity, and controlled by an available normal muscle (Fig. 5.).
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This class of sdlution, also gimed at the second-order loss, represents
the combination of the more conservative components of classes 2 and 3. An
external linkage powered by external motors is employed, as in Fig. 4, and
the external motors are controlled through the use of some other muscle
(muscle 2), as in Fig. 3. This is the type of orthesis normally visualized
in connection with this study, whereas the first 3 types represent tre-
mendously more ambitious undertakings.

11



Class 5> - The same as class E except that the linkage is powered by one
of the patient's usable muscles (Fig. ©).
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No additional control apparatus 1s required in this case, as the patient
uses his natural control system in operating muscle 2.

Class é - Unpowered devices (not illustrated).

A vastly simpler type of orthesis than any of the above is the group of de-
vices, including the conventional feeder, which brings no additional source of
power to the flail extremity. These devices serve primarily to carry the grav-
ity weight of the extremity, and to enable the patient to obtain maximum benefit
from any residual muscle power in the extremity, or from trunk motion. A study
of the operation of feeder-type devices will be reported in connection with
project I.I. (Immediate Improvement) No. 1.

Class T - Devices not involving the extremity (not illustrated).

A final classification of orthetic devices might be those concerned with
replacing loss of function at the organism level, i.e., the loss of the ability
to accomplish activities such as feeding. These devices would be designed
solely to accomplish a particular activity and need not even be concerned
with bringing the patient's upper extremities into play in the process.

12



This classification is obviously of no concern to this investigation; its in-
clusion serves merely to complete the listing of possible classes of solutions.

A1l classes of solutions would be concerned to some degree with such
third- and fourth-order losses as altered joint alignment, edema formation,
reduced skin thickness, impaired respiratory function, etc., insofar as they
affected the performance or utilization of the orthetic system.

VI. Size, Motion, and Force Considerations

In undertaking the design of an orthetic system concerned with manipula- .
tion, certain basic physical parameters of the upper extremities must be con-
sidered. These include the dimensions, weight, and weight distribution of
the upper extremity segments, the range of displacements, velocities, and ac~-
celerations required, and the forces to which the device will be subjected.
This section of the report contains a summary of information which is cur-
rently available concerning these parameters.

A. DIMENSIONS, WEIGHT, AND WEIGHT DISTRIBUTION

The most complete dimensional data were found in Ref. 8, and the most
useful information regarding weights of the upper extremity segments, in Ref.
14, The latter contained regression equations which related segment weights
to total body weight empirically. Data from these sources, pertaining to a
5' 10", 170-1b adult male, are summarized in Table I, and illustrated in Fig.
(« These values correspond to the 50th percentile of U. S. Alr Force person-
nel.

TABIE I

UPPER-EXTREMITY WEIGHTS OF NORMAL 170-LB ADULT MALE

Weight of body

Body Segment Regression Equation segment for 170-1b
body weight, 1b
Upper arm %(.08 x Body Wt. - 2.9) 54
Forearm %(.Oh X Body Wt. - .5) 3.1
Hend 2(.01 x Body Wt. + .7) 1.2

Total weight of arm 9.7

15
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Fig. 7. Upper-extremity weight distribution for normal 170-1b
adult male.

These figures are obviously high for the average patient whose muscles
are partially atrophied. It seems likely, however, that they might be fairly
representative of the heaviest upper extremities for which the device need
be designed. A study of mass data pertaining to atrophic arms is currently
being undertaken by Dr. W. T. Dempster. No previously collected data were
found on the moments of inertia of the segments.

B. MOTION

Reference 31 contains a report of Ruth Miller, 0.T.R., and Beverly
Israel, R.P.T., pertaining to their study of the motions and excursion ranges
of eating in normal adults.

