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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.
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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 involve bleed loss?

10. What are the best techniques for locating the joint axes (as will
undoubtedly be required in connection with the fitting of any device involving
a linkage to be attached to the upper extremity skeletal structure)?

11. What design features should be incorporated into the members which
attach the device to the body? What materisls are most compatible for skin
contact? What unit pressures are permitted, and what is the relative pressure
tolerance of various surface areas in probable regions of attachment (hips,
trunk, elbow, wrist, shoulder)? Under what conditions is padding desired?

12. What loading can be tolerated by the joints of a flail extremity?

13. What linkage arrangements are most suitable?

D. GROUP IV. QUESTIONS RELATING TO FIG. 6

l. Can the constructions and materials of bowden cables be altered so
as to reduce friction materially?

2. Can the principle of conventional hydraulic remote controls be
adapted as a superior substitute for the bowden cables?

3. What are the most satisfactory muscles for intrinsically powering
a flail upper extremity?

b, How does the patient's control ability of intrinsically powered
multiple upper-extremity motions compare with the control ability using a
stored energy- source?

5. How much of the energy normally dissipated in walking could be har-
nessed. for recharging a stored energy supply? (For example, could significant
energy be derived from a bellows type pump in the heel of each shoe without
requiring the patient to expend noticeable additional energy when walking?)
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XI. Recommended Areas of Engineering Development

A. PROPORTIONING PNEUMATIC CONTROL

Pneumatically operated devices presently in use in orthetics and pros-
thetics employ comparatively simple valve mechanisms which enable the operator
to add, exhaust, or hold gas in a pneumatic motor. Since normal arm function
permits continuously variable movement, it seems desirable to aim for fully
proportioning control in externally powered ortheses as well. Adequate pro-
vision of such control would require a proportioning pneumatic control valve.

Various types of pneumatic control devices with an output which varies
in proportion to a continuously varisble input signal have been employed in
industry for years. The principles of their operation are described in Ref.
50. Several of these controls of the type used in diverse industrial proc-
esses. were donated by the Johnson Control Company, and our laboratory bench
tests (not involving a patient) have demonstrated that their performance in
positioning of nylon muscle at an intermediate pressure is definitely supe-
rior to that of the conventional on-off-hold valve.

The most important factor in our consideration of proportioning controls
is, of course, whether or not the patient can operate them.

To answer this question, a device is being constructed which will in-
corporate two valves being donated by Johnson Controls. A brief description
of their principle of operation follows.

restriction

baffle
plate

e\
[ —

Lnozzle

flap

supply control exhaust

Fig. 8
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In Fig. 8, gas is supplied to chamber (A) and bleeds through a restric-
tion into chamber (D). To increase the "control" pressure, the baffle plate
is moved toward the nozzle, a pressure build-up in chamber (D). This causes
piston (E) to move to the left, and the flap seals the port at the left ex-
tremity of (E). At the same time, the flap is moved to permit gas to enter
chamber (B) from chamber (A). Gas pressure thus builds up in chamber (B) and
in the control line to the actuating device until that pressure is sufficient
to move piston (E) to the right. As (E) moves in this direction, the flap
seals off chamber (B) from chamber (A). The forces on E, due to pressures
in chambers B and D, are now in equilibrium. If the baffle plate is moved
to the right, the pressure in D decreases, and E moves to the right, unseating
the flap from the port at the left extremity of E. Gas is thus permitted to
escape from chamber (B) into chamber (C), where it is exhausted into the at-
mosphere. This exhaust continues until the forces on E are in equilibrium
(corresponding to the originally selected position of the baffle plate).

Although this type of controller is relatively inexpensive, gives excel-
lent and dependable response, and requires very little force to actuate, the
valve is not, in its present form, applicable to an orthetic device for am-
bulatory patients. It can, however, be used on prototypes to determine the
feasibility of proportioning controls as such.

The main objection to the conventional proportioning control valves Just
described is the bleeding of gas at the nozzle. At a relatively low supply
pressure (20 psi gage), gas bleeds through the nozzle at a rate of approxi-
mately 20 cubic inches per minute, This means greater consumption than tol-
erable with the necessarily small supply of gas available to the ambulatory
patient. ‘

If experimentation with these valves indicates that proportioning con-
trols are desirable, it will be necessary to develop a proportioning valve
along the lines of our particular needs., Consideration should also be given
to the possibility of actuating a pneumatic valve by an electrical signal
such as the EMG.

B. A MODEL OF THE UPPER EXTREMITY
- A model of the upper extremity is currently being constructed, so as to
correspond generally with drawings contained in Ref. 8, which will incorporate
the following additional features:
1l. Provision for lock-out of any motion, or combination of motions which
might result from the stabilization of a portion of the arm in pre-

determined positiofi.

