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INTRODUCTION

A myoelectric control system is one in which operation of the out-
put apparatus is controlled by the electric potentials which accompany
the contraction of one or more muscles. In contrast to a myoelectric
control system, all other systems are controlled by actual physical
motion of the body. The advantages of myoelectric control over other
control methods are several, their respective importance being deter-
mined chiefly by the specific application.

Myoelectric control may be inherently superior to manual control
because it is more direct. The normal or “manual” coupling between
a human operator and a controlled machine typically uses physical
movement of a limb to move a lever to operate a transducer to produce
an electric control signal. In a myoelectric control system, this electric
control signal is derived directly from the action of the controlling
muscle.

A myoelectric control system is not disturbed by physical movement
of the user, provided that there is no contraction of the ‘“control”
muscles, and this may be important under certain conditions. For
instance, it has been proposed that myoelectric control may be used
in “servorestraint” systems to assist pilots during conditions of severe
turbulence. Physical motion sensors, in such systems, would be unable
to distinguish between environmental disturbances and voluntary limb
movements.

The primary advantage of a myoelectric control system for the
amputee or paralytic is, however, the fact that it does not require any
physical motion of the body for its operation. Even at the present
time it is practical to utilize, for control purposes, myoelectric poten-
tials resulting from muscle activity which is imperceptible by any other
means. There is reason to assume that myoelectric systems will become
more sensitive in the future. As a consequence of their sensitivity,
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myoelectric systems may employ the output of very small muscle rem-
nants, in the case of amputation, or of the remaining one or two motor
units in an almost totally paralyzed muscle. Alternatively, should the
controlling muscle be capable of normal contraction, the effort re-
quired to use it for myoelectric control may be made much less than
the corresponding effort in a “normal” control system, thus greatly
reducing patient fatigue. Finally, it is sometimes easier to harness the
electrical than the mechanical output of a muscle.

Myoelectric control systems have been discussed and studied for a
considerable period of time, and it is interesting to trace the early de-
velopment of this concept in America (1), England (2), and Russia
(3, 4). In retrospect, it is too easy to be critical of the early investiga-
tors who concluded that myoelectric control, while perhaps possible,
was not practical. The practicality of any control system is dependent
upon the technological level of the society in which it is proposed.
Moreover, the level of technology available to research personnel work-
ing with patient-oriented problems lags significantly behind that avail-
able to individuals engaged, for instance, in the missile industry. In
any event, during the period since 1960 the possibility of myoelectric
control has received considerable attention, and the related technolo-
gies, particularly in electronic components production, have advanced
sufficiently to make possible significant progress.

The purpose of this paper is to describe some of the important myo-
electric control systems which are now in existence and which have
been fitted to patients, at least for clinical evaluation. Certain basic
limitations of myoelectric control systems will become apparent in this
process, and these will be discussed in some detail together with the
trends in research at the present time. No attempt will be made, except
peripherally, to describe or comment upon the externally powered
prostheses which are being controlled by the myoelectric systems. It is,
in the author’s opinion, important to differentiate between the control
system and the controlled appliance if any objective evaluation of the
control system is to be achieved.

PRESENT MYOELECTRIC SYSTEMS
Russian

The only myoelectric control system which is now in wide use by
patients outside the laboratory is incorporated in a prosthesis developed
in Russia for below-elbow amputees. The research which led to the
development of this control system began, at the Central Prosthetics
Research Institute, Moscow, in 1957. By 1959 (5), a laboratory model
of a myoelectric control system, driving a stepping motor, had been
constructed. By 1960, the stepping motor had been replaced by a
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permanent-magnet d.c. motor, and the new myoelectric control system
incorporated within a below-elbow prosthesis (6). This control system,
which was demonstrated at the First International Congress of the
International Federation of Automatic Control in Moscow in 1960 (4),
apparently incorporated proportional control of the armature current
of the motor, although this point was not emphasized by the designers.

