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Abstract

Externally powered prostheses have been studied for many years, in efforts to provide more
effective rehabilitation of amputees. In order to take advantage of the benefits offered by external
power in prostheses, however, the mode of control of the prosthesis by the amputee must also be
improved. Conventional control methods require a high degree of mental concentration by the
amputee on his prosthesis, because of at least two important factors: (i) the mode of control
of a prosthesis motion conventionally is different from control of the corresponding normal
action; and (ii) there is no feedback of sensation from the prosthesis to the patient except through
the visual sense.

Bioelectric control offers the possibility that control of the prosthesis action can be similar
to control of the corresponding body action, which was lost through the amputation. The muscles
in the body produce an electrical signal, called the electromyogram (emg), which can be sensed
directly from the surface of the skin. Several experimental prostheses have been developed pre-
viously, which use emg signals for control purposes. The major shortcoming of most of these
devices has been the lack of graded control of their behavior.

A system has been developed which utilizes surface emg signals from the biceps and triceps
of an amputee's arm to provide graded control of an elbow prosthesis. The development included
as an intermediate step the control of a simulated forearm in a digital computer, in real time. In
its present form the signal processing consists of full-wave rectification and lowpass filtering of
the emg signals from biceps and triceps muscles; an actual mechanical elbow prosthesis can now
be voluntarily controlled through the subject's emg signals.

The performance of the system in its present form is described, and its indications for future
work are outlined. Foremost among these is the need for feedback to the patient of (at least)
position information from the prosthesis, outside of the visual sense. One method by which it
may be possible to accomplish this in an inherently normal manner is suggested.

The use of nerve signals as the control signal for a prosthesis offers many potential advan-
tages over the use of the emg signal; the practical problems involved in observing nerve signals,
however, combined with the lack of information as to how to properly interpret them, makes this
approach infeasible now. Preliminary experiments aimed at deriving the necessary information
in order that nerve signals can ultimately be used are described here. The results are still
inconclusive.
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I. INTRODUCTION

For many years, the standard means of control of the action of a prosthesis has

been through gross body motions of the amputee. In the early 1950's the late Norbert

Wiener observed that the biological signals that controlled actions which had been lost

in amputation, were still present in the body of the amputee. Professor Wiener sug-

gested that certain of these signals could be used to control a prosthesis, instead of

using gross body motions. The main advantage of such an approach is that its mode of

control would be similar to the control of the corresponding body section that had been

amputated. Thus one could logically expect that the amputee's ability to control the

device would exceed his ability to control a conventional prosthesis.

Interest in Professor Wiener's idea grew slowly in this country. In Britain and the

Soviet Union, however, at least two groups of workers began work in the field. By 1955,

the British had reported some progress, and the Russians reported their first ac-

complishments in 1959.24,90 The Russian work received a great deal of publicity and,

in 1961, on a visit to Russia, Dr. M. Glimcher witnessed a demonstration of the pros-

thesis that had been developed.

Upon Dr. Glimcher's return, he approached Professor Wiener, who suggested that

Professor Amar G. Bose, of the Department of Electrical Engineering at M.I.T., might

be willing to undertake a research project in this direction. This author expressed

interest in the idea, and it was agreed that the work would be undertaken under Pro-

fessor Bose's guidance, as this author's Doctor of Science thesis research. Financial

support was obtained from the Liberty Mutual Insurance Company, whose interest

stemmed from their long-time involvement at the forefront of rehabilitation of the

disabled.

In this research effort we continually emphasized a fundamental approach to the

problem. The work began in February 1962, and included from the outset one year of

study in physiology, prosthetics, and related fields. As a result of this work, we under-

took to carry out two investigations simultaneously. Through the study of the relevant

physiology it became clear that the use of nerve signals for control purposes could

potentially offer considerably improved rehabilitation, as compared with that possible

through the use of muscle signals. Thus, despite the practical difficulties involved in

the study and use of nerve signals, we elected to investigate the various factors affect-

ing their application to prosthesis control. Some preliminary data on nerve signals

have been obtained.

It is clear, however, that for use in the immediate future, the electromyographic

signal (emg) is the most practical bioelectric signal for control purposes. Thus we set

out to study, in parallel with the investigation of nerve signals, the properties of the

muscle signal. This began with an investigation of the spectral characteristics of the

emg signal, as a function of muscle tension. The study of physiology, combined with

the experiences of others in prosthetics, have led us to emphasize that the control

1



behavior in the prosthesis should be similar to that in a normal arm. Our interest in

this ideal of normal behavior caused us to choose a very flexible form of signal pro-

cessor, the digital computer, for our experimental emg-controlled prosthesis. Although

it was clear that the ultimate control system must be small and compact, and therefore

simple, we chose to place as few restrictions as possible on the initial form of the

system. In this way the fundamental issues relating to the control problem could

most easily be identified and studied.
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II. AMPUTEES AND PROSTHESES: THE PROBLEM

2.1 GENERAL BACKGROUND

Mechanical devices have been devised for many years to assist persons who have,

through various medical disorders or accidents, or congenitally, been deprived of some

measure of normal physical ability. ' There are examples of such prostheses

dating from medieval times. For surgical amputation of an arm or leg, prostheses

have taken many forms, and all have had certain deficiencies, for which scientists have

not yet found completely satisfactory solutions. Generally speaking, the shortcomings

of the arm prostheses that are now clinically available are the following.

1. The prostheses have far fewer degrees of freedom than the normal arm for

which they are intended to substitute. Thus they perform certain tasks in an awkward

manner, and in some cases only with great difficulty for the amputee.

2. The controls (i.e., the actions of the amputee which control motions of the pros-

thesis) for a given prosthesis motion are not related to the actions of a normal person

which cause the corresponding motion of a normal arm. For example, flexion of the

"elbow" of a prosthesis may result only from movement of the shoulder of the amputee;

whereas in a normal person elbow and shoulder motions can be independent. The re-

sult of this is that the amputee must learn an entirely new pattern of activity in order

to make the prosthesis useful to him, and his ultimate performance is often limited

because the degree of relearning which is required is so great, and the constraints of

the control system are so severe.

3. The only sensation that the amputee receives from the prosthesis is that which

he can obtain from visual observation of its performance, and from any extraneous

noises that it makes or forces that it transmits back through the socket and harness.

We will see that this is significantly less sensory information than is present in a real

arm. The degree of visual concentration which is required to properly operate present

protheses precludes development of more complex, more flexible devices because the

patient could not adequately control a device more complex than one of the current types.

Furthermore, it is now very difficult for an amputee to carry on a conversation or

engage in any other activity that reduces his conscious concentration on the prosthesis,

while simultaneously operating his prosthesis; while for a normal person a large num-

ber of common activities involving his arm can be carried on while he is talking and

performing other activities perfectly naturally, and with very little concentration on or

attention to his arm motions.

Although recent concerted efforts in prosthesis design have been historically re-

lated to the World Wars, the number of civilian amputees now far exceeds the number

of amputees resulting from war injuries. A recent estimate places the number of

civilian amputees at approximately one-half million, while the veteran amputees of all

wars number approximately 40,000.50 Nevertheless, it was immediately following

3
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World War II, through the efforts of the National Research Council in this country, and

simultaneously in other countries, that scientific research was channelled into this

field. By comparison of the engineering sophistication of many of the machines that

have been developed by modern science with that of current prostheses, one cannot

avoid feeling that the area of prosthesis development has been largely ignored. It seems

clear that a concerted effort cannot fail to provide significant improvement in the

capabilities of the prostheses available for amputees. It is probably for these reasons

that the present broad effort on the over-all problems of the amputee has developed.

Arm amputees vary over a wide range in many ways. For example, amputations

may be due to injuries leaving stumps in various stages of injury themselves. Amputa-

tions may be due to diseases leaving the muscles and nerves in the stump and the

surrounding area of the person in various stages of damage. An amputation may be

congenital, and the existing stump in such a case may not closely resemble that of a

normal person. The strength and psychological state of amputees vary widely, depend-

ing on age, cause of amputation, and so forth. A patient may have other injuries or

disabilities that constrain the way in which he may be fitted. Finally, an upper-

extremity amputation may be at any of at least six functionally different levels, as

shown in Fig. 1, from a wrist disarticulation, in which case normal wrist rotation is

usually retained, to a removal of the whole arm and shoulder (interscapulothoracic),

in which case no arm or shoulder function exists at all. The breadth of these variations,

of course, only increases the difficulty of building one or a few types of devices to serve

all cases; the individual cases will often impose constraints on the type of prosthesis

which can be fitted, which may preclude the application of any "standard" device.

2.2 STANDARD MEANS OF PROSTHESIS CONTROL

An important evaluation with respect to any amputee is the number of possible

sites which he can provide for control of the prosthesis. By this is meant the number

of motions or actions which he can control, and which either are of no present use to

him because of his amputation or are less important than some of the actions that have

been lost in the amputation and can be restored by a prosthesis. The intention is to

retrain the patient to use these actions to control other actions in the prosthesis. The

three most common control motions for an above-elbow prosthesis, for example, are
135

flexion and extension of the shoulder, and the shoulder shrug. The concept of using

motions to control a given activity of the prosthesis which are not associated with such

activities in a normal person has been accepted for many years, largely because very

little choice was possible. In most cases the amputation leaves so little of the normal

activity which it is desired to restore that there is no possibility of prosthesis control

by the remainder.

Generally speaking, the longer the stump, the greater the number of possible con-

trol sites, and the smaller the number needed, because of the relatively lesser degree

of disability in these cases. Thus the extremely short stumps are the ones that are
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From Human Limbs and Their Substi-
tutes by P. E. Klopsteg and P. D.
Wilson. Copyright 1954 McGraw-
Hill Book Company, Inc. Reproduced
by permission of McGraw-Hill Book
Company.

Fig. 1. Major sites of amputation in the upper extremity.

most discouraging, since the patient needs a great amount of help and has the least

residual function with which he can be helped.

The types of controls which are most common consist of a cable anchored to some

point on the harness which is supporting the prosthesis, connected at its other end to

5
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the segment of the prosthesis which it is desired to move. The point on the harness

which is used is carefully chosen so that by some motion that the amputee is able to

perform he can exert tension on the cable. At most, three such motions have been

successfully used in one above-elbow prosthesis, as shown in Fig. 2. Considering the

number of degrees of freedom in the human arm this is very little indeed. We must

remember, however, that the restoration of even one degree of freedom to an amputee

is considered by him to be a considerable improvement, especially if the choice of

action to be restored and action to be used in controlling it are carefully tailored to the

patient's needs. On the other hand, it seems apparent that any effort to find improved

ways of providing this assistance, which may make possible far greater help for the

handicapped, is justified.

Above-elbow triple control with shoulder saddle. Chest strap a buckles near front apron of
shoulder saddle c and passes around opposite axilla to give rise to shrug-control cable d. Strap b
gives vertical suspension to a. Straps e and f are suspensors passing through D rings on the lateral
and medial aspects of the socket. Arm-extension control g runs from shoulder saddle to elbow lock.
Arm-flexion control h passes around socket and attaches to forearm lever i.

From Human Limbs and Their Substitutes by P. E. Klopsteg and P. D. Wilson. Copy-
right ) 1954 McGraw-Hill Book Company, Inc. Reproduced by permission of McGraw-
Hill Book Company.

Fig. 2. Triple-control harness for an above-elbow amputee.

Besides the problem of using a very few control sites to control a device that

should have a rather large number of degrees of freedom, one other factor plays an

important part in prosthesis design. That is, that the control site must have available

enough force to deliver to the prosthesis, and it must be able to impart to the control

cable sufficient excursion to operate the prosthesis motion for which it is intended.

Of course, by appropriate lever arrangements force can be traded for excursion, but

the product of the two, force times excursion, must be sufficient for the required

prosthesis action. This requirement has led to the abandonment of a great number of

otherwise satisfactory control sites.
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When an actual gross body motion is used to control a prosthesis, this motion is

coupled to the prosthesis so that in addition to its normal action as before, that motion

also controls the desired action of the prosthesis. Thus the amputee is in the position

of having to perform some unrelated body motion in order to control the prosthesis.

The external effect of this is undesirable. It has long been considered an important

goal to control a prosthesis directly from the force of some muscle, rather than through

the motion of some part of the body. If this were possible, any muscle which could be

flexed would be a potential control site. The same technique could possibly be applied to

the muscles in the stump which formerly moved a portion of the body which was ampu-

tated, and if these muscles were then connected to control the corresponding prosthesis

action, then the resulting over-all effect could logically be expected to be more natural

for the amputee than any other possible means of control of that action.

2.3 CINEPLASTY

A technique was developed which could make these goals attainable. It is called

cineplasty, and dates in its earliest forms from before World War I. It consists of

surgically modifying a muscle by creating a skin-lined "tunnel" through it, through

which a pin can be inserted, which in turn can operate a control cable to a prosthesis. 8 8

Cineplastic tunnels have been made in biceps and/or triceps, in the pectoral, and with

less success in the forearm flexor and extensor groups. They have been most success-

ful in the biceps in the case of below-elbow amputations, in which case the normal in-

sertion of the biceps into the stump of the forearm is released, leaving to other

muscles the job of flexing the elbow, and the biceps "muscle motor" is used to control

closing of the terminal device. Because of harnessing problems, however, cineplasty

has not been as successful as one might hope in using muscles to control the prosthesis

motion corresponding to the real motion those muscles formerly controlled.

Despite its potential, the cineplastic technique has fallen into disuse in recent

years, at least in the United States. The cineplastic tunnels have been found to be very

difficult to keep clean, and are a frequent source of irritations and infections. Further-

more, they involve a surgical modification to the body which amputees and their

families have found difficult to accept. Hence cineplastic operations, which were at

one time quite prevalent in this country, are now virtually unknown.

2.4 EXTERNAL POWER

Another important concept has been the application of external power, controlled

by a very small motion at some control site, for operation of the prosthesis. 1 For

example, the bulge of a muscle as it tenses would be a possible control site if it were

able to impart to the prosthesis sufficient force and excursion for prosthesis operation.

By connecting such a control site to operate an electrical switch, which in turn operates

an electrically powered prosthesis, or to operate a mechanical valve which in turn

applies pressurized carbon dioxide to a gas-powered prosthesis, as examples, it would

be possible to relax considerably the restrictions on the choice of acceptable control
sites. 5 3 , 8 5 ,1 0 5 ,1 4 9
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The application of external power provides one other major advantage: In cases of

severe disability, such as, for example, a bilateral shoulder disarticulation (both arms

completely removed at the shoulder), there are clearly very few, if any, available

control sites capable of the power necessary for conventional prostheses. By careful

training, however, the patient can learn to operate one or a few motions as controls for

an externally powered prosthesis. A "sequential" control (which uses one control site

to control several actions, in a fixed sequence, so chosen that the common activities

requiring multiple actions need these actions in the order in which they occur on the

control) can often be fitted to one control site. The combination of this with perhaps one

other control site for some one function, then can provide adequate rehabilitation for a

case which would otherwise be very discouraging. For the severe disabilities, the

application of corresponding techniques to a conventional (body-powered) prosthesis is

a serious burden on the amputee, and is rarely acceptable.

The application of external power to prosthetics has been the subject of research

for many years. Gas- and electric-powered devices of many types have been developed

both on this continent and in Europe. As early as 1919, there was a report of an effort

to use an electromagnetic solenoid as the means of converting electrical power to the

mechanical power required for a prosthesis. The poor control characteristics of

such a device, along with the considerable weight which it required in order to supply

reasonable power, made it impractical. The development of modern light-weight motors

was required before electrically powered prostheses were to be practical. A project

was undertaken at the International Business Machines Corporation in 1946, to develop

an electric arm, and that effort eventually gave rise to five different models, all of

which had in common the fact that a very few motions were used to control both the

switching of the mechanical power from one "joint" to the next, and the turning on and

off of this power. 7 ' 8 1 Thus these motions had to be sequential, and were therefore

quite complex from the point of view of the amputee. The result was that the operation

was not natural for the patient and undoubtedly would have required a great deal of

time to adapt to. Amputees have consistently rejected or been very slow to adapt to

prostheses which required sequential actuation of a very few control sites for control

of more degrees of freedom of the prosthesis, preferring instead devices with fixed

joints in some places, and passive motion only at others, combined with perhaps con-

ventional control of only the terminal device, when necessary.

For completeness, one other development deserves mention here. That is the
85,105

work on gas-powered devices in most recent years. This work has been stimulated

also by modern developments in equipment, in this case by new valves and gas cylinders,

which combine low weight with high strength and therefore high capacity. Thus although

power-to-weight ratios for batteries have increased markedly in recent years, the

comparison between the use of electric and gas power for externally powered prostheses

has not caused gas power to be rejected. 8
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The results of the various research efforts in the application of external power to

prosthetics has shown that such techniques are feasible in many cases, from the point

of view of the equipment weight and volume considerations. It is possible to provide

the power mechanisms, and the necessary power supply sources, n packages with the

capacity for a normal day's activity, at least for upper-extremity prostheses.

It has become clear, however, that new developments are needed in the way in

which amputees must control their prostheses. The interface between the man and his

prosthesis must be made less abrupt. The equipment must in its mode of control take

account of the limitations and needs of the amputee. The concept of sequential control,

by using a very few control sites for control of a large number of motions, does not

meet these requirements. Thus the application of external power alone does not provide

the most satisfactory prostheses. Indeed, by making possible the movement of several

more joints than would be possible with conventional prostheses, it challenges the

imagination of the researcher with the problem that the amputee is actually less able

to control the "improved" device than he would be to control a conventional prosthesis.

One reaction to this result has been an aversion to "complexity" in prostheses.