2. Provision for varying the mass and mass distribution of the arm
and forearms.
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3. Provisions for varying the length of the upper- and lower-arm seg-
ments.,

4. Calibrated dials indicating the angular position of various joints.

C. HYDRAULIC TRANSMISSION BETWEEN CONTROL VALVE AND ACTUATOR

A device which might be used to conserve gas in a pneumatically powered
system 1s currently being investigated. The principle involves filling the
connecting lines and motor devices with an incompressible fluid and coupling
these to a pneumatic valve using a diaphragm to separate the compressible
from the incompressible fluid. This would save the gas otherwise needed to
build up pressures in the air lines and in the "dead" spaces in the actuators.
The diaphragm element which serves as a hydro-pneumatic converter is shown in
Fig. 9.

diaphragm in intermediate
pressure position

gas
4
Control liquid
Valve to
motor
diaphragm under low diaphragm under high
pneumatic pressure pneumatic pressure

Fig. 9

D. A SELECTED DEVICE FOR FUTURE DESIGN STUDY

Figure 10 illustrates one possible embodiment of the general type of de-
vice which appears to merit study. Further consideration will undoubtedly
result in substantial deviations from any device now envisaged.

The illustrated device would be supported at the hips in a manner gen-
erally similar to that used in the attachment of a brace.

The principle of this preliminary drawing involves support of the arms
and shoulders at the forearm in spring suspension. The spring is enclosed
in link (B), which is supported by link (A). Link (A) is rigidly attached to
the hip brace and contains a pneumatic motor (piston or nylon muscle) which
causes link (B) to rotate about pivot (X), giving humeral adduction or abduc-
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Fig. 10
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tion with gravity return.

" Limited humeral rotation could be achieved by providing a powered, fric-
tion, or ratchet turntable at joint (F).

The unit for the left side (for right-handed bilateral cases) could be
similar in appearance but would contain no external power elements. It is
suggested that this unit might use spring force to support the arm and shoulder
in a predetermined position. The patient would then use trunk motion to posi-
tion the arm as is done in the ordinary chairback brace.. This positioning of
the left side would have to be accomplished with all active components in the
right side de-energized.

E. CONTROLS

As indicated previously, an attempt will be made to generate control
signals from trunk motion.

Figure 11 shows a T-bar made up of three links (B, C, and D)., This T-
bar is attached to hip support (A) at pivot (0); link (C) is attached to(B)at
O2); and, link (D) is attached to (C)at (Ogk The control signals are to be
derived from relative motions between the links, resulting from movements
of the trunk relative to the pelvis. '

Motion at (O1), (0z), and (Ogz) might be as follows: at (0;) a control signal
is generated by rotating B about the X-axis, and another by rotating(B) about
the Y-axis; at(02) C)slides in and out of (B along the Z-axis; and at (0a), (D)
rotates gbout the Z-axis. '

Control signals resulting from these motions might be used as follows:

1. proportional control of elbow flexion and extension by rotation
about the X-axis at (0.}

2. proportional control of humeral rotation by rotation about the Z-
axis at pivot (0a)

5. humeral abduction and adduction by slide on the Z-axis at (Og with
an on-off-hold control (hold in the relaxed position);

4., proportional control of pronation and supination by rotation about
the Y-axis at (Oyk

The selection of a control signal for a particular motion would ultimately
be determined by the patient's success with various combinations.
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APPENDIX A

DEVICE DESIGN AND DEVELOPMENT

Task Plan: D.D. 1 Approved 12-15-59
Purpose:

1. To accumulate questions which will indicate what the designer needs
to know for the development of a design for orthetic systems by
preliminary design effort or studies on a speeific case.

2. .To develop a proposal for the detailed design and development of a
selected device, :

Problem: To provide the activity of feeding for a patient, observing the fol-
lowing conditions:

1. Patient has bilateral flaccid paralysis of the upper extremities.

2, Scapular complex i1s included in the paralysis.

3, Patient has bilateral hand function. Wrist stabilized in some
"optimum" position.

L, Patient is an adult of average size and weight.

5. Patient is ambulatory.

6. System should be designed for the dominant arm (right).

Assumptions:

1. Activity will be performed with the U.E.
2. PSubject will be seated while performing the activity.

Suggested Procedure:

l. Determine size and weights of U.E. elements,

2. Describe the motions of the U.E. involved in performing the activity.
3. Describe the range of loading cycles.

L, Consider all possible human-device systems to perform functions of

(2) and (3).

5. Select the best one of the possibilities of (4).
6. Drawing board illustrations of system(s).
Schedule:

‘Starting.dete: December 15, 1959.
Finishs June 1 (sooner if possible), 1960,
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Personnel:

Prof. R. C. Juvinall, Chairman; Dr. Smith, Mr. Timm, and Mr. Czap.
Consultants - Prof. J. E. Pearson

Dr. James W. Rae, Jr.
Mr. Hal Schulte, Jr.
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APPENDIX B
GENERAL. OBJECTIVES OF ORTHETIC SYSTEMS
E. Smith

(Based on the Granger report: "Criteria for Acceptance of a Device," UMORP 5-2-60)

The objectives of any orthetic system can be conveniently classified in-
to four groups: (1) to restore function, (2) to avoid undesirable side ef-
fects, (3) to be acceptable to the patient, and (4) to be feasible economically.
The specific objectives listed will be influenced by the nature of the dis-
ability and the requirements of activities, but each should be carefully con=-
sidered, nevertheless, during the design of any type of orthetic system.

A. RESTORATION OF FUNCTION

Upper ¢xtremity function can be broken down into two components: (1) hand-
manipulative function and (2) hand-placement function (which includes posi-
tioning and orientation). The upper extremity performs these functions through
the proper combination of power, control, and constraints. Thus the primary
objectives of an orthetic system restoring function should be to provide, as
indicated, one or more of the following:

1. Constralnts, necessary to:
a. Align upper extremity segments
b, ©Stabllize segments
c. Gulide movement of segments

2. Power, necessary to effect useful movement of segments.

3. Control (under the influence of the will) of the amount, rate, dura-
tion, direction, and point of application of power.