14



An analysis of velocities and accelerations is currently being made by
Dr. W. T. Dempster and Prof. J. R. Pearson. This study is being-handled in
three phases:

l. A kinematic and kinetic study of planar motions of the upper ex~
tremity, to determine elbow and shoulder force and torque reactions.
These are voluntary, vigorous motions of magnitudes exceeding those
involved in connection with this particular tasks

2. A study of positions, paths, and hand orientations in self-feeding.
This study does not include velocity, accelerations, or kinetics.
It should be of value in determining the ranges and types of com-~
plex motions performed by '"normals," from which the frequency of
component motions for "low" order losses might be deduced.

3. An effort to determine moments of inertia of limb segments and to
set up a method by which these may be determined quickly with simple
clinical methods and reasonable accuracy.

C. FORCES

The maximum static load normally encountered in transporting food to the
mouth 1s that associated with a glass of liquid. Calculations contained in
Appendix D show that the elbow torque required to maintain the forearm in a
horizontal position with the hand holding a 1lO-ounce glass filled with 12
ounces -of liquid is of the order of 52 inch~pounds.

To obtain a comparison of orders of magnitude of static loading and
inertia loading, Appendix D contains a rough approximation of the maximum
elbow torque required to flex or extend the elbow through an excursion of 90°
in a time interval of 1 second. For this calculation, it was assumed that
the forearm started at rest and accelerated harmonically throughout the 90°
excursion. The maximum calculated torque was approximately 2 inch-pounds..
Since this is of the order of 5% of the maximum calculated static torque, it
is concluded that as far as device design loads are concerned, inertia forces
are relatively unimportant. Inertia torques at the shoulder appear to be of
even lesser importance. It is possible, however, that inertia forces will
assume more significance in connection with control system refinements.

VII. Survey of Power and Control Types

Power sources for orthetic devices can be classed as either internal
(intrinsic) or external (extrinsic), where the latter includes all sources
other than the muscles within the body of the patient.

15



Intrinsically powered devices can be further divided into (1) those in~-
volving a direct connection between the source of power and the extremity
being powered, and (2) those which use energy-storage units (such as bat-
teries or compressed gas tanks) which are recharged periodically by a manually
operated unit. Units of the first type are common in prosthetic practice, and
normally employ a bowden cable for the direct connection. Other types of con-
nection are also possible. In particular, hydraulic connection appears worthy
of consideration. Intrinsically powered units of the second type embody a
complete externally powered system plus an additional component which provides
for manual recharging. Appendix E contains a summary of advantages and dis-
advantages associated with various possible types of intrinsically powered
designs., While the use of intrinsic power at some point in an externally
powered system may possibly be desirable, it is felt that harnessed muscular
energy alone is not sufficient for powering orthetic devices which are to
meet the specifications presently being considered. This is particularly true
in view of the fact that most potential users of these devices are not as
strong as individuals using prosthetic devices (where intrinsic power finds
its greatest application).

Externally powered systems incorporate three major components:

1. Energy-storage unit (battery, tank of compressed gas, etc.). The
type of energy selected for use in an orthetic system must be cap-
able of storage in quantities sufficient to operate the system for
a reasonable period of time, yet having the small volume and weight
which are vital to portability. The ease with which the energy sup-
ply can be replenished is another important factor.

2. Actuator (electric motor, solenoid, nylon muscle, cylinder and piston,
bellows, etc.), including any mechanism (involving gears, clutches,
linkages, cables, etc.) necessary for suitably connecting the actuator
to the skeletal or device links. The actuator itself should be small
and ‘lightweight' to permit installation close to the point at which
the motion is reguired. Preferably, it should produce directly the
low speed linear or angular motions needed at the extremity, thereby
obviating the necessity for speed reduction units and extra linkage.

3. Control system (elements which secure a command from the patient and
- regulate the flow of energy to produce a desired effect), In addi-

tion to other considerations, the control system should enable the
signal to be derived from a body motion which is as naturally asso-
ciated with the desired arm movement as possible. This is important
for facilitating the learning of control as well as for cosmesis.
Present indications are that the control system will likely involve
more difficult problems than either the power source or the prime
mover.,
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The present "state of the art" suggests three possible types of externally
powered systems: electric, pneumatic, and hydraulic. The following paragraphs
summarize some of the characteristics and considerations associated with these
types.