This was well-founded in the day of the "IBM arm", which was admittedly very complex,

both in construction and in control. But it is a contention of this author that complexity

in and of itself is completely irrelevant to the amputee; rather it is the complexity of

the control operations which the amputee must perform, for motions which may in fact

be very simple, which matters. One of the assumptions that is basic to the work reported

here is that, although complexity in the prosthesis itself ought to be avoided when

possible for many good reasons (such as cost and trouble-free performance), one of

those reasons is not the fear that the amputee will reject the prosthesis. Complexity

from the point of view of the control required to operate the prosthesis, however,

should definitely be avoided.

2.5 BIOELECTRIC CONTROL

It has been shown that many amputees are potentially capable of learning wholly

new patterns of activity in order to control a prosthesis whose mode of control is very

different from that of a real arm. For example, the present standard prostheses all

require such a readjustment, and there are many patients who operate them remarkably

well indeed. It is admittedly difficult to find a fair basis for comparing the performance

of a normal arm with that of a prosthesis, and it is probable that at least in the details

of the motions considered, the real arm will always be superior. It is another conten-

tion of this author that a prosthesis design that requires a minimal adjustment by the

patient to the control mode of the prosthesis is preferable to one requiring considerable

adjustment, for the reasons that (1) a large proportion of patients will not be completely

successful in learning a wholly new mode of control, and (2) even the patient who is best

adjusted to his prosthesis will still be limited in his performance by the limitations of

the control system, and by the limits of his ability to produce all of the various control

9
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signals necessary. Thus we propose that, if such an ideal were attainable, the proper

method of controlling an artificial arm would be to control it in an identical manner to

that in which a real arm is controlled, specifically the real arm that was just amputated.

This would, if it were possible, provide a measure of precision and coordination which

may never be attainable by other means.

The ideal manner in which such a scheme might be implemented would be to elec-

trically sense human nerve or brain signals, which were intended by the brain to

operate a muscle or a joint which was no longer operative because of the amputation.

This signal could then be used to control the corresponding action in the prosthesis. By

this means any motion, however complex, which had been learned by the patient before

his amputation, would again be possible for him after his amputation. A related possi-

bility is that electrical stimuli might be applied to the person, which could give him the

same sensations (touch, feel, proprioception) that he formerly had in his real arm.

As we shall see, there are many different ways in which this broad suggestion can

be interpreted. Early in the 1950's, Norbert Wiener suggested the use of an electrical

signal generated by muscles when they contract, called the "electromyogram" (abbre-

viated emg). For practical reasons, most of the effort toward applying bioelectric

control to externally powered prostheses has utilized the emg for the control signal.

This signal can be sensed by very simple means; for example, almost any type of

electrode taped to the surface of the skin will suffice for observation of the emg. In

1955, Battye, Nightingale, and Whillis described an experimental prosthetic device,

using emg as the control signal. This was a prosthetic hook, potentially suitable for a

forearm amputee, and used surface electrodes to sense the emg signal. The forearm

flexor and extensor groups of muscles, which are normally flexors and extensors of the

fingers and wrist, generated the signals which controlled the prosthesis. This device

had the capability only of being open or closed under control of the emg signal. No

control or force, velocity or any intermediate positions was possible. Those authors

did discuss several different possible procedures that might yield a graded control,

which would be more satisfactory for the amputee. They suggested either a position or

a velocity control servo, and discussed some of the advantages and disadvantages of

both types. They do not appear to have considered the normal relations between muscular

activity and the emg signals; nor did they emphasize the restoration of an action to the

amputee in such a way that his control of it was similar to the control of the normal arm

he had lost.

Around 1956, a similar prosthesis was developed in Russia, by Kobrinsky

et al. 2 4 ' 9 0 9 3 Details have been lacking for many years, but the best available informa-

tion indicates that the earliest version was quite similar in its capabilities to the

British prosthesis.54 The Russians have continued to develop their device, however,

and the latest version of which this author is aware operates as follows: The emg

signals (from a pair of opposing muscles or muscle groups) are processed in such a

way that the prosthetic hand either closes or opens at one constant velocity, or stays in

10



any intermediate position. Thus the amputee can control the position of his terminal

device, but he still cannot control its velocity; and only through spurious mechanical

slack in the mechanism is he able to control the force that the device is exerting. 1 4 0

Nevertheless, this device has apparently found wide acceptance in the Soviet Union; it

is understood that at least 200 are in use. This version is known to have been licensed

to both British and Canadian groups.

A recent development has been announced by Bottomley and Cowell. In their case,

a prosthetic hand or hook is controlled by emg; amplitude information in the emg signal

is used, and the amputee is able to control both velocity and force. This device is a

significant step in the direction of providing normal behavior for the emg-controlled

prosthetic terminal device. It uses both a force and a velocity feedback loop, and the

amplitude of the processed emg signal is made proportional to velocity while the hand

is open, that is, while the force that it is exerting is negligible. When the hand en-

counters resistance, however, while it is closing on some object, the force feedback

loop dominates the behavior, and the force with which the object is clasped is then pro-

portional to the amplitude of the processed emg signal. The latest information available

to this author is that this device has not yet been widely used; reactions of amputees to

its behavior would be interesting and valuable.

It has been the purpose of the research described in this report to study the problems

associated with providing for amputees graded control of prostheses, by using voluntarily

generated bioelectric signals as the control source and an external supply of power to

operate the prosthesis. In order to create an experimental situation that could be studied

without the severe mechanical constraints inherent in the lower extremity, we decided to

focus our attention initially on arm rather than leg prostheses. Considering the foregoing

summary of the work in related areas which has preceded our effort, it is considered of

prime importance that the behavior of a normal arm be our model, and that every effort

be made to duplicate the control aspects of a normal arm in the prosthesis. It will be

seen that feedback from sensory organs in a normal arm contributes significantly to

control of the arm, and certain aspects of the control of the prosthesis are limited by

the lack of feedback (other than visual) to the amputee. The topic of feedback will be

discussed further, although time has not allowed us to devote significant attention to

this area.

11
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III. PHYSIOLOGY

Our basic problem, of utilizing bioelectric signals for prosthesis control, led

directly to a need for information about the various signals involved in the body in the

control of muscle action. Our emphasis on the concept of restoring normal control to

an amputee, to whatever extent possible, raised questions about the normal neuro-

muscular control in the body. By a study of physiology, the various signals present in

the system, and their interactions, could be identified, and those most interesting for

bioelectric control in an amputee could be studied further. We shall now summarize the

information available on the organization of the neuromuscular system, and the details

of the important components in that system. This information bears both directly and

indirectly on the remainder of the work discussed in this report.

3.1 NERVE

All of the activities of life, including both voluntary and involuntary activities, in-

volve in their performance a multiplicity of devices in the body, called nerves. 5 2 1 5 0

This includes thinking, receiving any sensation, such as touch, smell, vision, and

performing any motion. The brain itself is, for the most part, a collection of nerves.

In the sense in which the term is being used here, a nerve consists of a cell body, an

axon, and, depending on the type and function of the nerve, it may also include dendrites

or some nerve ending appropriate to the function of the nerve. In this sense, the term

"nerve" is synonymous with neuron.

The cell body of a nerve is the source of nourishment for the nerve; a section of a

nerve which is separated from the cell body degenerates rapidly. The axon, often re-

ferred to as the nerve fiber, conducts a nerve impulse in either direction, although for

any given nerve axon only one direction of transmission is used by the body. For a

neuron in the brain, spinal cord, or a motor nerve in some peripheral area of the body,

there are dendrites serving to receive nerve impulses from other neurons. Depending

on the state of a given neuron, which of the other neurons that connect to its dendrites

are actually transmitting nerve impulses, and in what sequence, a nerve impulse may

be initiated in the given neuron to travel down its axon. For a sensory nerve, there are

specialized nerve endings such as Pacinian corpuscles, Golgi tendon organs, and many

others, which serve to measure the variable appropriate to the type of nerve, and cause

the axon to transmit a signal to the central nervous system which will be interpreted as

the proper sensation.

In the peripheral nervous system, which is the portion of the nervous system out-

side of the brain and spinal cord, the term nerve has another meaning: In this area of

the body, many nerve axons communicate between muscles and sensory endings and the

spinal cord, and the paths along which they do so each contain thousands of such axons.

The group of nerve fibers which travel a common path, collectively are also referred to

as a nerve. Thus the radial nerve in man, for example, is one of the main nerves in the
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arm, and contains both sensory and motor nerve fibers. A sensory nerve fiber is one

that conducts impulses from some sensory ending toward the central nervous system,

and is also referred to as an afferent fiber. Motor fibers, which conduct signals from

the central nervous system to some muscle, are often referred to as efferent fibers.

Little is known about the details of the action of any of the parts of the nerve, with

the single exception of the axon. The axon of the squid has been extensively studied

because it is large and has therefore been susceptible to physiological techniques that

cannot be applied to the neural elements found in the human body, since they are much
69-73

smaller. There appears to be a great deal of similarity between the types of

components found in human and other mammalian nervous systems.

The nerve axon, in the "resting" state (in the absence of a nerve impulse), has a

potential of approximately -90 mv as measured from the inside of the axon membrane

(+) to the exterior liquid (-). This potential is maintained by an ion transport mechanism

for which models exist but which is not thoroughly understood. During the transmission

of a nerve impulse, the nerve membrane is depolarized in one region at a time, this

depolarization being propagated from one point on the axon to the adjacent one by the

ion currents resulting from the depolarization at the first point. At the peak of the

depolarization curve, the potential of the axon reaches approximately +30 mv, measured

as before. Just after a nerve impulse has passed a given point on a nerve axon, there

is a period during which that region of the nerve membrane is less sensitive to stimula-

tion than before. This interval is referred to as the refractory period. A sketch of the

potential of a nerve impulse being propagated along a nerve axon is shown in Fig. 3.

The point at which a nerve ends on the dendrites or the cell body of another nerve

is called a synapse. There appear to be both excitatory and inhibitory types of such

connections, the former being those at which the impinging of a nerve impulse is likely

to cause the generation of another such impulse in the axon of the succeeding nerve, and

the latter being synapses at which the appearance of a nerve impulse will tend to inhibit

the generation of such a second impulse. The stimulus is thought to be transmitted

across the synapse by an electrical depolarization of the membrane of the succeeding

nerve. Details of the action of many aspects of nerve activity are not well understood

because experimental techniques are still not capable of the required precision, small

size, and so forth.

Nerve fibers in mammals range in diameter from as small as 0.3 micron (1 micron

= 10 meters) to as large as 22 microns. Roughly speaking, the larger the fiber di-

ameter, the faster the conduction rate. Nerve conduction rates range from less than

1 meter to more than 100 meters per second. Conducting rates of nerve fibers fall in

certain groups; depending on the nerve trunk considered as many as 4 or 5 of these

groups can be identified, and they are labelled, in order of decreasing conduction rate,

alpha, beta, gamma, . . . .

14
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Fig. 3. Electrical nerve impulse measured between an intracellular
electrode (+) and an extracellular electrode (-). Resting poten-

tial approximately -90 myv. (After Hodgkin and Huxley. 73)
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3.2 MUSCLE

There are two major classes of muscle in mammals: skeletal and cardiac (smooth)
151

muscle. Skeletal muscle is responsible for all voluntary movements, and

concerns us most in this work. Cardiac muscle is to a greater extent involuntarily

controlled; examples are the heart and other visceral bodies.

A skeletal muscle consists of thousands of thin filaments, called muscle fibers. A

muscle is usually innervated by a branch of one nerve, consisting of several hundred

motor nerve axons, and some sensory nerve fibers. Each muscle fiber is innervated

once by one of the motor nerve axons, which also innervates other muscle fibers. The

set of muscle fibers innervated by any one nerve fiber is called a motor unit. Although

perhaps not all muscle fibers in a motor unit contract each time a nerve impulse is

received along the nerve fiber that innervates them, it is understood that only when an

impulse is received along that nerve fiber will the muscle fiber contract.

The connection between a motor nerve fiber and a muscle fiber is called a motor

end plate. The means of transmission of the nerve stimulus to the muscle fiber at the

end plate is fairly well established to be by chemical means. The muscle-fiber mem-

brane is depolarized by the appearance of the nerve impulse and, by means which are

probably similar to propagation of a nerve impulse, this depolarization is propagated

throughout the muscle fiber. The result is an electrical impulse somewhat similar in

shape to that of a nerve axon, but longer in terms of spike duration than in the case of

nerve. The conduction rate is of the same order of magnitude as that of the motor

nerves that innervate the muscle, being about 5 meters per second in mammalian

muscle. Beginning during the electrical impulse, however, and continuing for a con-

siderable time afterwards, the muscle fiber produces also a mechanical twitch of

tension. When the fiber is held at a fixed length during the twitch (an isometric con-

traction), the relations among the arriving nerve impulse, the muscle electrical response,

and the mechanical twitch are shown qualitatively in Fig. 4.

Electrically, a muscle exhibits a refractory period similar to that of nerve. This

refractory period probably plays little part in the usual function of muscle, since the

"logic" functions of nerve do not appear to exist in muscle. Mechanically, however, the

muscle twitches can superimpose and add to a maximum tension that considerably

exceeds maximal twitch tension. This is referred to as tetanus; there is evidence that

a stimulus rate of 50 per second or more is often required before the twitches fuse

completely and the maximal tetanus tension is attained. 1 51

In any voluntary contraction, the familiar uniformity of tension is attained by ex-

citing many motor units in a muscle in a "random" pattern, in such a way that the total

tension over the whole muscle is approximately the same at any instant. The macro-

scopic effect is then the smooth muscular activity with which we are familiar. For any

motor unit whose average excitation frequency is less than that which results in

complete tetanus, the average tension which it is contributing to the total muscle tension
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Fig. 4. Comparison of the nerve impulse, the electrical muscle impulse,
and the mechanical muscle twitch. Qualitative relations only are

shown for isometric conditions. (After Woodbury and Ruch. 51)

can be varied by varying its excitation rate. Another way in which the total muscle

tension can be varied is by varying the number of motor units which are active in the

contraction.

There is evidence that both of these methods of gradation of muscle activity are

used in the body. At low tensions, there are apparently only a few motor units active,

and the over-all muscle force is varied by varying the discharge frequencies of these

few motor units. At high degrees of tension, however, other motor units are recruited,

and apparently their discharge frequency is not varied as widely as was that of the

motor units active at low tensions. Rather, gradation of tension at high levels is

obtained largely by varying the number of active motor units.l8

It is interesting to note here that, in voluntary contractions, excitation rates to

given motor units sufficient to cause complete tetanus are not always observed; maxi-

mum rates that have been observed are in the range 35-40 pulses per second, whereas

complete tetanus often requires a rate as high as 50-60 pulses per second. Hence it is

probably only in maximal efforts that any significant number of motor units are

stimulated tetanically.1 4 1

When any muscle fiber is stimulated, the depolarization of its membrane produces

an electric field whose potential appears across any pair of electrodes in the vicinity.

The combined effects of the fields of all muscle fibers in a muscle, as observed with a

pair of electrodes neither of which is inside a muscle fiber, is the electromyogram

(emg). Whereas the electrical membrane potential is fairly well defined, the emg

signal seen in any voluntary contraction is the interaction of the potentials created by

a great many muscle fibers, all being excited in some random manner. Thus the emg
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does not have well-defined characteristics; the geometry of the relations among the

various muscle fibers and the electrodes, and the electrical properties of the tissue

surrounding the muscle, are so complex that it is impractical to attempt to formulate

the field equations in order to predict the emg signal. Even if this were possible, the

statistics of the distribution of stimuli to the various motor units of a muscle are not

known.

3.3 MUSCLE SPINDLES

There is a small number of devices distributed within the muscle which are not

active in producing tension, but are sensory in nature.5 2 ' 5 7 '1 20 These are called

muscle spindles. The central portion of a muscle spindle (called the nuclear bag) is

elastic and can be stretched but cannot actively contract. Connecting to either end of

the nuclear bag are two contractile poles, consisting of a few small muscle fibers

(called intrafusal fibers). The nuclear bag is innervated by a large fast-conducting

sensory nerve fiber. The intrafusal fibers are innervated by small, slow-conducting

motor nerve fibers (gamma efferents).

Because of the relative ease with which they can be found and worked with (relative

to other sensory devices), the muscle spindles are probably the best understood of

sensory structures. The sensory nerve apparently transmits nerve impulses at a rate

that is logarithmically related to the length of the nuclear bag. Thus the muscle spindle

contributes to a position sense. The spindles seem to exhibit only slight adaptation,
120

and this only after a period of several minutes.

Spindles stretch parallel to the primary muscle fibers in the muscle, connecting to

the tendons or bones in much the same way as the remainder of the muscle does. Thus

there are two ways in which the nuclear bag can be stretched: (1) by lengthening the

muscle which then would lengthen the nuclear bag accordingly, and (2) by excitation of

the intrafusal fibers by the gamma efferent nerve fibers, in which case even if the

over-all muscle length remains constant, the nuclear bag will be forced to lengthen.

3.4 ORGANIZATION OF THE NEUROMUSCULAR SYSTEM

The well-known knee-jerk response to a tap on the tendon just below the kneecap

is an example of the action of a reflex arc which is a very common type of connection

in the neuromuscular system. Studies of the reflex arc have contributed vastly to our

understanding of the mechanism that provides proprioceptive control of joint

position. 4 3 ' 6 2 ' 6 3 ' 7 7 ' 1 0 0 1 02 The ability to hold a joint in some constant position

without conscious attention to its position (and with only very small movements about

that position) is likely to be the main function of the reflex arc, and certainly is a main

function of the muscle spindle. The muscle spindle is the prime component in the

postural position control system.