4, Integration of the power, control, and constraints necessary for the
hand manipulative and/or placement functions making up performance
of activity.

B. AVOIDANCE OF UNDESIRABLE SIDE EFFECTS

In achieving functional objectives, effort should be made to minimize
such undesirable side effects on the patient as:
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Interference with function otherwise available to the patient
Adverse effects on skin (excessive pressure, irritation, sensitiza-
tion, etec.)

Adverse effects on circulation (hyperemia, ischemia, etc.)

Adverse sensory stimulation (pain, etc.)

Excessive energy demands

Adverse effects on Jjoint constraints

C. ACCEPTABILITY TO THE PATIENT

Objectives in this area include:

1.
2.
3
L,
De

Simplicity of operation, adjustment, application, removal
Comfort

Cosmetic acceptability

Durability

Ease of maintenance

D. ECONOMIC FEASIBILITY

Objectives in this area include:

1.
2.
3.
L,
5.

Reasonable construction costs

Reasonable adeptability of parts to different individuals
Reasonable fitting time requirements

Reasonable training time requirements

Reasonable maintenance costs
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APPENDIX C

ATPR VISIT MEMO

Visit to: American Institute for Prosthetics Research
By: Robert F. Timm
Date: June 16, 1960

Contacts: Mr, Willis C. Gorthy, Director
Mr. Keisling, Consulting Engineer
Mr. Bartho, Engineer

The visit lasted approximately four hours. A one-hour tour of the In-
stitute was made with Mr. Gorthy and the remaining time was spent with Mr.
Keisling and Mr. Bartho discussing and examining the Heidelberg prosthesis
and the prosthesis developed at the Institute.

The Heidelberg prosthesis was judged not acceptable. The major reasons
for this gre listed as follows:

l. Parts are not interchangeable.

2. The hand is not acceptable cosmetically and does not have sufficient
strength.,

3. The aluminum CQOs cylinders were judged unsafe.

4, Pressure relief valves are unreliable.

In spite of these inadequacies, patients were able to use the device and
the Institute undertook the development of an entirely new pneumatically
powered prosthesis.

Complete details of the new arm are not discussed here. The features of
the arm are described as follows:

The arm operates on COz at 80 lb/inaz which is available from a
pair of stainless--steel cylinders which are connected by an aluminum
manifold. The two-cylinder manifold arrangement was adopted to ob-
tain a more compact unit which is better suited to being worn by the
patient. This unit also incorporates the pressure relief valve and
the pressure reducing valve.

The control valve is a very compact device which is actuated to
£il1l, hold, or exhaust cylinders.
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Double-acting cylinders with O-ring seals are used to provide
the following motions:

l. humeral abduction and adduction

2. elbow flexion and extension

3, pronation and supination of the forearm
4, hand prehension and extension

The model which was examined by the writer was designed for use by a
congenital quadriplegic. It was indicated that the patient was using the
prosthesis and that this was the first device that he was able to operate
successfully.

Mr., Keisling has consented to send plans for components and will provide
information on metallurgical developments which he feels makes the pneumatic
cylinders preferable for this application. He also indicated that he wants
to continue to exchange ideas with the UMORP.

It is recommended that one of their cylinder units be purchased for
our use. Mr. Gorthy is sending prices in this regard.
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APPENDIX D

FORCE CALCULATIONS

DYNAMIC FORCES

...Flexing the elbow thru 90° in 1 second with the angle of rotation

varying sinusoidally.

...Forearm and hand are approximated by a point mass.

ELBOW
W Wa 6
—0 -0
ANGULAR
46" ‘ DISPLACEMENT
13.5" TIME
w
% W ANGULAR
ﬂ
VELOCITY
e
TIME
ANGULAR
ACCELERATTON
Wi = weight of forearm
Wo = weight of hand a
W = 3.1+ 1.2 =4.3 1p
M, (3.1)(4.6) + (1.2)(13.5) = L.3R
R =T7.1" @=g‘smg’c A = R? A = R
W = total weight
R = equivalent torque radius W = Ei oS Et A A/ATTZ + AtE
4 2
73 ¢ W
| a= - 5 sin Et F 5—86' A
0 t A" At A F o T=W/386 AR
(degrees) (sec) in. /sec® in./sec? in./sec®  1b. in.-1b.
0 0 43,1 0 4z.1 48 0
L5e 1/3 32.% -1%.9 35,1 39 1.10
78° 2/3 10.8 -2%.8 26.3 .29 1.88
90° 1 0 -27.5 27.5 .31 2.17

55



© = degrees rotation
A% = normal acceleration
= tangential acceleration
A = Ab+H A (vector sum)
F = total acceleration force
T; = inertia torque (due to tangential acceleration only)

STATIC FORCES

LOWER ARM
CENTER OF GRAVITY HAND LOAD
3 # o # 37 ¥
ELBOW ? o 2 |<>37
-—4.6“——-]
— 13.5"
e 15.4" ——

Torque due to 1.37 1b load at 15.4 inches

T

1.37 x 15.4 = 21.2 in.-1b
Torque due to weight of lower arm and hand

T

(3.1 x 4.6) + (1.2 x 13.5)
.2 + 16.2
30.4 in.-1b

1l

It

Total = 51.6 in.-1b = max. static gravity load with a 1.37-1lb external load
in the hand.
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APPENDIX E