A. EILECTRIC

Small, rechargeable batteries have been developed which provide reason-
ably compact and light-weight energy storage. Possible battery types in-
clude lead-acid, nickel-iron, nickel-cadmium, silver~cadmium, and silver-zinc.
The lead-acid and nickel-iron types are relatively heavy. The silver~-zinc
type has a relatively short life and 1s the most costly. The silver-cadmium
and nickel-cadmium types appear most promising at the present time.

Miniature high-speed d-c motors, such as those used with the IBM electric
arm, appear to be the most promising electric actuators. However, these re-
quire the use of speed reduction units, and possibly clutches and brakes
which add complexity. The powering of multiple motions would require multiple
power units, or a multiple clutching system adapted to a single power unit.

Other electrical devices, such as the Leden rotary solenoid, sgppear
to have desirable characteristics for orthetic devices where locking, gear
shifting, or other low-duty-cycle situations arise.

The electrical control system itself appears to be ideal, Wires and
electrical circults can presently be miniaturized to a much higher degree
than comparable pneumatic or hydraulic units. Also, in the event that ENG
or EMG signals prove useful for orthesis control purposes, these could feed
directly into an electrical control system.

B. PNEUMATIC

High-pressure cylinders provide compact energy storage for pneumstic
systems, By far the most common medium presently used is carbon dioxide,
which is stored at pressures approaching 1000 pounds per square inch. The
potential hazard associated with storing high-pressure gas has been minimized
by the development of high~pressure cylinders equipped with safety devices,
such as pressure-relief valves and blow-off diaphragms. Freon is a medium
which can be stored at lower pressures than carbon dioxide, thereby possibly
eliminating the need for a pressure-reducing valve, and improving safety. On
the other hand, freon is more costly. A more detailed study will be required
to establish definitely the best medium for a particular pneumatic system.

Probably the chief advantage of the pneumatic system for the present ap-

plication is the availability of extremely simple actuators which are also
light, compact, and inexpensive, and which directly produce linear motions
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within the speed range desired. These actuators include the nylon muscle,
bellows, piston, and "bellofram" (trade name for a spring-opposed cylinder
which incorporates a special diaphragm to eliminate leakage at the piston).

Any of the pneumatic actuators can be used with "on-off-hold" controls
or with proportioning control valves. Although no proportioning controls
are commercially avallable which have the desired characteristics together
with a sufficiently compact design, it appears likely that these could be
developed.

It is the opinion of the group making this study that the pneumatic sys-
tem holds the greatest promise for providing a satisfactory solution to the
present problem within the next few years.

C. HYDRAULIC

Hydraulic systems differ from pneumatic systems in that they deal with
an essentially noncompressible medium. Although hydraulic energy storage
units and hydraulic control systems do not appear to be well suited to the
present problem, the modification of an otherwise pneumatic system by using
a noncompressible fluld between the control valve and the actuator appears
to have merit. A specific proposal along this line is stated in Section XI.

VIII. Device Attachments

It is recognized that the consideration of device attachment is an im-
portant phase of the over-all problem of orthetic design. Some of the prin-
ciples of attachment design are listed below.

l. Consideration should be given to the substantial variation in pres-
sure tolerance of different body surfaces, taking advantage, wher-
ever feasible, of areas permitting pressures which are relatively

high.

2. Careful fitting must be provided to obtain the desired distribution
of pressure over the contact area involved. This will include
Jjudicious use of suitable padding in some instances, and possibly
no padding in others.