The gray matter of the spinal cord is sketched in section in Fig. 5. Motor neurons

are located in the ventral horn, and travel down the peripheral nerve from there to the
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Fig. 5. Section of the spinal cord in man, and the important peripheral pathways.

muscle. Sensory fibers enter the spinal cord by the dorsal root, their cell bodies being

located in the dorsal-root ganglion. The sensory fibers that concern us most at this

time are those innervating the nuclear bags of the muscle spindles of a given muscle.

There is considerable weight of evidence to indicate that these spindle signals, upon

entering the spinal cord, directly form excitatory synapses with the alpha motor

neurons for the muscles from which they came.

The effect of such a connection can be understood as follows: Assume that the

muscles and nervous system are in some stationary stable state, and that some external
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influence forces some small change upon this situation, such as the tap on the tendon,

which momentarily stretches some muscle. Then the spindles in that muscle will sense

an increase in muscle length, and return an increased nerve impulse rate along their

respective sensory nerve fibers. This signal will then in turn cause the average impulse

rate along the alpha motor nerve fibers of the muscle which was just stretched to in-

crease. The result will be an increase in the tension in that muscle, causing the joint

in question to move in a direction so as to shorten the muscle, tending to reduce the

spindle discharge rate, and thereby returning the system to its former state. At the

same time, there is evidence that the alpha motor neurons for the antagonist muscles

are forced to decrease their average discharge rate, although this may not be due to a

direct connection from the spindles. This will decrease the tension in those muscles,

tending once again to assist in returning the joint to its former position. The position

feedback control loop so formed is diagrammed schematically in Fig. 6.

COMBINED DYNAMICS OF LOAD AND ARM
ALPHA

;ITION

Fig. 6. Reflex control loop

Of course the description above is grossly oversimplified in several ways. In the

first place, there are rarely only two muscles, an agonist and an antagonist, for a given

joint. Second, there are several muscle spindles in each muscle, and many alpha motor-

nerve fibers. Nevertheless, the action of the reflex arc seems to be consistent with the

oversimplified description given.

The "control loop" shown in Fig. 6 contains two inputs. The one that is understood

to be relevant in the postural type of performance just outlined is the gamma input.

This corresponds to a signal applied to the gamma motor fibers from the central

nervous system, and it can be seen that this corresponds to a different "set point" of

desired position for the joint. Thus the postural control system can be used with a

different input signal to regulate position at any point.

The second input to the neuromuscular control loop shown in Fig. 6 is labelled the

"alpha input," and is intended to represent a direct input from higher centers in the

brain to the muscle, by which a rapid action can be caused, without the relatively long

time delays that are involved in the gamma system. It is thought by most researchers

that this alpha input is the signal used for rapid voluntary motions.

From the way in which the gamma input and muscle spindle are interconnected,

however, it is clear that the gamma-nerve signals could be used as voluntary command

signals for slow movements from some initial position to some final one. Whether or
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not the gamma signals are so used is not universally agreed upon. Many apparently

believe that the gamma input is activated for postural control only. If this were so, then

at least near the termination of some voluntary motion the spindles would be activated

(through the gamma system) to provide a reference point for the steady position that

should follow the motion, but during the motion the spindles should have no effect. Some
132

unpublished experiments by Stark and Rushworth seem to support this theory. Never-

theless, Granit, Merton, and others appear to believe that the gamma system is used for

all slow carefully controlled motions. 4 2 ' 4 4 5 8 ,5 9' 1 0 9 It has been pointed out by Hunt

that the gamma and alpha systems appear to receive simultaneous stimuli. 7 9 His inter-

pretation is that this serves to keep the spindle operating in a sensitive portion of its

characteristic. Merton suggests that this is exactly the type of behavior to be expected

if the gamma system is actually being used for servo operation during the voluntary
109motion.

There is one other type of sensory organ associated with muscular activity which

has been identified specifically. That is the Golgi tendon organ, which is located in the

muscle tendons where it measures muscle tension. It has been found that the Golgi

tendon organ has a high threshold, thereby producing only small signals until the muscle

tension reaches high levels. There is a clinical observation tending to correlate with

these data on high threshold of the Golgi tendon organ, called the "clasp-knife" reflex. 1 2 0

In extraordinary feats of exertion of muscles, it is not an unusual experience that the

muscles should suddenly "give," temporarily losing their capability to provide the

forces expected of them. This action is similar to that of a clasp knife, in which a

great deal of force is required to begin the motion of closing the knife, after which the

knife suddenly "snaps" closed. This and other data indicate that the Golgi tendon organ

acts as an inhibitor of the alpha motor neurons, at high muscle tensions; its function

is thought to be mainly that of a "safety valve," serving to release the tension in the

muscles when this tension reaches such a high level that damage to the muscle could

result.

3.5 CONSCIOUS CONTROL AND SENSATION

A voluntary motion exists in the conscious thought in terms of a functional rather

than a specific description. That is, the act of grasping some object is thought of in

just those terms, and a general idea of the shape and perhaps weight of the object, along

with its position in space relative to the person is the type of information which exists

on a conscious level. "Lower" in the brain, however, the concept of grasping is trans-

lated to a preprogrammed sequence of individual muscle motions, based on the person's

experience since birth in grasping objects, which will enable the grasping action to

come close enough to the object that local feedback can complete it. Clearly, this

translation occurs between the conscious level and the level of the lower motor neurons,

since they are specialized to the specific muscles they control. It is understood that

some major portion of this "coding" is performed in the cerebellum, an area of the brain

which apparently is an important link in the coordination of muscle activities. 42,44,58
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In any case, at the level in the spinal cord where the specific motor signals leave

the cord and travel down the proper peripheral nerve to the muscle, the motor neurons

for the correct muscles are activated in the proper sequence. The signals are carried

along the nerves to the muscles, and they begin to contract in the required manner.

This operation may or may not involve regulation by the spindles. As the hand contacts

the object, the sense of touch relays this information back to the spinal cord, and to

higher levels, and the closing of the hand is coordinated.

Many other senses are involved in activities related to muscle actions. Certainly,

the visual sense is one of the most active, being not only the source of the idea that

initiates many actions (i.e., the sight of an object might suggest reaching for it), but

also furnishing continuous feedback of position information with which the remainder

of the motion can be optimized. There are joint position receptors in joints, whose

function it is to report joint position to the central nervous system, so that we may

"feel" position without visual observation. Certainly, the sense of touch is involved in

grasping and other actions. The ability to feel shape, temperature, and pressure, is

due to the existence of specialized receptors in skin for sensing these variables, and

for various types of muscle activities all of these sensory signals play a part.

It is of interest to consider what sense we have on a conscious level, that is, what

sensory information existing in the body is in such a form that the person can be

consciously aware of it. Certainly, it is true that we can feel the positions of many

joints in the body, at least for short times. For example, with one's eyes closed it is

possible to bring the forearm to some specified angle with the upper arm, to a sur-

prising degree of accuracy. It is apparently the opinion of many researchers that the

spindle signals, which could provide this information, do not reach a conscious level.

We conclude that the conscious feel of joint position is probably due to the joint receptors

alone.

This author and several others had the occasion to perform a very crude experiment

which, if repeated in a well-controlled manner, would cast doubt on the conclusion that

conscious sensation of joint position is due only to the joint receptors. We were

fortunate to have the opportunity to examine an amputee whose amputation was very

long, but still slightly above the elbow. That is, he had no part of the lower arm or the

elbow joint remaining, but otherwise his upper arm was complete. We asked him to

attempt to show us, by positioning his other (normal) arm, in what position he felt as if

his amputated arm was at each instant. We then commenced to move his biceps and

triceps muscles by external pressures through the skin, including pushing in a direction

on the skin opposite to that in which the underlying muscle was being pushed. It is un-

fortunate that we were ill-prepared for this experiment, for we were not able to

anesthetize the skin in order to be absolutely certain that no skin sensation was con-

fusing our conclusions. In every case when the biceps was displaced upwards, and the

triceps was moved in the opposite direction, he claimed to "feel" that the missing arm

was being raised. This applied for small and large displacements and in all cases of
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various attempts to mask any skin sensation by forcing the skin in different directions.

This also applied when the triceps was left slack, and only the biceps was moved.

Furthermore, he had remarkable sensation not only of direction, but of magnitude, for

he could follow displacements varying from very small to very large, and he demon-

strated that his sensation was as if the missing forearm had moved through the complete

range of positions. Finally, we were able to have him feel that his missing forearm

was being supported in one position for a period in excess of 60 seconds, with no

observable adaptation, which tends to eliminate the skin as a source of the position

sense which he demonstrated.

As a result of the experiment described above, we suggest that (1) either there are

other position sensors in the body, not in the skin, whose signals are transmitted to a

conscious level, which have not been found, or (2) the muscle-spindle signals do reach

a conscious level. In order to be absolutely certain of these conclusions, the experiment

should be repeated on several other subjects, and with better controls than we had. It

is certain in this case, however, that the conscious sensation of position of his missing

arm was not derived from information transmitted by the joint receptors, since these

were not present in the subject.

It is questionable whether any direct feedback of force (or weight) information from

sensory organs to a conscious level exists. Consider, for example, the usual method

used to compare the weights of two objects: One "hefts" them, then "catches" them.

Thus the response in any position sensor could be the source of the signal which is

measured. Consider also the fact that when one attempts to apply a constant tension to

a spring balance, without looking at the balance, a rapid, wide drift in the force applied

will be observed.

On the other hand, one still has some conscious "feel" of the force that he is

applying against an infinite load, for example. And it is very easy to distinguish two

very different weights. It is possible that this sensation of force is only an indirect

one, derived from a knowledge of the conscious effort being applied to support the

weight. Another possibility is that the pressure sensors in the skin, which are assumed

to adapt very rapidly, are maintained in an active state by small motions of the hand

which is applying the force, thereby yielding a continuing measurement of the force that

is applied. This would then apply most clearly when a significant surface area of the

person's skin was in continuing contact with the object against which the force was

being applied.

There are a great many details about the coordination of motions with the responses

of the many different sensory receptors in man, which are unknown. Thus we find

ourselves potentially limited by our lack of knowledge, in our desire to restore lost

function in a normal way to an amputee. On the other hand, it should be reasonably clear

from our discussions that many aspects of the control and coordination of a normal arm

are not provided by present prostheses. It is reasonable to say that present prostheses

can provide the mechanical capabilities for the more importance actions, but the lack
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of sensory information of any sort other than visual, seen against the background of the

richness of sensory feedback in the normal, is a handicap which severely limits the

ability of an amputee to take full advantage of the mechanical capabilities of the

prosthesis.

Thus we see that the most important efforts required in the development of

superior prostheses are: to provide normal control of the prosthesis in the "motor"

direction, in order that the training required of the patient be minimized, and attempt

to provide at least the elements of sensory feedback, again in a way that is as close as

possible to that observed in a normal arm.
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IV. INVESTIGATION OF NERVE SIGNALS

4.1 REASONS FOR OUR INTEREST

Although it was anticipated at the beginning of our research that the emg signal

would be the most practical biological signal for prosthesis control initially, we re-

solved to study other possibilities in order to assess their advantages and disadvantages,

and to determine the magnitude of the practical problems involved in using other signal

sources. Our intent was to derive the information that will be needed in the future,

when the use of signals other than emg for control purposes may become feasible. For

these and other reasons, we undertook the basic study of physiology described in

Section III, and one of the concepts suggested by that work was the theoretical possi-

bility of utilizing signals derived from peripheral nerves for prosthesis control. The

organization of the neuromuscular system and the central nervous system are such

that all of the neural control and sensory information transmitted between the central

nervous system and all portions of an arm is transmitted along nerve fibers contained

in the very few nerve trunks in the arm. As a result, the most straightforward approach

to the use of bioelectric signals for prosthesis control, from the point of view of the

theoretical availability of all of the requisite signals and control paths, consists of con-

necting to the central nervous system at the point where the arm previously did; that is,

of connecting to the main nerves in the arm.

More specifically, some of the potential advantages are the following.

1. By connecting to the amputee at the level of the ends of his remaining nerves (if

such a connection were possible on a practical level), we inherently use all that remains

in his body for its normal purpose; we restore function in a way that cannot interfere

with the normal action of what remains in his body.

2. At least in principle, we have available exactly the same nervous channels for

prosthesis use as previously communicated with the portion of the arm which was

amputated. Thus, theoretically, there should be no limits on our ability to provide as

many degrees of freedom in the prosthesis as were lost in the amputation.

3. There appear to be no limits on our ability to provide this restoration of function

in a way that will seem perfectly normal to the amputee, since it is theoretically possible

to use the nervous channels that exist for their normal actions.

4. It is in principle possible to provide sensory inputs to the amputee, again in a

way by which the sensation that he receives should resemble normal sensation.

Of course, in the comments above practical considerations are ignored. It should be

clear from the discussion in Sec. III that the means of "coding" a signal in the central

nervous system, which we have so glibly referred to, is not simple. In fact, there are

in any nerve trunk in the human arm thousands of nerve fibers, including motor fibers,

proprioceptive sensory fibers, and other sensory fibers, in a distribution which, to this

author's knowledge, has never been investigated fully. Certainly, the motor fibers
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relate to from 20 to as many as 50 or so muscles in the arm, the number depending on

the level of the amputation. The sensory fibers, however, formerly branched to all

areas of the skin, in addition to the muscles, and there are perhaps 6 or more different

types of fibers, if we classify them according to the type of sensation which they pre-

viously carried. Furthermore, there is a series of experiments tending to indicate

that, even if the sensory fibers were used to send the same signal as each previously

did before amputation, there may be some complex coding necessary to properly identify

these signals to the central nervous system. That is, the sensation received may not

only be a function of the nerve fiber along which it is received, but also a function of the

specific type of nerve ending which produced it, or the tissue in which that ending is
111

imbedded, coded in a way that is completely unknown at present. Thus there is a

great number of questions which must be answered before use of specific nerve-fiber

signals for prosthesis control can be attempted.

There is at least one other problem associated with any attempt to use the various

individual nerve-fiber signals for control purposes. It is not now possible, even in

experimental environments, to specify any one nerve fiber, identify it, and place an

electrode in it. All microelectrode studies of single-fiber potentials in intact nerve

trunks, of cats or any other animal (including humans), to the knowledge of this author,

have simply involved placing the electrode in any fiber, without any a priori knowledge

of that fiber's identity, and perhaps moving the electrode from there to some other

initially unidentified fiber. Furthermore, by using any of the various techniques that

have been found useful in studying single-fiber potentials in multiple-fiber preparations,

it has rarely been possible to keep the electrode in the same fiber for a period in excess

of several hours. Finally, even if it were possible to sense single-fiber potentials, the

extremely large number of such signals makes it quite unlikely that a system could be

constructed to make use of the data so obtained. Only if we accept the principle of

retraining the patient to an unnatural mode of control, might a small number of individual

fiber potentials suffice for control purposes. Basmajian has reported some initial

success in training patients to voluntarily control individual muscle motor units, and

hence individual nerve fibers. We feel that the main advantages to the potential use of

nerve signals for prosthesis control are lost when the approach requires the degree of

training of the patient which would be necessary in order for a patient to voluntarily

control individual nerve fibers.

There is an overwhelming list of serious problems and limitations to any attempt

to use individual nerve-fiber signals for prosthesis control, of which those discussed

above are only a few. Thus we have no difficulty in concluding that such a system is

not possible now, nor will it be possible for many years.

There is another level at which the idea of using voluntarily generated nerve

signals can be interpreted. Although it is impossible at this time to use the signals

travelling along individual nerve fibers for control purposes, it may be possible, at

least in the foreseeable future, to place electrodes on nerve trunks as a whole, and to
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use signals that may be obtained by this technique. Failing this, it may be possible to

spatially separate from each other the nerve fibers that serve different functions (the

group of motor fibers which control one muscle might be grouped together), and place

gross electrodes on each of these groups of nerve fibers. A partial separation of this

type may even be found to exist in the body, at some level of the nerve. The important

questions relevant to such an approach are, What signals can be obtained by this tech-

nique?, and, How can these signals be interpreted in order that they may be used for

control purposes?

In one very real sense, of course, the problem of using nerve signals is compounded,

not simplified, by the restriction that the electrodes be placed only on the nerve trunks as

a whole. For, although the identity of the signals seen at the nerve-fiber level was un-

clear, the confusion of the thousands of nerve-fiber signals which will be observed at

the level of the nerve trunk (if any are observed at all) may be overwhelming.

The possibility that some means of control may be attainable by this technique rests

on a few important observations.

1. With a few exceptions only, the majority of the motor fibers destined for any

given muscle travel down some one nerve trunk.

2. The muscles are composed of many motor units, and there is one motor nerve

fiber for each. Because smooth motions are performed by a statistical distribution of

excitations throughout the muscle, it is not necessary to identify precisely which motor

unit (and hence which nerve fiber) is being excited, but only to determine from the

signals received the average number of motor units which are active in each muscle

and their average rates of excitation.

3. Most normal motions are performed through contributions from many muscles.

This applies even to the simplest of motions, of which perhaps elbow flexion is one.

Motion of the elbow joint, independently of motion of any other joint in the body, may

involve as many as 6 muscles or more.60 Hence it may be possible to use gross in-

formation derived from the nerves to identify which action is being performed, through

the distribution of the over-all activity to the various nerve trunks or the groups of

nerve fibers.

Many of the limitations on electrode techniques, mentioned above, apply in this case

also. To the knowledge of this author, there are no reports of attempts to place gross

electrodes on nerve trunks, and leave them in place for extended periods, without injury

to the wearer, deterioration of the signal received, or movement of the electrodes.

On the other hand, during recent years there has been considerable publicity of the

success in implanting "pacemakers," with a pair of electrodes, in and near the heart.