ADVANTAGES AND DISADVANTAGES-INTRINSICALLY POWERED SYSTEMS

POINTS PERTAINING TO ALL INTRINSICALLY POWERED SYSTEMS

Advantages

(1) Power source already available

(a) no added weight for an
external source of power

(b) no added bulk
(c) no added cost

(2) Power supply lasts "indefi-
nitely"; hence no recharging
problems

(3) Possible psychological advan-
tage in using the patient's own
muscle power \

(4) Possible therapeutic value of
exercising the driving muscles

(1)

(2)
(3)

(&)

Disadvantages

Limitation of power available
(a) may overload the muscles
of the patient
(b) severely involved patients
could not use it at all
(hence not a universal
solution)
Restricts the normal function
of driving muscles
Cosmetic disadvantage of re-
quiring conspicuous motions not
required of nonhandicapped per-
sons
Muscles best for power may not
be those most naturally suited
for control

POINTS PERTAINING TO DIRECT CONNECTION TYPES ONLY

Advantages

(1) No controls required. Patient's
inherent control of the driving
muscle provides gutomatically
proportional control at the
upper extremity

(2) Potentially quite efficient
(the only inherent loss is
transmission friction)

(3) Potentially simple

(4) Potentially light in weight

(5) Potentially inexpensive

517

(1)

Disadvantages

Requires either
(a) large excursions at driving
muscle, or
(b) magnified forces, plus
magnified control errors
at the driving muscle
Limits the number of inde~
pendent motions to number of
power sources available; hence
the d@ifficulty of powering
multiple motions simultaneously
may even exceed the difficulty
of controlling multiple motions
Probably awkward to use in a

standing position (and patients

able to use intrinsic power are
very often ambulatory)



C. COMPARISON OF VARIOUS MEANS FOR PROVIDING DIRECT CCNNECTION
(1) Mechanical (solid connection)

(a) Bowden Cable

Advantages Disadvantages
(1) simple (1) high friction losses

(ii) lightweight
(i4i) inexpensive
(iv) compact

(b) Links, Belts, Chains, etc.

Advantages Disadvantages
(1) potentially low (i) complicated
friction (ii) housing problems

(iii) bulk problems

(2) Hydraulic (noncompressible fluid connection; similar to remote con-
trols for engine testing, requiring only one line between
the transmitter and receiver):

Advantages Disadvantages
(a) low friction (seal friction (a) weight, bulk, cost
in sending unit piston; problem of transmission
possibility of using nylon and receiver units

muscle for receiving unit,

or as sending unit as well)
(b) flexibility and low bulk of

transmission line

(3) Pneumatic (compressible fluid connection)

Disadvantages

(a) compressibility of the
medium precludes its use

(4) Electrical

Disadvantages

(a) no known types meriting
consideration

38



D. POINTS PERTAINING TO SYSTEMS EMPLOYING MEANS FOR MANUALLY RECHARGING AN
ENERGY STORAGE UNIT

Advantages Disadvantages

(1) spreads muscular (1) requires all components
energy requirement of an extrinsic power
over & longer time system plus a charging
period device
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APPENDIX F
USE OF DENERVATED MUSCLE AS A SOURCE OF POWER IN ORTHETIC SYSTEMS

Edwin M. Smith, M.D.

INTRODUCTION

In lower motor neuron disease, the primary function lost is transmission
of signal from control centers to motors. In keeping with the Projectfs policy
of striving to replace the most basic functional loss possible, an assessment
has been made of the feasibility of using an orthetic system to substitute for
this loss of signal transmission. Such a system would, conceivably, permit
purposeful utilization of all remaining functional tissue, especially muscle
tissue.

The function of such a system, then, would be to gather appropriate in-
formation from the central nervous system and apply it to denervated musecle in
a way causing 1t to contract and power purposeful movement. The first part
of this function, e.g., obtaining appropriate signals from the central nervous
system, has been proven feasible (although crude) in the variety of current
orthetic and prosthetic devices under the control of the will, and is not con-
sidered further in this report. The other function of the system, e.g., apply-
ing stimulus to denervated muscle fibers to power movement, has received little
attention in the field of orthetics, even though it potentially has many ad-
vantages over other sources of power.

POSSIBLE ADVANTAGES OF A SYSTEM USING DENERVATED MUSCLES AS MOI ORS

It seems clear that any orthetic system which could use denervated mus=-
cles as motors would provide several important benefits, including those re-
sulting from:

l. The gpplication of forces to the skeletal framework in a manner
closely approximating normal application.

2. The availability of as many motors as there are usable muscles.

5. The elimination of need for external motors, with their bulk,
power sources, complexity, etc.

4, 'The restoration of more normal homeostasis and the benefits re-
sulting from active contraction of muscle.
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POSSIBLE PROBLEMS ASSOCIATED WITH USE OF DENERVATED MUSCLE AS A POWER SOURCE

An attempt has been made to determine the basic categories of obstacles
which might be encountered, and to consider possible solutions. It is as-
sumed that if no insurmountable problems are foreseen, both the feasibility
and the direction of further investigation should be indicated.,

It appears that any problems presently foreseeable fall into three cat-
egories:

1, Those related to initiation of muscle contraction,

2. Those related to transmission and localization of signals to muscle
fibers.

%, Those related to maintenance of the physiologic integrity of muscle
and associated tissue.