5. The device should be so designed that no unnecessary forces are ap-
plied to the body. When flexing the elbow, for example, it is de-
sirable that pressure be exerted as distally as is feasible, and in
a direction perpendicular to a plane containing the forearm axis and
the elbow joint axis.
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IX. Linkages

The design of a suitable linkage appears to involve a considerable meas-
ure of ingenuity combined with experimental testing. Also, the linkage sys-
tem must be considered in relationship to the total patient-device system.

X. Questions Indicating Areas for Research and Development

A major purpose of the present investigation is the determination of
questions which may arise in connection with the actual development of an
orthetic device. The questions listed herein are those which, in the Commit-
tee's judgment, indicate appropriate areas to be considered for research and
development. They are organized with reference to the types of devices dis-
cussed in Section V and illustrated in Figs. 2-6.

The first group of questions pertaing to devices of all types; the sec-
ond group arises from a consideration of the ultimate solution, represented
by Fig. 2, and involves both utilization of denervated muscle and signal pick-
up from the remnant of the original control path; the third group of ques-
tions pertain to the "conventional" type of solution illustrated by Fig. 5,
which incorporates external motors and which utilizes control signals derived
from available body movements; the final group of questions relates only to
the type of solution found in Fig. 6, a solution which makes use of intrinsic
power. Device types illustrated by Figs. 3 and 4 involve combinations of
the features shown in Figs. 2 and 5 and thus involve combinations of these
questions.

A. GROUP I. QUESTIONS RELATING TO ALL TYPES

1. What are the minimal upper-éxtremity motions (i.e., independent
joint motions and excursions) needed to provide the hand orientations and
placements necessary for performing basic self-care activities, particularly
feeding?

2. What is the relative order of importance of adding other motions (on
the basis of restoring additional function and of performing the basic ac-
tivities more satisfactorily)?

3. To what extent can normal activity be restored by providing two-,

three-, ad four-degree-of-freedom systems, having specific excursion limita-
tions? ‘
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In connection with the above questions, i1t should be ncted that, unless
the denervated muscles are utilized for power, the motions provided by the
device need not necessarily correspond to anatomical motions. The hand could
be positioned by the device with the upper and lower arm merely ''going along
for the ride."

B. GROUP II. QUESTIONS RELATING TO FIG. 2

1. Can denervated muscles be artificially stimulated, so as to function
usefully? If so, how? As developed in Appendix F, this question appears to
indicate an important area for research which has heretofore received little
attention,

2., Can a usable signal be obtained from the remnant of the original
control path leading to the denervated muscle? If so, how? The lmportance
of this question has been widely recognized (see Refs. 15, T, 10, 28), and
other groups are already engaged in research in this area.

3., What is the most suitable type of external power supply and of con-
troller for use with the system illustrated in Fig. 2?7 An answer to this
question must depend on the answer to questions 1 and 2; and satisfactory
answers to these questions will probably come, if at all, as g result of rel-
atively extensive reseérch efforts.

C. GROUP III. QUESTIONS RELATING TO FIG. 5%

1. What is the best form of stored energy for use in powering the de-
vice? On the basis of the discussion in Section VII, the tentative answer
to this question is pneumatic power. Many of the following questions in this

group are therefore related to the use of pneumatic power,

2. What is the most suitable medium for use in a pneumatic orthetic sys-
tem (CO2 versus freon, etc.)?

3. What type of pneumatic motors are most suitable for the various Jjoint
powering applications involved (nylon muscle, cylinder, bellows, etc.)?

4., From what body locations can satisfactory control signals be derived?

5. Can the average patient learn to operate proportional controls to
advantage?

6. Given suitable multiple controls, can the average patient operate
them simultaneously to his advantage? If so, how many and what sort?

*Some of these also relate to Figs. 3, 4, and 6.
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7. ©Should consideration be given to providing programmed control in which
a single control signal activates a preselected sequence of motions?

8. What is the best type of control device? Is it possible that elec-
trical controls could be justified becausé of weight and bulk considerations,
even though the system i1s pneumatically powered?

9. Can an otherwise suitable propor%ional pneumatic control be developed
which does not inv<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>