There has been a great deal of research on suitable materials for implanting in the

body. There are several implantable transmitters in existence, in various stages of

research and testing, with many types of electrodes and other transducers for many

body parameters. 89,95,10 Hence it seems reasonable to expect that if there were

some purpose to such a project, an implantable nerve-trunk signal transmitter could be
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developed rather quickly. The physical constraints on such an instrument do not seem

to be considerably different from the constraints placed on devices that have been re-

ported, at least experimentally. The major difference between the requirements on a

nerve-signal transmitter and those on transmitters which have already been developed

seems to be that the signal under consideration is one derived from a gross nerve

trunk, and that the electrodes must in some way be designed for this type of duty.

Hence we undertook as a separate part of this research to study signals derived

from gross-nerve trunks, the various electrode configurations which were possible and

those which were best, and any other questions that might arise related to our ultimate

desire to utilize those signals, if possible, for prosthesis control. This work was under-

taken with the full knowledge that in all probability it would not turn out to be feasible

for a great many years, but the potential advantages of such an approach were so

attractive that we considered our effort, and any others which could be stimulated,

justified.

4.2 OTHER RECORDINGS OF GROSS NERVE POTENTIALS

There have been many studies of the transmission of nerve signals in nerve trunks,

in which the initial signal was produced by a gross electrical stimulus at some point on

the nerve. 2 7 1 1 8 Such works led to the classifications of nerves according to their

conduction velocities, and eventually to the correlation of conduction velocities with

fiber diameters. The fact that gross signals could be recorded by this method is not

relevant to our work, because the stimuli were such that all fibers that were active at

all were transmitting a signal which began in synchronism with that in all of the other

fibers. In a certain sense, such an experiment is not measuring a normal system be-

cause the transmission measured is in one of two directions, and for whatever direction

is studied either the motor or the sensory fibers are transmitting in their normal

direction (orthodromic), but the other set of fibers is transmitting in a direction that is

never used by the body under normal conditions (antidromic).

Various experiments have been performed in which sensory stimuli were applied

peripherally, and gross responses at various points in the central nervous system have

been noted. A common experience is that at some intermediate point, say, at the level

of some peripheral nerve, no gross signal can be observed, yet electrodes placed in the

proper area of the cortex are able to provide signals, which are synchronized with the

stimuli to such an extent as to leave no doubt about their identity.55 Such findings have

two valuable lessons for our work.

1. It may not be possible to record a signal from a gross nerve bundle even when

that bundle is transmitting a signal that has some meaning.

2. The answer to the question of whether the desired signal is available may depend

on the stimulus that generated the signal in the first place.

Voluntary signals inherently have no precise time identification corresponding to

those resulting from external stimulation. Hence the expected signal in the case of a
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voluntary action is a "random" discharge, some average properties of which would be

related to the activity that is being performed. In simple terms, we are looking for

information about the signal transmitted by the brain, which may look different from

that which appears at the same point in response to some artificial stimulus.

In animals, it is possible to study voluntary signals, but the only way in which these

signals may be controlled and synchronized is by some stimulus. In order that the

response of the animal be reasonably considered to be voluntary, the stimulus must be

an indirect one; that is, the stimulus must make no direct connection to the system

being studied. One way of meeting this criterion is to condition the animal by training

him to respond in the desired way to some simple stimulus such as the sound of a

buzzer. Some issue can still be made as to whether a signal elicited in this way is

really the result of a voluntary motion, even in this case. We must also consider the

details of our assumptions about the source of the signals that we hope to observe. It

is reasonable to expect that gross signals of the type that we wish to investigate, if

they are observed at all, are the result of some advantageous synchronization of the

potentials in a large number of nerve fibers. Since such synchronization appears to

exist under some conditions and not under others, 5 5 it is likely that the presence of

the signals that we wish to study will depend on the specific features of the action that

is being performed, and the specific nerve trunk that is being observed, as related to

the particular anatomy of that species. Finally, we wish to study the responses obtained

from a single subject as he performs various actions, and as he performs one action

many times, with small, controlled variations. This requires a degree of control of the

animal which is very difficult to achieve. As a result of these considerations, we con-

cluded that the results obtained for animals would not necessarily carry over to humans,

because of the unique nature of the information of interest to us in the data. Since our aim

is to evaluate these data from the point of view of their potential value in the future for

prosthesis control, it is necessary that our data relate to the human.

4.3 OUR ATTEMPTS TO MEASURE NERVE SIGNALS

There are several surgical procedures on humans in the course of which one or

more nerve trunks in the arm are exposed. In amputees, operations occasionally are

performed in which the nerve trunks are to be severed. In these cases, it may be

possible to place electrodes on the various nerve trunks and attempt to record signals

from them.

We were fortunate to have the opportunity to be present in five such operations, the

details of which will be described subsequently. In all, we attempted three basically

different electrode configurations, in at least one of which significant electrical signals

of definitely biological origin were recorded. It is not certain, however, that any of the

signals recorded was generated by the nerve fibers themselves. The details of our

attempts to trace these signals will be elaborated below.
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In the first of the operations, the patient was a unilateral forearm amputee, in

whose stump the several main nerve trunks had attempted to regrow, with the result

that painful neuromae had developed. The pain was localized near the end of the stump,

but except for sensation, the whole portion of each of the nerves below the elbow joint

was of no value to the patient, and in the surgery it was planned to sever all of the nerve

trunks sharply at or near the elbow. A section of each of the nerve trunks was to be

removed to ensure no further attempts at regrowth. The portion of the surgery preceding

the recording of nerve potentials was to be done under local anesthesia only, in order to

ensure that the patient would be awake and able to attempt to perform the motions in his

(amputated) arm as instructed.

The first electrode configuration attempted consisted of wrapping the outside of

each of the nerve trunks with a pair of thin wires, and using these wires as the elec-

trodes. This technique yielded a signal that was quite low in amplitude when the patient

was instructed to relax, and increased significantly in any nerve trunk when the patient

was asked to perform some action involving muscles controlled by that nerve. Typical

actions were "make a fist," "spread fingers apart," "extend fingers," and so on. The

signals appeared on the three nerve trunks studied (ulnar, median, and radial) in

approximately the proper patterns for the actions being performed, under the assumption

of the usual anatomy of innervation of the various muscles by the nerves.

The equipment used to record the potentials in this operation is described in

Appendix I. A sample of the signal observed on the ulnar nerve, during the command

"fan fingers apart," is shown in Fig. 7. For comparison, a sample of the signal observed

during the command "relax" is also shown. It is clear that there is significant signal

present, corresponding to the effort being made by the patient. By placing emg needles

in the proper muscles, it was easily verified (when it was not obvious by visual observa-

tion of the forearm) that strong muscle activity was present, showing that indeed the

signals were being transmitted down the nerve to the muscle, as expected. (Recall that

the amputee had no fingers to fan apart; he was trying to perform the necessary actions

both from memory and by knowing the corresponding actions on his other hand, which

was normal.)

The power spectra for the signals shown in Fig. 7 are shown in Fig. 8. The pro-

cedure used to prepare these data is described in Appendix II. It is again clear from

this form of the data that there is significant signal present when the patient is asked

to perform the activity, which is absent otherwise.

On the other hand, the details of the signal do not resemble those that we were

expecting from a summation of nerve activity. Referring to the nerve impulse sketch

in Fig. 3, we see a pulse width of 1-2 msec at most, while the activity observed with our

electrode configuration shows slow waves, of width 2-15 msec. The "fast spike"

activity anticipated from nerve fibers seems to be attenuated very much more than ex-

pected. In fact, the observed signal resembles the emg signal generated by muscles, and

often observed clinically. A sample of emg signal, recorded with a pair of needle elec-

trodes placed in the flexor carpi ulnaris muscle, and its spectrum, is shown for

30

- I __



" fan fingers apart "

Fig. 7.

Samples of signals recorded
at ulnar nerve.

50pv

20 msec i --

COMMAND
fan fingers apart "

OMMAND

20 50 100 200 500 1000 2000 5000 10000

FREQUENCY ( cps )

Fig. 8.

Power spectra of signals
recorded at ulnar nerve.

comparison purposes in Figs. 9 and 10. The nerve and emg signals are not identical,

of course, as can be seen by comparing Figs. 7 and 9, or the power spectra in Figs. 8

and 10. It is clear, however, that the frequencies containing most of the power are

approximately the same for the two signals; and there is not as much power at high

frequencies in Fig. 8 as one might have expected.

Because of the large volume of muscle in the vicinity of the nerve with which we

were working, we anticipated that the emg signal might appear on our records if no

precautions were taken, and so our experimental procedure was designed as follows:

The sections of nerve on which the electrodes were placed were approximately
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2-3 in. long, and were separated from the other tissue, including muscle, by a rubber

sheet, placed between the nerve and the remainder of the arm. The nerve was, however,

kept wet with saline solution, in order to preserve it. It was our initial intention that

the rubber sheet would effectively insulate the nerve from the remainder of the tissue,

so that the signal observed could only come from the nerve itself. In retrospect, how-

ever, we suspected that the saline (a good electrical conductor), held in the rubber

sheet against the nerve, may have allowed the nerve trunk to act as an electrical

conductor, and to pass the emg signal observed at one or the other end of the nerve

segment to the recording electrodes.
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During this same operation, two variations of the electrode configuration were

attempted: In the first, one of the electrodes on a given nerve was wrapped around the

nerve bundle as before, while the second electrode only touched the outside of the nerve

trunk at one point. In the second variation, again one of the electrodes was wrapped

around the nerve trunk as before, but the second electrode was placed inside the nerve

bundle from one cut end of the nerve. (The portion of the nerve in which the electrode

was placed was then removed by sectioning the nerve proximal to the electrode loca-

tions.) Neither of these two electrode techniques was satisfactory, no clear signals

being observed.

The following three operations at which we were able to attempt to record nerve

data were "ulnar transplants." In these cases, a segment of the ulnar nerve near the

elbow (the "funny bone") had been irritated by the groove in the bone along which it

passed. The surgical correction consists of "transplanting" the ulnar nerve at this

point over to the inside of the elbow, where it can pass undisturbed. Two patients were

involved in these three operations, one on both arms. All three arms were normal, and

it should be observed that in this type of operation, the nerves are intact and are in-

tended to remain that way; hence certain of the experiments attempted with the first

patient were not possible in these cases.

Our electrodes in these later operations were stainless-steel wires, 0.050 inch in

diameter, assembled in pairs into pieces of cork, so that the electrodes were spaced

approximately 3/4 inch apart. The cork served to hold the pairs together, and was

placed 3 inches from the ends of the electrodes. The ends were hooked so that they

could support the nerve trunk; such a construction was found to operate as well as the

wrapped wires did in the first operation. Our technique consisted of exposing the nerve

trunks through approximately 3 inches of their length, lifting them out of the surround-

ing tissue, and supporting them each with a pair of electrode hooks, in turn supported by

a length of thread. The electrode pairs were located approximately in the center of the

exposed segments of their respective nerves, and the nerves were lifted so that the

center of this section, where the electrodes were, was approximately 1 inch from the

nearest other tissue. The nerve trunk was not otherwise supported, and rather than

being soaked in saline, it was only gently wiped occasionally with a saline-soaked

blotter. The first of this series of three operations, our second of all, duplicated the

significant results obtained in the first operation.

We desired to prove conclusively whether the signals that we had recorded in the

first two operations were actually generated by the transmission of nerve impulses or

were spurious signals such as emg from some nearby muscle. For the last three

operations we evolved the following procedure: We planned to record the signal ob-

served from the ulnar nerve on one channel of a tape recorder, the emg from the

abductor digiti quinti muscle (chosen because it is very far distal from the recording

site and innervated by the ulnar nerve) on a second channel, and emg from any muscle

near the nerve electrodes on a third channel. After verifying that the expected signals

33

_ _ ___ 1 �11__��1__( �· �LII� �YLII----I. _·�_�-ll(··L(C-·�·l�111�--· __I -L�---l



were observed, we planned to inject curare into all of the muscles in the immediate

vicinity of the nerve segment that was being studied. Curare acts to temporarily block

neuromuscular transmission at the motor end plates. By observing the emg in all of the

surrounding muscles, we intended to check if indeed those muscles no longer were

active. If our hypothesis was correct that the signals we had been observing at the nerve

were generated directly by the nerve fibers, then those signals should remain active as

before. And the abductor digiti quinti should also remain active. This would indicate

that nerve transmission has not been affected by the curare which had been applied to

the muscles near the nerve. There was no reason to believe that the curare should have

any effect on nerve operation, and this was borne out in the experiment.

The second step in the plan was to block the nerve transmission, by an injection of

xylocaine into the nerve, at some point. In the first of the three operation, this was to

be done distally to the recording electrodes, in which case the signal on the nerve

electrodes should remain undisturbed if our hypothesis as to their origin was correct.

In the two other experiments, the nerve block was attempted proximally to the electrodes

first, in which case that portion of the nerve signal which is due to motor nerve fiber

impulses would be expected to disappear. In either case, muscle activity in all muscles

innervated distally by that nerve should disappear, and any sensation that the patient

received from areas of the skin innervated distally by that nerve should also disappear.

In the case of the nerve block proximal to the electrodes, any signal still appearing on

the nerve electrodes would be expected to be due to sensory fiber signals from areas

distal to the recording site. In the case of the nerve block distal to the recording site,

any signal that disappeared from that previously observed on the nerve electrode would

be due to such sensory information.

As a final step, a second nerve block was planned to be made on the other side of

the electrode recording site. The final result should be a complete absence of signal

on the nerve electrodes.

In two of the three operations of this sequence of experiments the curare was

effective in inactivating the muscles in the vicinity of the nerve electrodes, and in these

two cases the signal appearing on those electrodes was not perceptively affected. This

tends to indicate that the signal is not, as was suspected, caused by conduction of emg

signal along the nerve from adjacent active muscles. Such a conclusion is not a firm

one, however, until the complete sequence of experiments is successfully accomplished

and it is shown that no signal remains; otherwise the possibility that there were other

muscles still active through which the nerve passed, and that emg from these was the

source of the signal recorded on the nerve electrodes, cannot be exluded.

In no case, however, was any attempt at blocking nerve transmission successful.

In no case did the emg signal in the muscle innervated by that nerve completely disap-

pear, although it decreased significantly in all cases. In no case did sensation from

areas of the skin innervated by that nerve completely disappear, although this also de-

creased. Finally, in all cases the signal observed at the nerve electrodes decreased,
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but it never disappeared. Thus because these nerve blocks were never completely

effective we cannot be certain that the observed signals were actually generated by the

nerve fibers directly, since such a conclusion would depend on the assumption that there

are no other sources of electrical signals except the nerve fibers and the specific mus-

cles that were inactivated with curare. The conclusive test of whether these signals are

actually motor-nerve fiber signals is whether they can be eliminated with a nerve block

proximal to the recording site. Until this has been accomplished, we must leave the

question of their source open.

4.4 CONCLUSIONS ON THE NERVE EXPERIMENTS

By conducting a large number of experiments calculated to test our equipment and

our recording and electrode techniques, we satisfied ourselves that the recorded signals

were biological in origin, and were observed at the pair of electrodes claimed. Although

we believe that our plan for tracing the origin of the observed signals is valid, experi-

mental difficulties prevented success in carrying out this plan in the three attempts that

were made. The most recent suggestion as to the cause of our inability to effect satis-

factory nerve blocks is that the xylocaine actually takes as long as an hour to completely

diffuse throughout the nerve trunk, and even though certain fibers may be inactivated

earlier, it may be necessary to wait this long for the block to become completely effec-

tive. If such an experiment is satisfactorily carried out, then the question of whether

the signals that we have described actually originate in the motor-nerve fibers them-

selves, should be answered.

It is our opinion, based on the precautions taken to electrically insulate the nerve

from all other possible sources of signal, that the observed signals are generated by

motor-nerve fibers. The main argument tending to cast doubt on that statement is that

the observed signals seem to be too slow for nerve signals; i.e., that if they were

generated by the nerve-fiber action potentials transmitted along the nerve trunk, then

they should be dominated by the high frequencies present in the relatively fast activity

of a single nerve-fiber action potential. Recall, however, that the nerve fibers are

surrounded by a heavy fascia sheath, whose effect on the signals is almost certainly

that of a lowpass filter.

Under the assumption that the various nerve fiber potentials are of the same gene-

ral shape and are short compared with the time constant of the lowpass filter formed

by the fascia sheath, within the passband of that filter, we can assume that their

spectrum is approximately uniform. In such a case, the spectrum of the signal obtained

at the output of the filter carries very little information about the spectrum of the input

signal, but reflects only the system function of the filter itself. Translating this back to

the nerve potentials under consideration, we realize that the relative frequency content

in the signals observed by our technique will not identify the source of those signals,

because of the smoothing action of the fascia sheath.
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There are observations in different areas of the nervous system which reflect
55

similar behavior. For example, Goldstein and Kiang show data to which we have

already referred, in which the stimulus is an auditory noise burst, and the auditory

nerve response is a summation of the fast spikes expected. But the cortical response,

observed with a gross electrode, contains a long, slow component despite the fact that,

by assumption, that signal is the gross effect of many faster action potentials in the

nerves in the surrounding area of the cortex. These results are completely consistent

with the mathematical model summarized above, if the nerve potentials are assumed to

produce an over-all signal whose spectrum is uniform in the frequency band that is

being observed. Assuming that the action of the surrounding tissue is that of a lowpass

filter, we find that the observation of a low-frequency component at the electrodes is

perfectly reasonable. As a result of these considerations, we conclude that the presence

of a low-frequency component, and the absence of the high frequencies, are observations

perfectly consistent with, rather than contradictory to, the assumption that the observed

signal was generated by the asynchronous activity of many nerve fibers.