In a paper published in 1963 (7), a history of the development of
the control circuit is given. Included in that paper is a brief comment
to the effect that the output transistors were replaced by electromag-
netic relays, resulting in much higher stability and reliability. This,
of course, represents a change from proportional to on-off control. The
final system described by Polyan and Esov (7) is, to the best of our
knowledge, the control system incorporated in the myoelectrically con-
trolled prosthesis now in wide use in Russia. A concise description of
this prosthesis, together with comments on the design philosophy, has
been published recently by Popov (8). A sketch of the prosthesis, show-
ing the control system configuration, is given in Figure 1, and the con-
trol system block diagram is shown in Figure 4.

Ficure 1.—Russian myoelectric control system (prosthesis sketched for iltustration
only).

The control system requires the use of two muscles to control, re-
spectively, opening and closing of the terminal device. Surface elec-
trodes are employed, and after amplification the rectified and smoothed
myoelectric signal is used to operate relays which in turn control the
motor.

It is difficult to obtain an objective evaluation of the myoelectric
control system described above. It is understood (9) that the prosthesis
has now been fitted to some 1000 below-elbow emputees in Russia, so
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it is evident that the system works. Licensing agreements have been
arranged both in England and in Canada for the import and/or pro-
duction of the Russian prosthesis. The Canadian license was obtained
in 1964 by the Rehabilitation Institute of Montreal, and that Institute
has purchased and fitted a number of the prostheses. They have not
been made available to other institutions, either in Canada or the
United States, for study or evaluation.

In a paper read at the Assembly of the American Academy of
Physical Medicine and Rehabilitation in August of 1965 (10), the
Montreal group reported experiencing difficulty with low reliability of
electronic components in the Russian prosthesis and with intermittent
electrode contact, as well as confusion of the subject under conditions
where both controlling muscles were contracted simultaneously. In that
paper, as in the Russian publications, stress is laid upon the utilization
of a phantom limb concept for subject training, and the advantage of
a system in which there is a high correlation between the original
function of the controlling muscles and their use in the myoelectric
system. While the paper closes with predictions of six-channel control,
no attempt is made to compare, for example, myoelectric control with
other alternatives or to compare the Russian system with other myo-
electric systems.

Of the British experience with the Russian arm, even less evaluation
is available. In a recent publication (11), McKenzie states “it is too
early yet to form an opinion as to the value of myoelectric systems in
general or of the Russian arm in particular.” He does point out that
difficulty has been experienced in training patients to produce isolated
contraction of the two muscles required to control this prosthesis,
mentioning again the confusion which arises when both muscles con-
tract simultaneously. He concludes with a very favorable reference to
British myoelectric systems incorporating proportional control.

It is understood that a group of German prosthetics experts, who
visited Moscow in 1964, concluded that the Russian “Bioelectric Pros-
thesis” was in no way superior to the German pneumatic prosthesis (12).

The problem of objectivity is apparent. The author has been unable,
as noted above, to make any extensive or formal first-hand evaluation
of the Russian control system, although he has examined it on a num-
ber of occasions, and has conducted informal performance tests. How-
ever, from careful study of all available reports, and based upon ex-
perience with other myoelectric control systems and with the training
of both patients and normal subjects, the following observations are
submitted.

The Russian myoelectric prosthesis has been of unquestionable value
in proving the feasibility of myoelectric control of prostheses, on a
practical scale, outside the laboratory. The Russians are to be com-
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mended without reservation for making this system available outside
Russia for evaluation, even though it was known to be in a relatively
immature state of development and subject to certain criticism. If an
assessment is made, not of the Russian hardware per se, but of the
myoelectric control principle incorporated therein, it is felt that the
system is unnecessarily wasteful of control sites. This is the only basic
criticism of the system, aside from matters of technical development
which are relatively unimportant. The topic of efficient utilization of
control sites will be discussed in a later section of this paper.