I. Initiation of Muscle Contraction

Current knowledge indicates that there are four possible types of stimuli
capable of effecting contraction of a muscle fiber: (1) electrical, (2) chem-
ical, (3) thermal, and (4) mechanical.l Each is believed to initiate contrac-
tion by causing elimination of the electrical potential across the cell mem~
brane or by direct action on the contractile element,

It would be expected, however, that mechanical or thermal stimuli suf-
ficient to produce repetitive contractions would result in serious damage to
the muscle fiber. Although all possible forms of these stimulli probably have
not been investigated in this regard, there appear to be formidable obstacles
to their use in an orthetic system.

Chemical stimuli also seem to present serious difficulties, particularly
in their transmission, activation, localization, confinement, control, speed-
of reversal, effect on other tissues, etc, For these reasons a search for a
satisfactory chemical stimulus would be uncertain of success despite the many
possibilities among this group. Nevertheless, a literature search, at least,
in this area might be indicated, particularly to look into a possible combina-
tion of chemical and electrical stimuli,

Electrical stimulation, of course, is the form used most extensively to
initiate contraction of denervated muscle. Considerable knowledge regarding
its physiologic effects and its requisites for producing contraction is
available. In all probability it is the form most closely approximating the
normal nerve impulse, and it is possible, under some circumstances, to use it
repeatedly without harming tissue. Despite these advantages it has not been
used successfully to produce useful extremity movements, primarily because of
difficulties encountered in stimuleting enough muscle fibers without causing
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adverse effects in intervening tissues, and in localizing current to desired
fibers with precision and without spread. Although these problems are seri-
ous, possible solutions can be envisioned, and for this reason, and because
of its other advantages, electrical stimulation is the form considered in this
report,

II. Transmission and Localization of Electrical Stimuli

Two types of transmission of electrical stimuli from skin to muscle are
possible: (1) percutaneous stimulation, whereby intervening tissue serves as
a volume conductor, and (2) direct stimulation, without interaction with inter-
vening tissue. The first type is the standard clinical method.

A, Percutaneous Stimulation,-—Although smell amounts of current applied
directly to muscle fibers will cause useful contraction, relatively huge quan-
tities must be applied to the skin over the muscle before a similar contrac-
tion occurs. The most likely reason for this phenomenon is the presence of
low resistance paths between electrodes in tissues other than muscle causing
en electrical shunt around the muscle.® The blood stream, for example, offers
very low ohmic resistance, while fascial tissue (which encases muscle) is
high in resistance. Very likely, the only current reaching denervated muscle
in any quantity is carried there through blood vessels penetrating the fascial
barrier,

When a high-~intensity stimulus is redquired to initiate useful contrac-
tion, undesirable stimulation of adjacent sensory nerve endings occurs, and
if the stimulus is strong enough, actual damage to other low-resistance tis-
sues may result. The amount of percutaneous stimulation tolerated by a pa-
tient is usually too low to produce a contraction sufficient to move an an~
atomical part against resistance. Also, current thus applied tends to spread
to other muscles, causing unwanted contractions.

Because of the relative simplicity of applying percutaneous stimulation,
however, this method would be desirable if its disadvantages could be over-
comes Several possible means of increasing strength of contractions without
intensifying the side effects have been proposed. One means would be to re=-
duce the intensity of side effects per unit of current, thus permitting use
of a stronger stimulus. Another would be to increase the number of fibers
stimulated per unit of current. If both could be accomplished, their benefi-
cial effects should be complementary.

One method of reducing side effects per unit of current would be through
use of a stimulus affecting muscle but not sensory nerve endings. That such
a solution might be possible is suggested by the fact that the characteristics
of an electrical stimulus necessary to activate denervated.muscle are some-
what different from characteristics of stimuli necessary to activate sensory
nerve endings. The difference known to result in the greatest discrimination
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is the time constant of the stimulus; and it has been shown that stimuli with
longer time constants are less painful but edually effective in producing con-
traction of denervated muscle,o It is not known how much additiongl current
(and thus increased strength of contraction) the use of this type of stimulus
permits, or, for that matter, what the precise characteristics of such a stim-
ulus necessary to produce maximum discrimination might be. '

A preliminary experiment has been carried out on denervated muscle to
find whether stimuli with prolonged time constants might permit use of addi-
tional current without causing more pain. In this experiment it was noted
that such stimull did allow the use of more current, but not nearly enough to
activate useful movement. This suggests again that most of the extra current
never reaches muscle but 1s shunted around it through low-resistance tissue.

The problem of adverse sensory stimulation might also be tackled by
eliminating the sensory nerve endings or paths in the area. This could be
done by destroying the nerve supply or by introducing a local anesthetic, pos-
8ibly by iontophoresis. This more drastic solution has not been investigated
as yet, but percutaneous. stimulation in a patient who has already lost sensa-
tion is planned.