The work outlined here is an attempt to answer the first of the important questions

relative to the application of gross nerve signals to prosthesis control; namely, What

signals can be obtained by the use of gross-nerve electrodes? Assuming for the moment

that the observed signals were motor nerve signals observed on the nerve trunks, a

much more extensive study must be undertaken to determine the specific relations of

these signals to the details of the various intended muscle actions. We recall that,

generally speaking, the signals did appear in the expected patterns on the three nerves,

in the one operation where such data were obtained. Such work would probably have to

be done on humans, for similar reasons as those that caused us to do so. The develop-

ment of transmitters suitable for surgically implanting near the nerves of patients,

would probably be a prerequisite to such an investigation. The various studies required

would of necessity take many years to accomplish. But we suggest that such a possibility

is not far-fetched; we feel that any related research should be encouraged in view of the

potential advantages to nerve-controlled prostheses.

For the present, however, it is clear that no nerve-controlled prosthesis can be

constructed. We proceed in Section V to study the emg signal, and to show that a

system using muscle potentials, albeit with limitations more strict than are desirable,

can be constructed, and may prove a valuable contribution to the prosthetic art at this

time.
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V. USE OF MUSCLE SIGNALS FOR PROSTHESIS CONTROL

5. 1 FACTORS AFFECTING USE OF MUSCLE SIGNALS

Relative to nerve signals, the emg signal is very simple to observe in the body. In

fact, the emg is so dominant an electrical signal in the body that it is often a serious

interference source with respect to nerve signal studies because it tends to mask out

the nerve signals of interest. The simplest method of observing the emg signal is to

place any pair of electrodes on the surface of the skin over a muscle, tape them in

place, and look for a signal resembling the output of a noise generator, which increases

and decreases in correspondence with the tension in the muscle. The signal may reach

an amplitude of a few millivolts rms; the output impedance of the skin and electrodes

in these circumstances may be as high as 50K [2 to 100K Q.

On the other hand, beyond the casual observation that the emg signal increases and

decreases with tension in the muscle, that signal is as difficult to properly interpret as

any nerve or other biological signal. Some work by others, and some results obtained

by this author, in attempts to "decode" the emg signal will be outlined below.

There is one fundamental drawback to the use of emg signals for prosthesis

control. The anatomy of the body is such that if the joint that must be restored

through emg control is too far distal from the amputation site, then the muscles that

formerly controlled that motion are no longer present. For example, the muscles

controlling hand and wrist motions are almost all contained in the forearm and the

hand. Thus it would not be possible to use emg control in the normal manner that we

have been advocating, to restore wrist and hand motions to an above-elbow amputee;

such an amputee could, of course, potentially have emg control of elbow motion in a

normal manner. It might be possible to retrain such a patient to use other muscles,

not normally associated with hand and wrist actions, as the source of the emg signals

for the control of hand and wrist motions. As we have discussed, it is our opinion

that the main advantage of the use of emg control is lost by such a procedure. Thus,

except where otherwise specified, in the rest of this report we shall always intend emg

control to provide control of a corresponding action in the prosthesis to that which the

same muscle previously controlled in the normal arm.

There are two ways in which the emg signal can be sensed. In one case a pair of

electrodes is placed inside the muscle (although no attempt is made to place either of

them inside a muscle fiber; the electrodes are usually much larger than muscle fibers).

This can be done either by surgically implanting the electrodes or, more commonly, by

inserting a pair of thin wires into the muscle through the skin, by any of various tech-

niques. There are coaxial needle electrode constructions for clinical use, and other

specialized needle electrode configurations for research purposes.

There have been several studies aimed at learning more about the distribution of

motor units and excitations to various motor units throughout the muscle, in which
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various special types of needle electrodes were used. The results of these studies

indicate that the fibers of one motor unit are distributed no more widely than a circular

cross-section area in the muscle of 5-7 mm diameter, and an area of that size contains

fibers from approximately 25 motor units. They also indicate that the signal from a

given motor unit attenuates very rapidly with distance from the center of the area

covered by fibers belonging to that unit; one report states that the signal attenuates to
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one-tenth of its maximum value in a distance of only 0.38 mm. Hence a pair of wire

or other small electrodes will be far more sensitive to the signals from the small

number of motor units with which it is in close proximity than from the rest of the

muscle. The larger the muscle, the poorer the sample of over-all muscle activity that

will be obtained by such electrode techniques. Although the distribution of signals to

the many motor units in various contractions is not known, the information on gradation

of muscle activity suggests that under some circumstances certain motor units would

show no activity, while others would be active. Thus we suspect that for certain con-

tractions electrodes placed in the muscle could show little or no signal. This has been

verified by Bigland and Lippold, who show that at low muscle tensions, the signal

from small needle electrodes agrees fairly well with that from surface electrodes, but

the signal obtained from the small electrodes tends to "saturate" at high muscle

tensions.

There are other difficulties with needle or wire electrodes. One of the most

important ones is the problem of getting the signal through the skin. Whereas it is

possible to insert wires through the skin for clinical and experimental purposes, one

doubts that without very special precautions it would be possible to leave them there

for several years, as would be necessary for the purposes of prosthesis control. The

full range of environments to which patients may be exposed have not yet been fully

investigated, and the possibilities of infections, deterioration of the electrodes, and so

forth, must be evaluated. There is at least one report of an investigation of this issue; its

results were quite encouraging, although the scope of the experiments was not ex-
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tensive. There have been experimental emg transmitters developed which can be

implanted in muscles, and can serve to send the emg signal through the skin without

the necessity of wires piercing the skin. The potential formation of scar tissue around

the electrodes over a long period of time, which could cause the signal to be degraded,

has not been fully investigated. Furthermore, the limitations of small electrodes placed

within the muscle apply in any case.8 9 '9 5

The second method of observing emg signals is the one already mentioned, which

involved the use of surface electrodes only. The two main advantages as compared with

the needle electrode techniques are that there is no requirement that wires pierce the

skin at any time; and that the ratio of the distance from the electrodes to the furthest

motor unit to the distance to the nearest motor unit in the muscle is now not as great

as in the case of needle electrodes. Hence it is likely that the signal measured by a

pair of fairly large electrodes on the surface of the skin would represent a less biased
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average of the whole muscle activity than would the signal derived from small elec-

trodes placed in the muscle.

The potential difficulties associated with surface electrodes have been listed by

many. One of the most serious is the movement artefact: that is, the electrical noise

generated by small motions of the electrodes relative to the surface of the skin. With

all types of surface electrodes available before 1964 which this author has studied or

used, the movement artefact was serious enough by itself to suggest abandonment of

the use of surface electrodes for our purposes. The usual method of lowering the skin

impedance in order to make a better electrical connection has involved slight abrasion

of the skin, followed by the application of some special electrode paste. Often, however,

the electrode paste would dry out in perhaps as little as 1 hour, rendering the degree of

contact between the electrode and the skin to the same state as if no paste had been

applied, or worse. The two problems, of movement artefact and drying of the electrode

paste, have both been effectively eliminated by one new type of skin electrode, developed

only recently.3 In this electrode an annular ring of adhesive, double-sided, is used to

firmly anchor the electrode to the skin. The central portion of the electrode is recessed,

and set inside the electrode unit is a silver-silver chloride pellet, which is the electrical

contact itself; however, no portion of the electrode touches the skin. The contact be-

tween the pellet and the skin is made purely by the electrode paste, which is sealed

from the air so that it cannot dry out. The result is an electrode that can be applied

in the morning and used all day with insignificant drying of the electrode paste and with

negligible movement artefact.

There are a few other factors relating to the use of surface electrodes. For

example, the same factor that makes the surface electrodes responsive to signals from

a wider area of the muscle makes them also responsive, to some extent, to signals

from other muscles. Thus in an area where many muscles are near the site of the

electrodes it is possible to receive unwanted signals from adjacent muscles. This in

turn makes it rather more difficult to obtain as many independent muscle "channels"

as would be desired; more seriously, it may decrease the degree to which the system

duplicates the normal behavior, since if this "crosstalk" is a serious problem the

patient may again have to resort to specialized training to learn to minimize the signal

in the interfering muscles, which would otherwise cause spurious operation of the

prosthesis.

Despite the drawbacks, it should be clear that the use of surface electrodes for

sensing emg signals, and use of the signals so obtained for prosthesis control, is the

only one of the methods that have been discussed which can be considered practical at

this time. The relative simplicity of this technique is so inherently appealing that,

throughout the remainder of this report, we shall concentrate solely on this approach.

5.2 DATA ON EMG SIGNALS

One of the difficulties that concerned us during the early part of this work, before

the improved surface electrodes mentioned above were available, was caused by the
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varying degree of contact between the surface electrodes and the skin. One method that

we investigated which might have been successful in compensating for such electrode

difficulties depended on a variation of the distribution of frequencies in emg signals

with muscle tension. Specifically, if certain frequency components in the emg signal

increased by a different factor than others did as muscle tension increased, then it

would be possible to use a comparison of the levels of different frequency components

in the emg to determine the muscle tension. This would make it possible for the

electrode contact to change, under the assumption that the effect of such a charge was

to uniformly attenuate all frequencies, and the prosthesis operation could be made inde-

pendent of this variation. We refer to the desired property of the emg signal spectrum

as a "spectrum tilt."

In order to determine if this idea was applicable, and, more generally, in order to

determine if there was any information about muscle tension to be gained by observa-

tion of the frequency content of the emg signal, it was necessary to obtain data on the

relation between the power spectrum of the emg signal and the muscle tension. Emg

was obtained from the biceps of one subject, when he was lifting a 5 and a 15 pound load

in the hand. The upper arm was vertical, the lower arm horizontal, and surface elec-

trodes were used. The power spectra for one sample of each of the two emg signals

are shown in Fig. 11. These data agree well with those of Hayes, and indicate that,

in the frequency band where the signal varies significantly with tension, the power

spectrum of the emg signal does not change shape significantly as the muscle tension

changes, but increases approximately uniformly throughout that frequency band as

muscle tension increases. Similar data for a needle electrode study on a different

subject are shown in Fig. 12, showing that the same approximately uniform variation

of emg spectrum with tension applies at the higher frequencies than are observable

in the needle electrode emg signals.

As a result of these data, the possibility of compensating for variations of signal

amplitude resulting from varying degrees of contact of the surface electrodes with the

skin was ruled out, at least by the method proposed. We resigned ourselves to accep-

ting whatever variations in signal strength were forced upon us by the electrode con-

figuration to be used. We are fortunate that this did not become a serious difficulty,

owing to the improved electrodes which became available.

The emg signal, as observed either with surface or needle electrodes, is an

"interference pattern," caused by the interference of the signals generated by the many

motor units in the muscle. Although each motor unit probably generates a fairly well-

defined pattern for that unit, the statistical nature of the excitation times for the many

motor units in the muscle, combined with the geometric arrangement of the motor units

with respect to each other and to the electrodes, causes the "random" nature of the

resultant emg signal. Considering the way in which the emg signal is generated, it

seems unlikely that any detailed characteristics of the waveform of the emg signal

should have significance with respect to over-all muscle tension. The usual way of
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Fig. 11. Power spectra for surface emg signals

measuring an emg signal has been to consider some average measure of its activity.

Various measures of emg behavior were compared by Weltman and Lyman, 5 but they

were comparing these measures with respect to their ability to provide discrimination

information as to which motion of several was being performed.

There are two measures of emg activity most often described as being informative

of the muscle tension. The first is called the "integrated emg," actually consisting of

rectification followed by lowpass filtering, the time constant of the filter being long

compared with the dominant frequencies contained in the emg signal.16-18,80,99 The

longer the time constant the more precise is the result of this processing, and for

constant tension there is no restriction on the length of this time constant. On the

other hand, we are concerned with using some processing technique on emg signal while

the emg signal is changing its behavior, hopefully in just the same way the emg signal

changes its behavior in a normal motion. Thus the time constant should not be so long

that the time delay introduced by the filter is an appreciable part of the time taken for

the motion itself, or the ability of the patient to control the motion will be badly

degraded.
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Fig. 12. Power spectra for needle emg signals

There is one other way of measuring emg activity, which has been used by several

researchers. 1 5 ' 1 4 2 This consists of counting the number of relative maxima of the

emg signal per unit time. Bergstrom 1 5 compared this measure of emg activity with the

"integrated" signal described above, and found these two equivalent, as long as fatigue

and motor unit synchronization do not occur. For high tensions, however, when syn-
154

chronization of action potentials from various motor units is appreciable, it is

reasonable to expect that the count of pulses will deteriorate in its accuracy as a

measure of over-all activity.

Because of the relative simplicity of implementation of the rectifier-filter combina-

tion, in addition to the reasons given above, we chose to use the "integrated" emg as a

measure of muscle activity. It remained to study as fully as possible the relation

between this "integrated" emg and the tension in the muscle.

Many have reported that the "integrated" emg (hereafter abbreviated "emg") is

linearly proportional to muscle tension under isometric conditions; that is, when the

muscle length is held constant. 2 2 ' 8 0 ' 9 9 Bigland and Lippold 7 carried this one step

further, however, showing that, at any constant velocity of change of muscle length
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(including as a special case zero velocity, the case mentioned above), the emg is

linearly proportional to tension. The constant of proportionality depends on the muscle

velocity, the direction of this velocity, and the muscle length. As the velocity of

shortening of the muscle increases, for the same tension in the muscle the emg signal

is greater. For lengthening velocities, the emg signal decreases with increasing

velocity, at fixed tension.

If we intend to control a prosthesis from the integrated emg signal, then the data

above hold a potential difficulty for us: The muscles of the amputee which previously

controlled his forearm (in the case of an elbow prosthesis) are no longer connected to

his forearm; thus when they are stimulated by the nerves, they may shorten without an

opposing load, and their velocity of shortening cannot be either controlled or measured.

But without the information as to muscle velocity, the data discussed above tell us

that we may not be able to properly interpret the emg signal to deduce from it the

desired muscle tension. Under some conditions of amputation, the muscles may in-

stead become attached to the skin or other tissue in the stump; in this case the muscle

may be shortening against some load, but its velocity will again not vary with time in

any way that we can control or measure. There will be no guarantee that in a given

amputee the conditions will not change with time, nor will these conditions be similar

from one amputee to another.

As a result of these considerations, it seems desirable that we control the muscle

velocity, in order that the operation of the proposed prosthesis be as normal as possible

for the amputee. It is possible that through a learning process the amputee might bring

himself to control the prosthesis accurately if we ignored the variation of the emg

signal with muscle velocity. But, as we have stated, it is exactly this type of compen-

sation on the part of the amputee which we desire to minimize. As a result, in con-

sultation with two orthopedic surgeons, we decided that, if it became necessary, in

future amputations to which it is desired to fit our proposed prosthesis the muscle

lengths would be fixed, by attachment of the muscles to bone or in any other way

possible. Under conditions of fixed muscle length, the relation discussed above be-

tween the muscle tension under isometric conditions and the emg applies; under the

assumption that the length and velocity are fixed, this relation will not be contaminated

by other variations.

In an attempt to verify the data on the relation between emg and muscle tension in

isometric contractions, the following experiment was performed: By means of a set of

strain gauges mounted to a steel bar, the force applied by a subject's hand was

measured, while his upper arm was in a vertical position and his forearm was horizon-

tal. Simultaneously, the emg signals from his biceps and triceps were sensed, rectified,

and lowpass filtered. We consider the difference between the two muscle forces as the

effective force of a hypothetical single muscle, which can apply both tension and com-

pression forces. Accordingly, the signal produced by subtracting the two integrated

emg signals was applied to the vertical axis of an oscilloscope, and the force being

applied by the hand, as measuredby the strain gauges, was applied to the horizontal axis.
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The data discussed above led us to expect that the locus of points displayed on the

oscilloscope should be a straight line through the origin. (The gain of the triceps

channel was adjusted so that the slope of the emg-force relation in pushing down

was the same as that on pushing up, thereby compensating for any inherent differences

in the two muscles.) In our experiment, the instrumentation was again done digitally,

in this case not because it was necessary, but because it was convenient to do so. In

the digital program variation of parameters, such as gains, time constants, etc., can

be performed with ease, whereas some effort would have to be applied to provide the

same flexibility in analog equipment.

In fact, the pattern traced out on the oscilloscope is qualitatively that shown in

Fig. 13. Near zero force, the emg-force plot is linear, as expected, but as the tension

is increased in either direction, the emg increases more than a linear relation would

indicate. Then, when the force is decreased from some maximum value, the emg does

not follow the same line it traced out when the force was increasing, but rather decreases

more slowly. Thus a double-valued emg-force relation is traced out. In fact, by re-

peating the same experiment with different maximum values of force, one can determine

that the relation is actually many-valued; this suggests the possibility that some variable

involved in the relation that is being studied has been ignored. It might be thought that

this may be due to the fact that the force-emg relation is different for shortening than

for lengthening muscle, but the steel bar bends only very slightly, and the effect is so

striking that one hesitates to suspect that the small changes in muscle length which are

involved could be the cause. These data were observed simultaneously in England by

Bottomley. 2 1

Fig. 13. Multiple-valued nonlinear emg-force relation. Biceps
and Triceps surface electrodes. Integrator time con-
stants 300 ma. Relation is qualitative only. Tension
measure a- hand, elbow angle 90 ° .
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The time constant involved in lowpass filtering the rectified emg signals in this

experiment was 300 ms. This value was found to offer a fair compromise between the

two requirements that the signal (after the filter) respond rapidly enough to a motion

that the signal and the force remain synchronized, and the time constant be long enough

that at constant tension the signal remain fairly stationary. In spite of the above-

mentioned considerations, at constant tension the signal varies from one moment to

the next by a sufficient amount that it is very difficult to be certain about details of the

way in which the emg-force relation is being traced out on the oscilloscope screen.

Nevertheless, there is little doubt that the relation is curved rather than straight, and

that it takes on multiple values.