Modified Russian (Montreal)

Since obtaining the manufacture and import rights for the Russian
myoelectric prosthesis in 1964, the Department of Research of the
Rehabilitation Institute of Montreal has directed considerable effort to
the modification and improvement of the original equipment. Some
progress is indicated in a paper published in November, 1965 (18), and
the present status of this work is reported in the January 1967 issue
of the Inter-Clinic Information Bulletin (14).

The modifications carried out by the Rehabilitation Institute of
Montreal have primarily affected packaging of the control equipment.
The latest package (14) has the surface electrodes and control elec-
tronics incorporated within the prosthesis, with a single cable leading
to a flexible battery pack worn as a triceps cuff. A sketch of this arrange-
ment is shown in Figure 2. The block diagram of the control system is
identical to that of the Russian unit (Fig. 4).
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FiGUrRE 2.—Montreal modification of Russian system (prosthesis sketched for illustra-
tion only).

What is more important for the present discussion than the minia-
turization of the electronic circuits and the improved packaging effected
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by the Rehabilitation Institute of Montreal, is the report of experience
with the fitting of 15 amputees (14). The only serious problem reported
(and it is emphasized by repetition) is involuntary operation of the
prosthesis due to “external influences.” This was noted by all patients.

British (London)

The first laboratory demonstration of a working myoelectric control
system appears to be that reported by Battye, Nightingale, and Whillis
of Guy's Hospital, London, in 1955 (2). The apparatus described in
their paper was a one-channel system with on-off control of a terminal
device in a normally open, voluntarily closed mode. By 1962 (15), a
more sophisticated laboratory model had been constructed. This was a
two-channel system employing the outputs from the biceps brachii and
triceps muscles to provide on-off control of a pneumatic elbow flexion-
extension unit. The system incorporated force and velocity feedback
from the prosthesis to the control circuit, and a backlash generator
which will be explained below. In 1965 (16), Dr. Bottomley reported a
working prosthesis which used input signals from flexor and extensor
muscle groups in the forearm to provide proportional control of an
electrically driven hook. The apparatus was relatively large, and was
still better suited to laboratory demonstration than to routine use by a
patient. It has now been improved considerably, and a sketch of the
most recent model is shown in Figure 3 with a block diagram, showing
the operation of the control system, in Figure 5.

FIGURE 3.—British myoelectric control system (prosthesis sketched for illustration
only).
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With reference to Figure 5, it will be seen that the British control
system differs from the Russian (Fig. 4) in a number of points. Most
significant, perhaps, is the fact that this is a proportional, rather than
an on-off control system. The velocity with which the terminal device
opens or closes, and the force which it exerts upon an object, are de-
pendent upon the myoelectric signal in a continuous manner. The
second basic difference is that, in the British system, a single electrical
control signal is derived from the output of two muscles. The myo-
electric outputs from muscle A and muscle B, after processing, are
combined in a mixer to produce an output signal proportional to the
difference between the activity in muscle A and in muscle B. The
purpose of this arrangement is to overcome the effect of cross talk;
that is, to eliminate the confusion resulting from undesirable and
inevitable simultaneous outputs from the two control sites. This it
does successfully, although at the expense of a reduced dynamic range
of output. Finally, the backlash generator is incorporated to render
the control system insensitive to small changes in the myoelectric signal
input. The width of the backlash region in this system is dependent
upon the signal level, on the basis of Dr. Bottomley’s observation (17)
that unavoidable fluctuation in myoelectric activity exists and is pro-
portional to the average level of this activity.
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FiGure 4.—Block diagram of Russian myoelectric control system.

The author has been unable to determine the extent to which this
control system has been fitted to patients, or to obtain any comment
on the success of these fittings. From brief personal trials of the 1964
version of the system, it is evident that the intended continuous con-
trol of force is, in fact, provided, and that this does permit certain
activities which are impossible or improbable of success with the on-
off control. The control system is relatively complex and consequently
will be somewhat less reliable than a simpler system at the same level
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of development. It will be less efficient than an on-off system, chiefly
because of the inevitabe losses in the output amplifier at moderate out-
put levels (18, 19).
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FiGURE 5—Block diagram of British myoelectric control system.