Problems associated with percutaneous stimulation have also been ap-
proached by seeking a way to increase the number of fibers stimulated per unit
of current. To this end it was postulated that if all fibers in the path of
a unit of current were stimulated, and if the number of fibers encountered
varied among different paths, the strength of contraction would depend on
which path (or paths) the current took. The best path might then be selected
through proper electrode placement.

A simple test was made of this hypothesis by varying both the location
and number of electrodes over a muscle belly. Very little variation in strength
of contraction was noted with this test;, however, and the strongest contrac-
tion did not produce useful motion. At the same time, altering the placement
of electrodes did not seem to affect the spread of stimulus to adjacent mus-
cles, Once again, it was presumed that most of the cuwrent traveled through
the vascular subcutaneous tissue, and that it spread to adjacent muscles
through the blocd stream.

Thus it would seem that the inherent problem of percutancous stimulation
is one of "having to use a camnon to do the job of a slingshot." To date, no
clear way of obtaining useful extremity movement against resistance with this
method is visible. I% might, however, have promise in systems requiring rel-
atively little power to produce useful movement, such as the "feeder," and the
theoretical advantages of intrinsic over extrinsic sources of power would war-
rant its further investigation.

B. Direct Stimulation.—This method bf electrical stimulation avoids
using intervening tissue as a volume conductor, but rather transmits the elec-
trical energy directly to desired muscle fibers without interaction with in-
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tervening tissue. Preliminary testing of direct stimulation of normal muscle
with needle electrodes has shown that strong contractions can be obtained
with less than one~third of the current required with percutaneous stimula-
tion. Furthermore, by the crude method of varying electrode placements in
the muscle belly, the pain of electrical stimulation could be reduced to a
level tolerable to the two subjects used in the experiment.

Although direct stimulation theoretically minimizes the problems of cur-
rent shunting and undesirable sensory stimulation, it raises other problems
associated with getting the stimulus to the muscle. That these problems are
not insurmountable, however, has been shown in the field of heart disease
where electrical "pacemakers" employing direct cardiac stimulation have been
used clinicallyou Problems have been encountered with this application, but
it has been successful enough, seemingly, to justify consideration in the
field of orthetics.

A system of direct stimulation would require two basic components: (1)
a method for transferring the stimulus to the area of the muscle, and {2) a
mechanism for applying the stimulus to muscle so as to initiate useful con-
traction.

1. Stimulus Transfer.-——There are two apparent ways for trans-
mitting electrical stimuli to muscle without affecting intervening
tissue: wuse of an insulated conductor, and use of a form of energy
not interacting with tissue.

Insulated conductors, in turn, could be composed of either a
physiologically inert material introduced between skin surface and
muscle, or of body tissue modified to serve as an insulated con-
ductors Wires with plastic insulation have been used in cardiac
pacema,l«:a—:;r’rsl9 and plastic fluid-carrying tubes have beern inserted in-
to tissues for prolonged periods, testifying to the possibility of
their use in orthetics. ‘

Several kinds of tissue might also serve as insulated conductors.
Degenerated nerve fibers, for example, might be used if electrically
conducting materials could be introduced into them all the way to
their point of contact with muscle. Concelvably, application of a
signal to this treated nerve would cause stimulation of all muscle
Tibers supplied by the nerve. Even vascular tissue might serve as a
specific, semi~insulated conductor of stimulus throughout a muscle
belly, providing the appropriate vessel could be brought to the stim~
ulus or vice-versa. Still another possibility might be the use of
high-resistance tissues, such as fascia, in constructing electrolyte-
enclosing tubes between skin and muscles. Simple percutaneous stimula-
tion might even be made more feasible if the electrical barrier of
fascia around muscle could be reduced, as, for instance, by cutting
"windows" in it.
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There are also interesting possibilities in using a form of
energy which does not seriously interact with intervening tissue to
serve as a carrier of signal to muscle. Transducers would then be
Jocated in muscle to counvert this energy to appropriate electrical
stimuli, Electromagnetic, accoustic, or even mechanical energy
conceivably could serve as such signal carriers.

In this regard, a cardiac pacemaker has been developed which
employs modulated, high-frequency energy as a carrier of stimulus
to a transducer embedded in subcutaneous tissue. The "detected"
signal is then led to cardiac muscle by an insulated wire.” Use
of carrier energy in one of these forms could bypass the possi-
bility of infection and discomfort resulting from skin penetration
by wire or other foreign material.

2, Stimulus Application to Muscle.—With some of these pro-
posed methods for direct conduction of a stimulus, the problem
still remains of applying the signal to muscle fibers in a satis-
factory way. Again two classes of solutions are suggested: wuse
of physiologically inert electrodes implanted in muscle, or use
of modified anatomical structures already in existence. In the
first instance, the electrodes might serve either as a device for
applying stimulus directly to muscle or also as a transducer con-
verting "carrier" energy to stimulus. In either case considerable
knowledge regarding the optimum structure, ccmposition, number,
placement, etc., of such electrodes would be necessary in order to
obtain the most usable contraction without causing tissue damage.

Modified anatomical structures or tissues might also serve as
intromuscular electrodes, If blood vessels or degenerated nerves
were used as conductors, their terminations would represent ready-
made "electrodes.," It might also be possible to bring other con-
ductors into muscle and tie-t@em into terminations of one of these

. tissues, or even to comnstruct artificial electrodes of appropriate
tissue.