Let us postulate the existence in a given muscle of several different types of motor

units, as follows: Let us assume that certain motor units are active only while the

muscle is shortening, and others are active when the muscle is lengthening. Let us

assume that the motor units that are active in shortening have an emg-force relation

that is such that the signal produced while the muscle is supporting a given force is

less than that which the motor units that are active in lengthening would produce while

supporting the same force. These assumptions lead to an over-all emg-force relation

with the multiple values observed by us and described above. The curvature that we

observed could be explained by an assumption that such a nonlinearity exists in the

emg-force relation of the individual motor units.

We do not suggest that these assumptions represent an accurate picture of the

operation of the muscle. We do suggest, however, that the existence of different motor

units in a given muscle, with different functions and different emg-force relations, could

explain the observations that we have made. There is evidence that motor units do exist

with different functions; gradation of activity in a muscle depends on this fact.1 8 But in

that case it is only the over-all muscle tension that causes different groups of motor

units to be activated, whereas to explain the data observed by us the activation of the

various types of motor units would have to depend on something other than just the
141

over-all muscle tension. Wagman and Pierce also mentioned certain data on different

types of motor units, but their report is not available for reference.

Beyond this theory, this author is unable to advance any reasonable suggestion to

explain the curvature and the multiple values observed in the emg-force relation.

5.3 PROPOSED EMG-CONTROLLED PROSTHETIC SYSTEM

The hand, used as a subject for rehabilitation in the three previous studies of emg-

controlled prostheses (discussed in Section II), has the property that its normal mode

of action is discontinuous. The act of grasping some object consists of two phases:

the hand closes on the object at any velocity, while exerting no force; and upon en-

countering the object, the hand immediately begins applying some force, but its velocity

remains thereafter very close to zero. Thus the mode of control changes quite dis-

continuously from one of velocity control to one of force control. Less often is the

--- -- -1_ ____ _ _. -1 _ _ -- - -.



requirement imposed that the hand both exert force and close with some velocity at the

same time, such as in the act of "squeezing" to compress some object. 2

Elbow motion, on the other hand, typically involves the exertion of a force simul-

taneously with control of motion at some nonzero velocity. And both the force exerted

and the velocity of the motion can be varied independently over wide ranges (within

the capabilities of the arm). With respect to obtaining the proper emg signals for

normal control of an elbow, the anatomy of the musculature which controls normal

elbow motion is relatively simple, as compared with hand or wrist motions. Although
60

as many as 6 muscles may sometimes contribute to elbow flexion alone, under most

conditions the two muscles, biceps and triceps, contribute most of the required torque

for elbow flexion and extension. And these two muscles are large and in the upper

layer of muscles in the arm; thus obtaining useful emg signals from them should be

quite simple, in that the chance of interference from other muscles is minimal.

Finally, the geometry of a piece of equipment to replace lost elbow motion is very

simple, there being only one degree of freedom associated with an elbow.

All of the reasons given above combine to make the elbow joint an advantageous

subject for an emg-controlled prosthesis. We proceeded, therefore, to design and

construct such a device, and to study thereby the effect of various parameter variations

on the performance, and to what extent the curvature and the multiple valued charac-

teristics of the emg-force relation would interfere with accurate control. Despite our

efforts toward a "normal" behavior, we anticipated that some training of the amputee

would be necessary before he could adequately handle the prosthesis; the system that

we constructed can be a vehicle for studying this question also. Finally, we have

considered the question of what types of feedback from the prosthesis to the amputee

would be most valuable to the amputee. This consideration has been based on our

observations of the performance of the system in the absence of any feedback other

than visual. A suggestion as to how position feedback to the amputee might be

implemented in an inherently normal manner can be made.

The steps in the development of this system, and a description of its performance

at the present time, follow.
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VI. DEVELOPMENT OF THE PROSTHETIC SYSTEM

6.1 SIMULATION OF THE PROPOSED SYSTEM

The purpose of constructing a prosthetic system as a part of our research effort

was primarily in order to have available a way of studying the control problem created

by the requirements of graded control, using emg as the controlling signal. At the

beginning of the construction of this experimental system, there was not yet available

a mechanical elbow joint with which to work; the initial approach taken was to simulate

such a device on a digital computer. Such a simulation could have been performed on

an analog computer, but for several reasons the digital machine was considered

preferable. Some of the reasons follow.

1. Variation of various parameters in the simulation could be accomplished on

either type of computer, but it was considered easier to provide the required flexibility

on the digital computer.

2. In order to properly analyze the control problems associated with the device,

the simulation was required to be in real time; that is, the result of some action on the

part of the emg signal at the input, was required to produce the proper response at the

output, "simultaneously." Only in this way could the interactions between the patient's

actions and the responses of the system, and vice versa, be properly evaluated.

Normally a requirement of this sort leads to the use of an analog computer, because

certain operations are capable of being performed faster on an analog than a digital

computer. In this case it was possible to attain the required speed on a digital

computer, as will be discussed below. The requirement that we provide a display of

the simulated arm which the subject will find convenient to use, is met more easily

on the digital computer.

3. Whereas linear operations are equally simply performed on digital and analog

computers, nonlinear operations are more easily implemented on a digital computer.

There are exceptions to this statement, but in general it is fair to say that if the various

nonlinearities are not to be specified exactly at the beginning, if their interconnections

into the system may change from one experiment to the next, or if the nonlinearities are

not of certain simple types, then the digital computer provides a flexibility which can

handle the nonlinearities more easily than the analog computer does. In this experiment,

the dynamical equations for the computation of torques involve trigonometric functions,

which, given the time, can be computed more easily on a digital computer than generated

on an analog machine.

4. It was not certain at the beginning that the proposed system of processing the

emg signal would be satisfactory, nor that any revisions to it which became necessary

would be as simple to implement in analog equipment as the initial system would have

been. In order to provide complete flexibility for making any such revisions with a

minimum of effort, the digital computer was considered a superior choice.
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The hypothetical forearm which was simulated was simplified as much as possible.

Basically, it was represented in the computer by its weight Wp, a distance d from the

elbow joint to the center of gravity, a moment of inertia I about the elbow joint, and a

length b from the elbow joint to a point called the "hand", on which could mathematically

be placed a point mass with a specified weight WL. The torques acting on the forearm

resulted from the weight of the forearm, the weight of any object placed in the hand, an

angular viscous friction acting at the elbow joint, and the muscular force. As was

mentioned previously, the muscular force, derived from the emg signals generated by

two muscles, is converted to a form such that it represents the force of one hypothetical

"muscle" with the capability of both pulling and pushing. This "muscle" is assumed to

act in a direction parallel to the upper arm in the model, and to act at a point on the

hypothetical forearm whose distance from the elbow joint a is specified. Finally, the

angle 3 of the upper arm to the horizontal is specified (in order to know the angle at

which that simulated muscle is acting). The above relationships are summarized in

Fig. 14.

horizontal
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Fig. 14. Idealized arm model used in simulation

The equations governing the simulation are given below; the symbols are defined in

Figs. 14 and 15. The total of the torques acting on the forearm, in a clockwise direction,

is equal to the product of the moment of inertia about the elbow and the angular accelera-

tion of the forearm:

-(WLb+Wpd)cos( 3 +0) - af(t)sinO - k = (I+WLb 2) . (1)L P L~~~~~~~~~~~~~~~~~~~~~~~1
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Fig. 15. Block diagram of the emg signal processing

The emg signals derived from the two muscles, biceps and triceps, were initially

processed as shown schematically in Fig. 15. Thus

f(t) = YB(t) - YT(t),

where

y (t) =y B TB

t

-00

tB
e do,

(2)

(3)

and a similar relation holds for YT(t).

Equation 1 is a second-order, nonlinear differential equation with constant coeffi-

cients. The process of solving these equations simultaneously for 0 at each instant of

time t consists of sampling the two signals SB(t) and ST(t) repetitively, at a sampling

interval T to be determined. We use a subscript to indicate the interval to which a

given sample corresponds. Thus at the n t h interval, the samples of the biceps and

triceps signals are labelled SB(tn) and ST(tn), respectively. Similarly, from (2),

f(tn) = YB(tn) - YT(tn). (4)
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As step 1 of the procedure for computing 0, the absolute values of the two emg

signal samples can be computed. This is quite straightforward on a digital computer;

the program steps necessary to compute the absolute value of one sample of one of the

signals on the PDP-1 computer 3 9 are:

lac s
spa
cma
dac x

/value of one of the samples of one signal;
/skip the next instruction if that sample is positive;
/otherwise change its sign;
/and save the absolute value. (5)

(The information to the right of each diagonal is a comment, used here to describe the

function of the corresponding instruction.)

The second step in the computation of 0 consists of determining the output of each

of the lowpass filters, YB(tn) and YT(tn). We can rewrite yB(t) from Eq. 3 in the form

n

YB(tn) = TB TB k- oo

(n-k)T
-Be x(tk ) (6)

where we have replaced the integral by a summation of values at sample instants.

Separating the last term in the summation, we obtain

YB(tn) =

n-1

BT k
B k=- oo

e

(n-k)T

TB
(tk) ] + x(t )

(n-l-k)T

TB
e x(tk)

T
T

e + - x(t ),
TB n

YB(tn)= e YB(tn 1) + T x(tn).TB

Now, if T < < TB, then the exponential form e

(7)

T

TB T
can be written as (1 - T ), with an

TB

error of the order of 2 , leading to the difference equation
2 TB

YB(tn) = YB(tn - 1 ) + TB [ n) YB(tn1) 
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which is a form that is simple to implement in digital computer instructions. In PDP-1

language, the necessary instruction sequence is

lac x /value of x, this interval;
sub y /value of y, last interval;
mul c /a constant, equal to T/TB;
add y
dac y /new value of y; this interval. (9)

Having used this procedure to determine the two signals YB(tn) and YT(tn), the

"equivalent muscle force," f(t ), can be obtained from Eq. (4), as step number 3. This

force is one of the factors in one term of the total torque about the elbow, according

to Eq. (1). Rewriting that equation, attaching subscripts to the time variable, we obtain

(tn) -12 { f(tn)a sin [ 0(tn)] + k (tn) + (WLb+Wpd) cos [+0(t) J (10)

Now we can interpret that equation with respect to the time sequence of events: The

torques are computed at the n t h interval, by using values for angle 0 and angular velo-

city 0 at that point in time. By using Eq. (10), the angular acceleration 0 at that instant

is then determined as step 4.

As the last step in the iteration procedure, the angular velocity and position must

be extrapolated, and the values of each at the next time interval, tn+l, calculated, in

order that the process can be repeated. The angular acceleration, computed above, is

used in these extrapolations. For simplicity, we use a rectangular rule for the integra-

tion to 0. The form of the difference equation is

0(tn+) = 0(t n ) + T (t n ) (11)

The use of Eq. (11) is equivalent to making a stepwise approximation to the accelera-

tion , under the assumption that a value of 0 calculated at a point tn in time is valid at

that time and through the succeeding interval, until tn+l. The approximation on the

velocity 0 then is trapezoidal. Using the following difference equation, we can finally

integrate to the angle 0:

2
0(tn+ )= 0(t n ) T (t + T 0(t n ) + 0(tn). (12)

The approximation on the angle 0 is thus parabolic, consistent with the assumption of a

stepwise approximation on the acceleration.
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The simulation procedure is slightly complicated by the addition of limiters on certain

variables; for example, the arm position is bounded so that the angle 0 is always between 45 °

and 165 . Although a normal arm can usually be extended to 180 , and often slightly beyond,

our simplified model is such that the muscle moment arm about the elbow joint is reduced

to zero at 1800. Hence this angle had to be excluded in order that the simulated arm would not

"stick" at that position, with no force able to move it from there. A complete block diagram of

the system is shown in Fig. 16, showing both the signal processing and the arm dynamics.

impulse B
M;-nc response

Fig. 16. Block diagram of over-all simulation program

Except for the limiter on the elbow angle, the others were there mainly to inform

the operator when any of the bounds were exceeded, since in each case the limits

imposed were large enough that under normal conditions they should not be exceeded.

A light on the computer console was connected to each of the other limiters by the

program, so that the light was lit when the bound was being exceeded.

In practice, it was found that the adjustments for time constant of the two lowpass

filters were so broad that there was no basis on which to choose different values for

them. Thus their values were always equal, and this fact allows a simplification of the

processing diagram, as shown in Fig. 16. Because the time constants are equal, the

two filters can be combined into a single lowpass filter, and the subtraction of the two

emg signals occurs before this filter, rather then after it. This simplification is purely

a formal one, however; that is, it does not imply that the difference between the two

absolute values of the raw emg signals has any significance. The result of the signal

processing, however, is identical to what it was before.

At the end of the iteration process described above, the loop must begin again. The

time taken to perform the process once varies from one time through the loop to the
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next. This is because the times for the execution of multiply and divide instructions

vary, and because certain instructions or groups of instructions are skipped sometimes

and executed other times, depending on the partial results of the calculation. (For

example, in determining the absolute value for one of the signals, in Eq. (5), the "cma"

instruction is skipped if the sample value is already positive. The time for one execution

of that sequence of instructions alone will be either 25 or 30 /usec, depending on the data

value.) These variations in time for the processing would cause corresponding variations

in the times at which the various signals were sampled, and it would not be possible to

carry out the calculations indicated in (9) or the integrations in (11) and (12), since the

sampling interval would be varying and there would be no way for the program to

determine the value of that sampling interval at each instant. Thus, the beginning of

each pass through the processing loop must be synchronized to a "clock", which gene-

rates pulses to the program at regular intervals.

The PDP-1 available at the Research Laboratory of Electronics, M.I.T., has, in

addition to analog-to-digital conversion hardware and certain special instructions, a

very flexible panel at which other external hardware can be connected for signalling

the program or receiving signals from the program. Accordingly, a variable clock was

connected at this point, and the program was written to wait for a "sequence break"

caused by this clock before initiating a pass through the sampling and processing loop.

At the completion of the processing, the program would wait, with time available, until

the next clock signal. By this means the sampling interval was kept constant.

One of the features which thus far has not been mentioned about the program is the

mode of output. This was in the form of a moving display on a large program-

controlled digital display oscilloscope. An example of the form of the display is shown

in Fig. 17. The two radial lines that are very close together represent the upper arm,

and these remained static throughout a given computer run. They could be moved to a

new angle, by entering into the program a new angle between the upper arm and the

horizontal; that angle for the case shown in Fig. 17 was 90 ° . The center of the screen

represents the elbow joint, and the third radial line represents the forearm. This line

moved as the program was running, and continually represented the position of the

simulated forearm. The study of control performance was accomplished by placing the

subject in front of the display, with electrodes mounted to his biceps and triceps muscles,

and instructing him to attempt to lift and otherwise control the line position as if it was

a prosthetic forearm, through actions in his muscles.

The display must be updated continually by the program; its persistence is fairly low.

On the other hand, some degree of flicker in the display is acceptable; in most cases it is

not noticeable. Thus the program, instead of doing nothing while it is waiting for the clock

signals mentioned above, was written to make use of this time to regenerate the display.

The "sequence break" caused by the clock also caused all information about what point the

program was displaying to be saved, and upon completion of the processing required for

that clock interval the program returned to the point where it was interrupted, continuing

the display where it left off.
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There is a set of knobs on the computer, which can be used to enter values into

the program. Individual "gain" controls on the biceps and triceps signals, and one gain

control on the difference between them, were programmed on those knobs; thus, for

example, when it was found that too much biceps effort was required for the force being

lifted, the gain could be increased easily. Other parameters in the program could also

be varied, but in most cases this required typing a number into a certain register,

rather than changing the values dynamically. A change of this sort would only take 10

seconds, after which the program could be restarted, so the time lost was still

negligible.

The processing to be performed per sample required about 2.5 msec of computa-

tion. This sets a lower bound on the sampling interval. To allow for a reasonable

amount of time for replenishing the display, a 3 msec sampling interval was chosen.

This required a strict bandlimiting of the emg signals so that no "aliasing" of the high

frequency components would introduce noise into the signals. The Sampling Theorem 1 0 6

requires, for a 3 msec sampling interval, that no frequency components exist in the

signals to be sampled above about 166 cps. We chose to lowpass filter the signals to

approximately 100 cps, with a corresponding slight loss of signal information. We are

fortunate that the spectrum analyses described in Section V proved that, with respect to

the emg-force relation, any portion of the power spectrum of the emg contains as

much information as any other. This permits us to eliminate any chosen bands of

frequency components in the emg signal, yet be certain that we are not losing any

important information, and that the distortion of the signal which we are causing

will not affect our results. It should be noted that the filter being discussed here is

distinct from that filter described above as a part of the program, and being an

important part of the required signal processing; the filter being discussed here is

one which cannot be implemented in the computer program, because to do so would

presuppose some sampling procedure. It is just this sampling procedure which we

are making meaningful by the addition of this external analog filter.

The program which implemented this simulation requires approximately 2400

of the 4096 registers of PDP-1 storage. A great deal of the program consists of

calibration and other introductory subroutines, which are not an important part

of the simulation per se. The actual arm simulation loop requires about 400

registers.

Many of the limiters shown in the processing block diagram of Fig. 16 were placed

there only as an aid to the further development of the program. The signal processing

has remained as simple as it is only because none of the variations which were attempted

succeeded in improving the overall performance. One feature which initially was in-

cluded in the system is a "dead zone" between the lowpass filter in the signal processing

and the computation of the torques. This "dead zone" had a form such that small varia-

tions in the processed signal at this point were not passed on to the dynamics of the arm.

This device seems to be a useful improvement in theory, but in fact its heuristics are
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wrong: certain of the small variations which this system failed to pass on to the

dynamics were the perfectly reasonable attempts of the subject to compensate for some

small errors in the behavior of the system. Thus the proper type of device to insert at

this point would know how to distinguish between these two types of small variation in

the processed signal. Unfortunately, insufficient information about the characteristics

of the emg signal is available to allow us to make this distinction. As a result, the

system has been left as shown in Fig. 16; its performance in that form is superior to

that which was attained with any "backlash" generator or other variations which were

attempted.

We have stated previously that, in order to properly process the emg signal and

derive the force information from it, it was desirable that the lengths of the muscles

which were generating the emg signals be fixed. In fact, although the simulated arm

moves quite readily if the subject is a normal person and he makes any movement of

his arm, it is very difficult for a normal person to control the movements of the

simulated arm in this manner, although an amputee may not have the same difficulty.

All of the conclusions drawn in this work, and all of the opinions stated, with reference

to the performance of the simulated arm described above, are the results of experiments

with one subject, this author, who created the situation of fixed muscle lengths in his own

arm by holding the edge of a table with his hand as he applied lifting or pushing forces to

control the simulated prosthetic arm. Although there may be some degree of internal

shortening of the muscles in such a case, against the elasticity of the tendons, it is

thought that this amount of shortening probably exceeds the amount which may be re-

maining in an amputee's arm when his muscles have been "fixed." If this is so, then

the fact that satisfactory performance was achieved with the subject as described

suggests that the results should also be satisfactory with an amputee.

With the arm simulation and signal processing as described, the author was able to

control the arm position quite well when there was sufficient viscous friction in the

simulated elbow joint. As the viscous friction was decreased, the arm velocities would

increase to the point that little control was possible. The time constant in the signal

processing was required to be a minimum of 300 ms., in order that the variations in the

resultant processed emg signal were small enough that the random arm motions were

in turn acceptably small. All evaluations on the resultant degree of control of the

simulated arm are qualitative only, but a good test of the ability of the system was

found to be an attempt by the subject to hold the simulated arm in some fixed position

for 15 seconds or longer. If the motions of the arm during such a test were judged

small enough to be acceptable, then the set of parameters which enabled that result to

be achieved was considered acceptable. For conditions under which the above per-

formance was satisfactory, it was also possible for the subject to control the velocity

of the arm motion.

The performance of the arm was very critical; that is, it seemed to respond to

small variations in the muscular effort more rapidly than seemed consistent with the
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maximum velocity which it could attain with the same set of system parameters. It is

possible that by the insertion of nonlinear friction losses, such that the starting friction

would exceed the moving friction, the performance might have been improved. There

are probably other specific improvements which could have been made, but no further

refinements were attempted. The work on the arm simulation was terminated at this

point, for reasons discussed below.

Generally speaking, the study of emg control which was carried out through the

simulation effort described above served very well to allow determination of the form

of the signal processing system, and to demonstrate that graded control of prostheses

through voluntarily-generated emg signals was feasible. However, it was not possible,

with the crude arm model which was simulated, to draw conclusions about the precision

of the control which was possible.

A mechanical arm was being developed for this project by another worker; this

device was ultimately planned as the research prototype for an emg-controlled

prosthetic system which could be tested with amputees. It became clear that this

artificial arm would contain certain mechanical characteristics which were different

from those in a normal arm, and which were also different from those in the simulated

arm model described above. The fact that these mechanical characteristics differed

from those in a normal arm made it advisable that we not continue to refine the simula-

tion of a normal arm model, but rather begin to study the way in which the particular

characteristics of this artificial arm would affect the ability of a subject to control it.

On the other hand, the very complex nature of certain features contained in that device

made a simulation of its performance, in a manner similar to that described above for

the simplified arm model, very difficult. An algorithm was deduced which would have

simulated the action of that arm fairly accurately, but its implementation on the PDP-1

computer would have required an estimated ten milliseconds of computing time for

each "pass" through the processing loop. This would in turn have required such a low

upper-frequency bound on the emg signals that the attempt to simulate that arm was

abandoned. The artificial arm itself was at that time close enough to completion that it

was decided to create a system which controlled that arm through the emg signal

processing which had already been developed, and to continue the development work as

applied to that system.

We digress at this point to discuss the features of the arm, which have significance

for our work.

6.2 THE PROSTHETIC ARM

During the phase of the research which was described above, a parallel development

was being carried on, in order to produce a prosthetic elbow suitable for emg control. 1 2 6

The purpose of this phase of the work was to make available an actual prosthetic arm

which would enable the continuation of the research effort towards learning more about

the problems of emg control. The arm so developed was intentionally designed so that,
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should it become desirable to do so, it could be mounted to an above-elbow socket and

actually fitted to an amputee in order that his experiences in using the device could be

better studied.

We shall now summarize the features of the arm, developed by Rothchild, which

play a part in our work. More detailed information on these and other innovations

included in the design of the arm can be obtained by referring to Rothchild's report.1 2 6

In order to support a weight with a standard prosthesis, either the subject must

exert a continuous effort, or he must lock the elbow joint. In externally powered

prostheses, the exertion of continuous effort on the part of the system will normally

result in rapid exhaustion of the power supply. The inclusion of a separate locking

device, however, which must be operated by the subject, creates a system which is

inherently dissimilar from a normal arm. The usual solution to this difficulty has

been the inclusion of a self-locking screw mechanism, 2 which unfortunately carries

high frictional losses. It is certainly desirable in an electrically-operated device that

the losses be minimized; because supporting a weight in a fixed position is a very

common occurrence, it became necessary in our system to minimize the amount of

battery power required for that activity. Hence one of the design constraints on the

electrically powered arm was that it be able to support a weight in any fixed position

indefinitely, with nominally zero drain on the battery.

The solution to that part of the arm design was accomplished by Rothchild by

including a unique mechanical clutch in the drive train of the arm. This clutch per-

forms the function of allowing the motor to move the arm up or down, but of fixing the

arm position when the motor power is off, independent of the load. Thus the load can not

cause motion of the elbow joint when no signal is applied to the motor, but the motor can

move the arm in either direction.

One by-product of the inclusion of that clutch, however, is the fact that now the

load had no effect on the muscular effort necessary to maintain elbow position. Such a

mode of performance is inherently not normal, for it is a common experience that the

effort necessary to support a heavy weight in a normal hand exceeds that necessary to

support a light weight. This is doubtless one of the ways (if not the most direct way) in

which force information is fed back to the human, through the knowledge of the effort

which he is exerting in order to support the opposing load.

Thus, as a further innovation in the development of the arm, to compensate for the

effect of the inclusion of that clutch, Rothchild specified a set of strain gauges on the

arm, placed in such a position that they measure (approximately) the total load torque

about the elbow. He specified that this signal be fed back to the motor control circuitry,

in such a way that the motor signal is reduced to zero, causing the arm to stop moving

at any point, only when the effective muscular torque equals the load torque, as

measured by the strain gauges.

The input to the arm, to cause its elbow to move, is a direct input to a dc motor;

the polarity of the input signal specifies the direction of travel of the arm, and the
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magnitude of the signal applied specifies the strength of the effort with which the arm

should attempt to move. Due to the changing motor velocity, the resulting changing

armature voltage, and the various other nonlinear losses in the system, the linear

force produced in the arm's "muscle" is proportional to the applied voltage only at

constant velocity. Due to the complex geometry of the arm, the torque about the elbow,

produced by a given input signal to the motor at some constant speed, depends on the

arm position at that instant in a different way than the torque produced by a given effort

in a real muscle does. The nonlinearities which are involved in these relations are

quite complex and it is difficult to compensate for them; as a result, it is possible that

at certain angles of the arm the subject may anticipate through his experience with a

normal arm that some certain effort will be required, but because of a more favorable

lever arm than the person's experience is aware of, the effort resulting in the artificial

arm may be greater than intended. This is one of the areas where the ability of the

patient to adapt to small variations from the normal arm's characteristics is necessary.

6.3 EMG-CONTROLLED PROSTHETIC SYSTEM

In order to integrate the artificial arm into the emg control system which was

developed through the simulation study, it was necessary to modify the program which

was used previously. The simulation of arm dynamics was removed, and that section

was replaced with the necessary program sequence to apply the proper control signal

to the arm. The block diagram of the motor control loop, including the connection of

the feedback signal from the strain gauges, is shown in Fig. 18. The strain gauge

signal is shown as indicated in Fig. 18 because, in fact, only under static conditions is

that signal actually proportional to the total torque; inertial forces will produce transient

signals at that point also.

The motor control portion of the program is quite simple. Again, there are certain

aspects of the program which are not shown in Fig. 18, but in principle the program

needs only to sample the strain gauge signal once each time through the processing

loop, compute the difference between that signal and the result of the emg signal

processing, and transmit the result back out of the computer to the motor. The signal-

processing section of the simulation program is retained intact, and the computation of

arm position through the application of the equations for the dynamics of the simulated

arm and load has been removed.

The computation which is now involved in the program is quite simple. In fact,

except for the flexibility to make gross revisions to the overall block diagram that is

involved in translating the emg signals into the required motor signal, there is no

further need for the computer. Its functions are now reduced to those of several adders,

amplifiers and one low-pass filter, which could be implemented easily in analog instru-

ments. The computer has been retained as part of the system at this time for only two

reasons: The existence of the large part of the program which was carried over intact

from the simulation to the present operation made it easier to produce a working system
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by retaining the computer as a block in the system than to do otherwise; and although the

form of a working system had been demonstrated through the simulation studies, the

specific parameters had not been set, and the differences between the mechanical arm

and the simulated arm were significant enough to indicate the need to retain experi-

mental flexibility.

The changes necessary to operate the mechanical arm have been minor however.

The arm displays some mechanical slack, and some significant starting friction. These

characteristics actually help to smooth the operation so that the extreme sensitivity

apparent in the simulated arm has disappeared. The time constant involved in process-

ing the emg signals has now been reduced to 200 to 250 ms., resulting in slightly faster

response to rapid inputs, with no decrease in the ability of the subject to control the

arm position. In fact, the subject can control the mechanical arm more accurately,

with respect to speed control while the arm is moving, and with respect to stability in

one position when that is desired, than was possible with the simulated arm.

With the emg signals removed from the system, but the strain gauge signal connected

normally, the arm can be manually lifted and dropped, and, by varying the gain of the

strain gauge signal, its "feel" can be adjusted to be similar to that of a normal arm.

In this mode, the strain gauges are the source of the signal which allows the motion of

the arm up or down. If the strain gauge signal is also removed, or the motor is dis-

connected, then the arm cannot be manually moved, since it is the function of the clutch

to prevent such motion. It is only because of the signal from the strain gauges that the

arm can, for example, fall of its own weight when the emg signals are removed by the

subject's relaxing his muscles.

If the strain gauges were not there, but the clutch were, then relaxing the muscles when

the arm was at some point would result in the arm's remaining at that point indefinitely. This

would result in the subject's having no awareness whatsoever of the force he was supporting.

The addition of the strain gauges, however, provides the system with the normal characteris -

tic of requiring continuing muscular effort in order to support a weight in a fixed position.

A view of the computer room and the equipment necessary for running the system

in the form described above is shown in Fig. 19. For reference purposes, a block

diagram of an equivalent analog system which should produce performance substan-

tially similar to that obtained as above, is shown in Fig. 20. The specifications for

the various elements in that diagram are given there also.
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VII. EVALUATION OF THE SYSTEM - SUGGESTIONS FOR THE FUTURE

7.1 OVER-ALL SYSTEM PERFORMANCE

At present the system can only be operated in the configuration shown in Fig. 19.

One rack of equipment serves to translate the analog signals derived from the two

muscles and from the strain gauges into the proper format for input to the computer.

The DEC PDP-1 computer is a part of the system; the arm-operating program tape,

prepared by this author, serves to cause the computer to perform the necessary signal

processing of the emg signals. A second rack of equipment holds the arm itself and its

associated power supplies, and receives from the computer the necessary signal for

activation of the motor in the arm. The electrodes used are those already described, 13

because of their relative lack of motion artefact, and excellent contact with the skin

over long periods of time.

Thus far, only two persons have operated the prosthetic system as subjects. One,

the author, has been the subject many times. The author has two normal arms, and on

different occasions either arm has been used as the signal source. The condition of

fixed muscle length was simulated in all these cases by the author's holding the edge

of a table, or otherwise preventing elbow motion as his biceps and triceps muscles

were tensed. The positions for the electrodes were never marked, and no other pre-

cautions were taken to ensure placing the electrodes in identical positions on different

days. The electrode placement was always determined simply by the criteria that the

two electrodes should be placed over the largest portion of the muscle when that muscle

was flexed, as determined by palpation.

In the case of the author the emg signals reached a level of about two millivolts

rms in a fairly strong contraction. The signal obtained from the triceps was weaker

than that seen at the biceps. The author was able to energize either muscle selectively

while relaxing the other; under these conditions there was no observable signal from

the electrodes over the relaxed muscle. When both muscles were intentionally relaxed,

the biceps signal decreased at least by a factor of fifty from its maximum, and the

triceps signal decreased to a comparable level.

The other subject was involved on only one occasion. He was a unilateral medium

above-elbow amputee. He was approximately 55 years old, and his amputation was

about 25 years old. He regularly wore a prosthesis of the conventional type, with two

cables: One cable, operated by a shrug of the shoulder on the amputated side, con-

trolled locking and unlocking of the elbow. Pulses of tension performed alternately

the locking and unlocking actions. With the elbow unlocked, flexion of the shoulder

caused flexion of the elbow joint through the second cable. With the elbow locked,

flexion of the shoulder (or a shrug of the opposite shoulder) caused opening of the

terminal device (hook), which was normally closed. During the 25 years since his

amputation, he had not used his biceps and triceps on the amputated side, and he had

learned to associate motion of the elbow on that side with shoulder motion rather than

with activity of the biceps and triceps muscles.
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Because of the short stump length, this amputee had very little of either of his biceps

or triceps muscles remaining. Further, because of the long time since those muscles

had been used, they showed a considerable degree of atrophy. It was very difficult to

feel the positions of the muscles through the skin, and so electrode placement was some-

what difficult. Nevertheless, the electrode positions were chosen simply by palpation,

and no readjustment of their positions was found to be necessary. The signals observed

from his muscles never exceeded about 500 microvolts rms. The biceps and triceps had

about the same maximum emg levels.

At the beginning of the experiment with this amputee, we found that his ability to

selectively energize his two muscles (biceps and triceps) had been lost. When asked to

energize his biceps alone, not only did he energize his biceps as requested, but the

triceps was also energized. The emg signal observed on the triceps was approximately

one-third of that observed at the biceps, and by palpation it was clear that there was

significant contraction in the triceps as well as biceps. His efforts to energize his

triceps alone, however, were less successful: In this case, the signals observed at the

two electrode sites were about equal.

The total training time that this amputee received in the use of the prosthetic

elbow consisted of one two-hour session. By the end of this session, it was remarkable

to observe the extent to which his ability to selectively energize the two muscles had

returned. The signals observed on his two muscles had each almost doubled, for

approximately the same effort, and he could cause the signal observed in the triceps to

exceed that in the biceps by about a factor of three. This degree of increase in his

ability in such a short time exceeded our most optimistic hopes. By the end of the

session he was able to control the arm position very well.

Either of the two subjects was able to lift the arm to any position in its range,

while carefully observing its position visually. This was possible with the arm either

unloaded or with a load as great as two pounds on the terminal device. Either subject

could hold the arm in that position, with only small motions about that position, for a

period as long as thirty seconds, as long as it was possible to concentrate on that task

both visually and mentally. Either subject was able to move the arm smoothly, con-

trolling the velocity of the motion as desired.

Either subject was able to control the force which was being exerted by the arm

against a load; the undesired variations in this force were proportionally somewhat

greater than were the undesired variations in position mentioned above. There are

several possible causes for this observation. One possibility is that the means of feed-

back to the subject of the arm's performance, which was in these cases only visual, is

considerably more efficient at sensing a change of position, than a change of force.

Another possibility is that, mathematically, position is the second integral of force, and

the smoothing action of two integrations would be expected to cause the percentage

variations in position to be smaller than the variations in force. With respect to this

suggestion, we must keep in mind that these measurements apply to different
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experiments: The undesired variations in force relate to an experiment in which the

goal verbally posed to the subject was to hold the force constant, irrespective of varia-

tions of position, and it is these positions which are the second integral of the forces

discussed. In the case where the position variations were measured, the task was to

maintain a fixed position, irrespective of the forces necessary. Finally, it is worth

noting that the control of force in the normal person is itself probably not as effective

under certain conditions as the control of position, as discussed in Section III.

There is a simple experiment which serves to investigate the "response time" of

the overall system, as follows: Someone holds the arm in position while the subject

uses his emg control to exert a force against the person's hand. The arm is then

released without warning, and the subject must return it to its former position as

quickly as possible. The typical response in the case of our system includes an

oscillation of the arm position about the desired position, at a rate as slow as one cycle

per second under some conditions, settling at the desired position within approximately

four seconds. There is, however, considerable variation in the details of this response

from one attempt to the next. These variations are to some extent related to the mental

attitude and "voluntary tension" of the subject, with respect to whether he is "tense" or

"relaxed". In Okabe et al, 1 6 6 similar observations in the wrist position control system

in normal subjects were described. The limiting factor with respect to the frequency of

the oscillation about the final position in our system seems to be the time constant used

in the signal processing; this will be discussed further in Sec. 7.3.

The details of the system as employed for the two subjects varied slightly, as will

be described subsequently. The major difference between the performances of the sys-

tem with the two operators was the fact that the undesired motions of the arm about its

desired position were more frequent and larger for the amputee as subject than they

were for the author as subject. It must be emphasized, however, that the author had

had considerable experience in the control of the arm. Because of the nature of the

research effort involved for the author, it is impossible to make a fair estimate of an

equivalent amount of training time for an amputee, but it probably exceeds 20 hours.