III. Maintenance of Physiologic Integrity of Denervated Muscle and Associated
Tissue

With either system of muscle stimulation, percutaneous or direct, the
problem remains of maintaining the denervated muscle fiber as an effective
contractile element. It has been shown that, even with repeated percutaneous
stimulation for a long period of time, atrophy will progress. It is not
known, however, whether this atrophy is the result of failure to provide the
muscle fibers enough "exercise" even with the repeated stimulation, or whether
some other factor. is involved. There is evidence, for example, to suggest
that nerves normally exert a "trophic" effect on muscle metabolism, indepen-
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dent of the effect produced by stimulation of contraction, and that loss of
this trophic effect may be one cause of atrophyc7 Along another line, it has
been shown that fibrillations usually disappear from completely denervated
muscle within a year (indicating complete loss of function of the denervated
muscle), while in partially denervated muscle, fibrillations may remain in-
definitely. The difference may be one of vascular supply, with loss of func-
tion of fibers in the completely denervated muscle the result of a "drying
up" of its circulation due to lack of demend.’? The best way to minimize

. atrophy may well be to use direct muscle stimulation, since such stimulation
should activate large numbers of fibers as often as the muscle is used and
should, at the same time, increase the demands on the local circulation.
Present clinical use of percutaneous stimulation to reduce atrophy probably
does not come close to accomplishing this level of muscular activity.

Another problem associated with electrical stimulation is the accumula-
tion of adverse chemical effects resulting from current flow. The "elec-
trolysis principle" probably underlies many of these effects in that destruc-
tive ilons accumulate at electrodes when direct current is being used. Pe-
ricdic reversal of polarity might reduce this problem considerably, but
whether it would eliminate the problem when using electrodes embedded perma-
nently in muscle is not known. The other destructive effects of electricity,
such as those resulting from generation of heat, are usually the result of
high current intensities, This problem might be controlled by proper elec-
trode size, number, and placement so as to avoid high local concentrations
of current.

The problem of foreign-body reaction must also be considered when intro-
ducing any material into tissue. A variety of relatively inert materials has
been found recently which might be used in direct stimulation, but use of
these materials over a period of many years has not been fully evaluated.

In the final analysis, the problem of adverse tissue reactions to cur-
rent flow, ion accumulation, and the presence of foreign materials may be the
biggest obstacle to the use of direct stimulation. In using cardiac "pace-
mekers," for example, difficulty is frequently encountered after a few weeks
from scar tissue development around implanted electrodesalo This reaction,
however, may be resulting, in part at least, from the use of d-c impulses,
with their "electrolysis effect.”

CONCLUSIONS

From the foregoing, it appears possible that denervated muscle could
serve as a practical source of power in orthetic systems. Direct stimulation
is theoretically superior to percutaneous stimulation in that it seems to
offer better localization of stimuli, less pain, and more useful movement
against resistance. It may also result in better preservation of metabolic
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function of denervated muscle. DPercutaneous stimulation, on the other hand,
might be of value in systems requiring minimal power, such as the feeder.

The most serious problem recognized at this time is the one of tissue
reaction to prolonged electrical stimulation and electrode implantation. It
is proposed, therefore, that before undertaking intensive study of use of
denervated muscle in general, the problem of tissue reaction be investigated.
If solutions are found, studies would then be indicated in such other areas
as:

b

Maintenance of metabolic function of denervated muscle,
Elimingtion of pain with electrical stimulation.
Transmission of stimulus to muscle without puncturing skin.
Optimization of stimulus characteristics.

Selection of muscles for use as motors.

Instrumentation.

a
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APPENDIX G
BIBLIOGRAPHY
Electrical Arm Project, Final Report of Research and Development under

VA Contract No. V1001M-2195, New York, , Alderson Research Laboratories,
Inc., June 50 1952,

Electrical Arm Project, Contractor's Final Report on Research and Develop-
ment of Electric Arms and Electric Arm Components, “under VA Contract No.
V1Q01M- 3125, New York, Alderson Research Laboratories, Inc., 1953.

Abramson, Arthur S., et al., "Mechanical Substitutes for Hand Function in
the Tetraplegic," Amer. J. of Phys. Med., 37:98-105 (1958).

Criteria are established for hand prothesis and pictures and data are
available for muscle-powered prelhiensile device where harness and cable

are employed to appose rubber band force through a. linkage.

Orthopedic Appliance Atlas, Vol.-1l, Ann Arbor, J. W. Edwards, 1952.

An extensive volume with detailed information on materials and methods
dealing with orthetic devices. Should be very useful to the engineer
from "materials" standpoint.

Klopsteg, Paul E., Wilson, Philip D., et al., Human Limbs and Their Sub-
stitutes, New York, McGraw-Hill, 1954.

Article on electric arm (IBM).

Lionel Corporation, How to Operate Lionel Electro-Mechanical Orthopedig
Hand Appliance, Irvington, N. J., Lionel Corp, (no date).

s An electrically operated'device to provide prehension and extension
of the hand - batteries rechangeable.

The National Foundation, Orthetic Devices for Upper Extremity Bracing, New
York, The National Foundation (no date).

Pictures with brief descriptions of several orthetic devices: artificial
muscles, (pneumatic), EMG activated, slings, feeders, dynamic splints --
very little technical material.