The amputee, as mentioned earlier, had no more than two hours of training in the con-

trol of the arm. It is certain, however, from the experience in the case of the author

as subject, that the accuracy of the control which a subject can exert over the arm oper-

ation does improve significantly with practice.

It was difficult to determine the reaction of the amputee to the emg-controlled

elbow; it is very difficult for the author to make meaningful statements about the

"feeling" of controlling the arm. One aspect of the present form of the system which

interferes with a more detailed evaluation of the system is the fact that the arm is

mounted to a rack of equipment rather than to the subject, and the tasks which can be

posed the subject allow full concentration on the elbow motion. A more meaningful

situation would have the arm mounted to a socket, and fitted to an amputee. His tasks

would than include the simultaneous control of the elbow joint, his normal shoulder joint
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(in order to position the arm), and the terminal device. Since the subject's control of

all of these various aspects of the action are interrelated for any motion, the task would

then be more realistic in the degree of mental concentration on the motion of the elbow

joint which the subject was allowed. The ability of an amputee to lift objects and per-

form simple motor co-ordination tests in such a situation would be a good estimate of

the capabilities of the overall system. It is our opinion, based on the limited evaluation

which has been possible, that the capabilities of the emg-controlled elbow joint, which

we have described above, are such as to indicate that the present system is a useful

step toward an effective prosthesis.

7.2 MECHANICAL PORTION OF THE SYSTEM

For any given motor voltage, the flexion speed of the arm depends on its load. The

arm can lift a weight of up to approximately ten pounds, very slowly, and its time to lift
126

zero load through its complete angular range can be less than 0.75 sec. These

figures apply when there is very little external damping in the motor drive circuitry.

In all of our operation, we have used external damping considerably in excess of that

indicated above, in order to limit the peak flexion speeds to about one-half of that

described above. It appeared even as early as the simulation studies that very rapid

flexion capabilities of the prosthetic arm could exceed the subject's ability to correct

for the small disturbances in the motion of the arm, and the over-all performance was

thus degraded. An informal observation by this author is that, after many sessions of

experience in operating the arm, it has been possible to decrease the damping, resulting

in faster flexion speeds, with little or no degradation in performance.

The weight of the arm in its present form is slightly over two pounds, as compared

with the weight of the arm of an average adult male of about three pounds. On the other

hand, all of the drive train components, which account for most of the weight, are

located in the forearm section, and the moment of inertia about the elbow joint is

probably excessive. Rothchild suggests that for the distribution of weight in the present

device, the total weight should not exceed about one and one-half pounds in order that an

amputee be able to properly support and operate it. Thus certain weight reductions are

necessary in the arm itself.

There is space in the forearm section around the motor and other drive components

in which the necessary drive and signal processing electronics might be placed, if

suitably miniaturized. It is our opinion that careful circuit design could result in an

analog system, equivalent to the drive and processing electronics now comprising

several racks of equipment and the computer in our realization of the system, which

could be placed in that space. Both because of weight and size considerations, it is

probably not advisable to attempt to include the batteries in this area; Rothchild's

figures show that, in order to lift a five-pound load 360 times in a day (without re-

charging the batteries), approximately one pound of battery might be required. The

efficiencies of the final control and processing circuitry would affect this figure, of

course.
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There appears to be a minimum flexion speed of which the arm is presently capable.

By powering the arm externally this can be demonstrated to be due to frictional effects

in the arm. Rothchild suggests the addition of velocity feedback in the motor control

loop to compensate for this effect; we have not studied this possibility.

Under conditions of sufficient gain in the strain gauge loop, there is an oscillation

of the arm position, when the subject is attempting to hold the arm position fixed. It

appears that the short section above the elbow joint on the arm, whose function is to

provide a suitable platform for mounting the arm to the socket, and on which the strain

gauges are mounted, has unsatisfactory dynamic properties. The same type of oscilla-

tion can be stimulated at slightly lower strain gauge gains by lifting the arm up rapidly

and then stopping; the discontinuity of effort appears to cause the oscillation in this case.

Rothchild has suggested that this section be made stiffer.

When attempting to use the emg control to slowly lower the arm under load, there

is a mode of operation in which the clutch is very noisy. The complete explanation for

this is not known, although it seems to be a property of the clutch mechanism itself.

The terminal device (hook) which is presently mounted to the arm is not powered;

there is at present no way to operate it except manually. Before the prosthesis can be

fitted to an amputee and studies made of his ability to adequately control it in real

situations, a control for the terminal device must be developed. Because of the fact

that the muscles which previously controlled hand and wrist actions are not present in

an above-elbow amputee, as mentioned in Sec. V, it is not possible to provide emg

control for the terminal device in a normal manner. Emg control from other muscles,

or conventional mechanical control of the terminal device, will be necessary for an above

elbow amputee.

7.3 EMG SIGNAL PROCESSING

The signal processing now in use is equivalent to that shown in the block diagram

in Fig. 15; the time constants of the two lowpass filters are equal, and are approximately

200 - 300 msec. For the author as subject, the time constants can be as short as 200

msec without noticeable degradation of control performance. For the amputee described

above as subject, no value for the time constants was tried except the one value of 300

msec, and it is the author's judgement, from viewing the results, that a value of time

constant less than 300 msec would not at this time be acceptable for this subject. Even

with this longer time constant, the undesired motions of the arm, when controlled by

this amputee, were both more frequent and larger than when the author was subject.

Early in the author's experience at operating the arm, a time constant of 300 msec

was found to be necessary for his case also; however, over the course of the "training"

which the author experienced, his ability to control the device seemed to improve. Thus

at present, the faster response times in the arm motion, which result from the decreased

time constant in the signal processing, can be adequately handled by the author. It is

assumed that further experience on the part of the one amputee we investigated would
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result in a similar improvement in his ability to control the arm with more rapid

responses.

In addition to the difference between the time constants employed with the two

subjects, noted above, there was of course an increased gain in the emg channels in the

case of the amputee, to account for the decreased signal amplitude observed. Although

considerable range of adjustment of this gain should be allowed to accomodate the wide

range of signal strengths to be expected from various subjects, it has been the experi-

ence of the author after many sessions of practice at operating the arm that the

necessary gain did not vary significantly from day to day. Small variations in gain

which might result from variations in electrode placement are apparently compensated

for by the inherent visual feedback.

Between the output of the signal processing block diagram shown in Fig. 15, and the

point at which the emg-generated signal is applied to the computation of the motor

control signal, a "dead-zone", or "backlash generator" was tried in an attempt to de-

crease the frequency and amplitude of the undesired motions of the prosthesis. This

was not found to improve the performance of the system. Bottomley shows emg data

which he interprets as indicating that, not only should such a "backlash" scheme be

included, but its "slack" should depend on the signal amplitude, in an approximately

linear manner. As explained in Sec. VI, we do not agree that the presence of "back-

lash" in the emg--force relation suggests the addition of more backlash in the signal

processing "decoder". It is true that there are occasionally spurious, unintentional

motions of the prosthesis, resulting from corresponding unintended variations in the

emg signal. It is the experience of this author, however, that these decrease in

frequency and amplitude with the amount of experience of the subject, and, most

markedly, with the degree of concentration of the subject on his task of controlling the

arm. Although a backlash system does tend to decrease these variations, it does so at

the expense of the ability of the patient to exert fine control over the prosthesis:

The small signals he intends for small modifications of the action of the system are

themselves filtered out by the backlash generator, and he is thus obliged to produce

wider variations in emg for small adjustments in prosthesis action.

On the other hand, it is admitted that a system is undesirable if its performance at

everyday tasks (such as supporting a weight in a fixed position) demands excessive

mental and visual concentration on the part of the user. Our tentative suggestions as

to how the degree of concentration which is required might be reduced are outlined in

the following section.

The effects of the curvature and multiple values in the emg--force relation (dis-

cussed in Sec. V) remain to be investigated. We have not observed any characteristics

of the prosthesis action which seem related to these features. We assume that the

effects of the multiple values and the curvature are likewise compensated for by the

inherent visual feedback: The fact that the emg signal does not change exactly as in-

tended, for example, becomes apparent to the subject through his observation that the
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speed of the arm motion is not exactly that intended, and is corrected by a compensatory

change in the muscular effort.

Bottomley has suggested the use of high-gain feedback around a portion of the signal

processing network, in order to produce the effect of having the force exerted by the

prosthesis under loaded conditions, or the velocity of the prosthesis under unloaded

conditions, proportional to the integrated emg signal. The feedback from the strain

gauges in our system is not intended to perform the function of causing some aspect of

the action of the device to be proportional to the emg signal. Instead, this feedback is

for the sole purpose of correcting for the abnormal mode of behavior introduced by the

clutch, as discussed previously.

Our system design was initially motivated by the fact that, grossly speaking, there

is a proportionality between the integrated emg and the force, under constant-velocity

conditions. The resulting system, however, does not adhere strictly to that relation. It

has been our experience that, as mentioned before, certain variations from that relation-

ship in the system do not appear to seriously affect the over-all performance. It has

been our assumption that this is due to the inherent visual feedback, and hence any

improvement in this feedback to the patient would be expected to improve the subject's

operation of the prosthesis. As a result, we have not concentrated on adjusting the

characteristics of the arm or drive train in order to approach the proportionality re-

lation more closely; we have instead accepted those characteristics as imposed by the

arm itself.

We feel that the major shortcoming of the present signal processing is the fact that,

at its output, there are small variations in the signal, which are not correlated with the

variations in force being exerted by the subject. None of our attempts to improve this

aspect of the signal processing, described previously, were successful. It has been

suggested that the lowpass filter in the signal processing be changed to have some form

other than one with an exponential impulse response. We have not attempted to study

this possibility. General as our digital computer was as a signal processor, the

realization of an impulse response which is not of exponential form is awkward, and

would require considerable processing time, which was not available.

It is our impression that the goal of normal behavior of the prosthetic arm can

best be approached through attaining feedback to the amputee outside of the visual

channel. The addition of high-gain feedback around parts of the system not including

the subject, can only serve to correct for anomalies in those parts of the system.

Where the difficulty lies in variations in the signal generated, any feedback which is to

be effective in decreasing these variations must include the subject in the feedback loop.

7.4 FEEDBACK TO THE AMPUTEE

In its present form, the only means of feedback of prosthesis information to the

amputee is through his visual observation of the arm performance. If the subject is

distracted from his task of controlling the arm, then the performance of the system is

degraded.
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Conventional prostheses also rely on the visual feedback channel, but there are

two other feedback paths to the subject. One is a reaction of the prosthesis force on

the stump of the amputee. It is not clear exactly what information is received in this

manner, but amputees do grow to depend on it through their experience. This aspect

of feedback to the subject can be expected to be similar in the case of the emg-

controlled elbow to that of the conventional prosthesis. However, the contribution of

this feedback information to the operation of our prosthesis has not been evaluated

because our prosthesis has not yet been fitted to an amputee.

The means of activating a conventional prosthesis provides also some inherent

feedback which our prosthesis does not. In conventional prostheses, the movement of

some part of the body is harnessed directly to the prosthesis action, and hence force

and position information can be "felt" through the harness. In the case of our pros-

thesis, the control path utilizes a set of electrical contacts with the skin, and the control

is inherently one-way. Thus the feedback of information about prosthesis action to the

amputee will probably be less with our emg-controlled device than that which conven-

tional prostheses offer.

Although through the use of emg control it has been possible to provide control of

the motor action of the prosthesis which is fairly close to that in a normal person, it is

not possible at this time to provide normal sensation to an amputee. Many possible

methods of feedback of sensory information to an amputee, which are all somewhat

artificial in nature, have been suggested. For example, a tactile stimulation of the skin,
155,156either through vibration, pressure, jets of air, etc., have been tried experimentally.

Basically these all involve finding some means of transmitting information through the

skin, and relying on the subject's ability to learn to associate the cutaneous sensation

received with the proper sensation of prosthesis action.

It is the opinion of the author, based on both the information derived from the study

of physiology, and on observation of the emg-controlled prosthesis, that the most

important sensory information which is lacking from the present system, is the position

information. It is this information which allows a normal person to hold his arm in a

fixed position for an extended period without visual observation. This position informa-

tion, if provided to the amputee in a satisfactory manner, might allow similar postural

control of arm position to that in the normal. It would certainly make it possible for

the amputee to perform some manipulations without the necessity that he visually

concentrate on the prosthesis at each instant.

Considering the sensation of position information by the subject, there are two

"systems" in the body to which this information should be provided: (1) the conscious

system, so that the person can exert conscious control over the overall action being

performed, and (2) the proprioceptive system, so that, through the normal postural

regulation system, the emg signals sent to the muscles for correction of small variations

about the desired motion can be sensed and used to provide the same corrections for the

prosthesis position. To this end, we draw upon the experiment described in Sec. III in
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which it was suggested that perhaps the muscle spindle signals do reach a conscious

level. If this were true, then stimulation of the muscle spindles would be a means of

providing both types of position feedback information through one feedback channel.

Although we cannot be certain that such an approach can work, we believe it deserves

study.

One possible method of stimulating the muscle spindles which occurred to us early,

might be to use a small cineplastic tunnel, whose function is not to transmit muscular

forces out of the body, but through which feedback signals could be transmitted back

into the body. Upon further study, we concluded that such a technique had the same

drawbacks as the conventional use of cineplasty (See Sec. 2.3). The next logical idea

seemed to be to stimulate the muscle spindles externally, by pushing on the muscles.

Although it may not actually have been the muscle spindles which were stimulated, it is

certain that in our attempts to do so on the one subject described in Sec. III, he was

able to derive sensory information from the stimulus being presented, which he could

project as elbow position. Thus one of the most interesting, and probably by far the

simplest, means of providing position information to an above-elbow amputee might be

simply to devise a specialized socket construction for mounting the arm to the amputee,

which pushed upwards on the biceps as the arm was raised, proportionally to the amount

by which the elbow joint was moved from its extreme position. From the very limited

consideration we have given to the feedback problem, we believe that the above sugges-

tion is one which may approach the normal mode of feedback as closely as can be

accomplished at this time.
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APPENDIX I

Equipment Used in Attempts to Record Gross Nerve Potentials

In the first of the -five experiments in which we attempted to record gross nerve

potentials, the equipment used was as follows: Up to three channels of signal were

recorded, on an Ampex FM Tape Recording System, at a tape speed of 60 inches per

second. This provided a potential bandwidth from DC to 10 kcps. We chose such a high

bandwidth because initially it was not clear that there was not significant information

up to such high frequencies. The preamplifiers were three channels of a clinical

electromyograph, a Disa Type 13A69. This device had an input impedance of 100

Megohms, and a bandwidth of approximately 2 cps. to 10 kcps. In order to properly

match impedance levels, the outputs of these preamplifiers were each attenuated

through resistive voltage dividers, which then drove Hewlett-Packard Model 450A

Amplifiers, producing the proper 1.5 volt peak level required for the tape recorder

system. The overall system had a bandwidth of approximately the bandwidth of the

Disa equipment, 2 cps. to 10 kcps. The electrodes used were described in Sec. IV. A

ground electrode was taped to the patient's shoulder, using electrode paste to assure a

good electrical contact. This ground was connected to the ground point on the electro-

myograph, and from there to each piece of equipment at one point, and also to a water

pipe.

A fourth channel on the magnetic tape was used to record a voice signal, which

served to identify the various blocks of data, and, most importantly, to synchronize the

signals observed to the commands given the patient.

The equipment used in each of the last four experiments was functionally the same

as that described above, but consisted of totally different equipment. The preamplifiers

were Grass Instrument Co. Model P-5 Physiological Preamplifiers, with high-impedance

probes. These provided an input impedance of 2000 Megohms, push-pull. The signals

were recorded directly on a Sanborn Model 2000 FM tape recording system, again at

a tape speed of 60 inches per second. The two electrodes used for observation of each

signal were connected to the differential inputs of the preamplifier probes. The output

was used as a single-ended signal only. The over-all bandwidth could be adjusted to be

as wide as approximately 0.1 cps. to 10 kcps, and was usually used in this position for

recording of the nerve potentials. The noise observed at the output of the preamplifiers

was equivalent to less than 10 ulv. at the input of the preamplifier. The nerve signals

observed typically had peak amplitudes on the order of 100 /uv or more.
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APPENDIX II

Method Used for Measuring Power Spectra of Bioelectric Signals

All of the signals for which the power spectra were desired were recorded in an

FM mode on magnetic tape. In order to retain the original data in an intact form, the

sections of tape that we desired to analyze were re-recorded on an Ampex Model 351

Tape Recording System, at a tape speed of 15 inches per second; the bandwidth of this

recording was 30 cps to 15 kcps,and so it included the frequency band of interest. The

resulting tape was cut and tape loops were formed, whose length each was approximately

two seconds of signal. These loops were each played back repetitively, and each signal

was analyzed by a General Radio Model 1554-A Sound and Vibration Analyzer. The

Analyzer was preceded by a "pinking filter" whose system function falls at a constant

rate of 6 db per octave over the band of interest. This serves, in effect, to convert the

output of the analyzer from one of constant percentage bandwidth to one of constant

absolute bandwidth. (With the pinking filter in place, a "white" noise, a signal with

constant power per unit frequency band, does produce an output which is a constant

level at all frequencies of interest.) The output of the Analyzer was automatically

plotted on a General Radio Graphic Level Recorder Type 1521-A. The results were

then transferred by hand to the Figures displayed in the text.

The sample length of two seconds is such that detail in the spectrum on the order

of one cps wide or more could be observed. This is a fineness of spectral detail which

considerably exceeds that of which the analyzer is capable in the frequency band of

interest; thus the analysis procedure itself did not significantly distort the spectrum

measured. Great care was taken to assure that the two-second section of the signal

which was analyzed was actually representative of the complete signal of interest.

Thus the spectral data displayed in the text is a fair measure of that observed for the

conditions stated.
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