Dempster, Wilfrid T., Space Requirements of the Seated Operator, U. S.
WADC Technical Report 55-159, Dayton, Ohio, Wright Air Development Center,
1959. |
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11.

12,

13.

14,

Good reference for material on geometrical, kinematic aspects of limbs.
Contains information for model of upper arm.

Anderson, Miles H., Functional Bracing of the Upper Extremities, Spring-
field, Ill., Charles C. Thomas, 1958.

Many illustrations of prosthetic devices ~- primarily for the technician--
possibly will be of help from standpoint of materials and hardware cur-
rently being used.

Battye, C. K., Nightingale, A, and Whillis, J., "The Use of Myo-Electric
Currents in the Operation of Prostheses,” Journal of Bone and Joint
Surgery, 37-B:506-510 (1955).

Short descriptive article on a two-position prosthetic hook, electrically
operated and controlled by EMG signals. Results with the device are en-

" couraging and recommendations for further investigations are submitted.

Hoerner, Earl F., "Electromechanical Arm Slings," AMA J., 165:150-152
(1957).

Article describing electrically actuated arm slings for patient confined
to wheel chair.

Keller, A. D., Taylor, C. L., and Zahm, V., Studies to Determine the
Functional Requirements for Hand and Arm Prosthesis, Department of
Engineering, Univ. of California, Los Angeles, 1947.

Methods are described for taking data -- data provided -- forces. involved
in manipulation of common objects. An extensive report with an abundance
of data on motion and forces in common activities involving the U.E.

Stang, Jr., L. G., Hot Laboratory Equipment, 2nd Ed., Washington, D. C.,
U. S. Atomic Energy Commission Technical Information Service, 1958.

...Handling radioactive materials. Contains a section on "Manipulators."
Operation is of servo type. Possible contributions will be in the line
of hardware.

Barter, James T., Estimation of the Mass of Body Segments, U. S. WADC
Technical Report 57-260, Dayton, Ohio, Wright Air Development Center, 1957.

Contains regression equations for computing mass of body segments =--
combines Dempster's work with that of previous investigators =-- useful
at a later date.
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15,

16,

17.

18,

19.

20.

21'@

22,

23.
2k,

25.

26.

Weltman, Gershon, Groth, Hilde, and Lyman, John, An Analysis of Bio-
electrical Prosthesis Control, Biotechnology Laboratory Report No. 1,
Department of Engineering, Univ. of California, Los Angeles, 1959.

An analysis of the EMG, ENG and EEG signals as potential sources of
control for prosthesis--greatest hopes for ENG signal. However, little
is known about it. EMG provides greatest immediate promise--technical
material for future reference,

University of California (Los Angeles), Department of Engineering, Arti-
ficial Limbs Project, Patterns of Hand Prehension in Common Activities,
Special Technical Report No. 3, 1957.

Fair amount of quantitative data on hand prehension for common activities.
Not pertinent to our immediate problem.

Santschi, William R., ed., Manual of Upper Extremity Prosthetics, 2nd Ed.
(rev.), Department of Engineering, Univ. of California, Los Angeles, 1958.

Contains many illustrations and descriptions of devices in use--possibly
helpful in "hardware department."

Ralston, H. J., "Recent Advances in Neuromuscular Physiology," Amer. J.
of Phys. Med., 36:94-120 (1957).

Handbook of Physiology; Section I: Neurophysiology, Vol. 1, Washington,
D. C., American Physiological Society, 1959.

Contini, Renato, "Prosthetics Research and the Engineering Profession,"
Artificial Limbs, 1:47-76 (1954).

Floyd, W. F. and Welford, A. T., "Symposium on Human Factors in Equip-
ment Design," Ergonomics Research Society Proceedings, Vol. 2 (1954).

Hoerner, Earl F., "The Challenge of the Quadriplegic and his Rehabilita-
tion," Clinical Orthopedics, 12:112-123 (1958).

Murray, Don, "A Father's Helping Hand," Today's Health, 37:38-39 (1959).

Taylor, Craig L., "The Biomechanics of Control in Upper-Extremity Amputees,"

Artificial Limbs, 2:4-25 (1955).

Tufts College Institute of Applied Experimental Psychology, Handbook of
Human Engineeririg Data, 2nd Ed. (rev.), Technical Report No. SDC 199-1-2,
November, 1952.

Hoerner, Earl F., "Heidelberg Pneumatic Arm Prosthesis," Archives of
Physical Medicine and Rehabilitation, 39:411-416 (1958).
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27.

28.

29.

30.

1.

Marquardt, Ernst and Haefner, 0., Technical Adequacy and Practical Ap-
plication of Heldelberg Pneumatic Prosthesis, New York, International
Society for the Welfare of Cripples, 1956.

Marquardt, Ernst, "Indications for Application of the Pneumatic Arm
Prosthesis, Part I," Prostheses, Braces, and Technical Aids, No. 6; 3-10

(1959).

Kobrinskii, A. E., et al., "Problems of Bioelectric Control.”

Bruns, Robert A. and Saunders, Robert M., Analysis of Feedback Control
Systems, New York, McGraw-Hill, 1955, Chap. 5.

Miller, Ruth and Israel, Beverly, "Analysis of Eating as Observed on
Normals: General Conclusions," University of Michigan Orthetics Research
Project, March 9, 1960 (unpublished material),
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