Canadian (Fredericton)

The Bio-Enginering Institute of the University of New Brunswick
is responsible for the design of a myoelectric control system in which
only one muscle is required to provide on-off control of two functions
(19, 20, 21, 22). A block diagram of this system is shown in Figure 6,
and a sketch of the most recent package configuration is shown in
Figure 8. The operation of the control system is best explained with
reference to the block diagram, Figure 6, and the functional diagram
shown in Figure 7.. This three-state system will have both relays in the
off position when the myoelectric input is very low (less than B in
Fig. 7). If the myoelectric input lies between B and C in Figure 7,
Function 1 will be activated; if the input is greater than level C,
Function 2 will be activated. A slight time delay is incorporated into
the control equipment, permitting the patient to move from the off
state to the third (high level) state and vice versa without activating
the intermediate state.

The purpose of this design was to develop a means of controlling
more than one function from a single muscle, thus utilizing the output
of that single control channel more efficiently. In order to obtain an
assessment of this system with the least possible delay, no attempt was
made to optimize the packaging prior to clinical trials. One unit, in a
very crude form, was fitted successfully to an above-elbow amputee
during the summer of 1965. Six additional units were fitted in Frederic-
ton during the summer of 1966. Units have been provided to a number
of hospitals and research establishments throughout Canada and the
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FIGURE 6—Block diagram of Canadian three-state myoelectric control system.
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FIGURE 7.—Functional diagram of Canadian three-state myoelectric control system.
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United States for evaluation, and one formal evaluation program has
been established by the Committee on Prosthetics Research and De-
velopment of the U.S. National Academy of Sciences-National Research
Council.

It will be noted that, in contrast to the three controls described
previously, this control unit is not designed for use with a specific
externally powered device. The motor and associated battery shown in
Figure 6 may comprise any desired externally powered prosthetic or
orthotic appliance, provided only that the motor current lies within
the one ampere rating of the relay contacts. The control has been used
primarily with prosthetic appliances designed by the Prosthetic Re-
search and Training Unit of the Ontario Crippled Children’s Centre,
including an electric hook, an electric elbow unit, and an electric wrist
rotation unit (23, 24, 25, 26).

Details of the clinical evaluations conducted by this Institute are
included in a recent report (19), copies of which are available upon
request. In brief, no patient has experienced difficulty in mastering the
threestate control. Training periods have been short. No failures of
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the electronic equipment have been reported. A great deal of difficulty
has been experienced with breakage of wires and connectors, and this
has been remedied, to a large extent, by improved packaging.
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FiGURE 8 —Canadian three-state myoelectric control system.

From observation of the use of this equipment with electric hooks,
particularly by young patients, it has been found desirable to provide,
in addition, a two-state control, to permit use of a terminal device in a
normally closed, voluntarily opened mode. Construction of such a unit,
and redesign of the existing unit to improve performance and to reduce
size, weight, and power requirements, are now being carried out.

Other Systems

In addition to the control systems described above, the following,
which are not known to be in wide use or readily available, are men-
tioned for completeness. One of the more interesting of these is a
myoelectrically controlled stimulator for paralyzed muscles. This work
seems to have originated in a paper by Liberson in 1961 (27), which
was followed in 1963 by nearly simultaneous and apparently inde-
pendent publications from the U.S. Public Health Service Hospital,
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New Orleans (28), and from Highland View Hospital (29). The work
at Highland View Hospital has led to a practical orthotic system
which has been evaluated on a number of quadriplegic patients (30,
81, 32, 83). A sketch of the control system is shown in Figure 9, and
the block diagram in Figure 10. This system shows great promise for
the future. The chief problem at present is the very low efficiency with
which electric stimulation can be accomplished using surface electrodes.
Similar work is being carried out at other centers in the United States
(34), Yugoslavia (35), and Italy (36).

FiGURe 9—Myoelectrically controlled orthosis (Case Institute of Technology).
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Ficure 10.—Block diagram of myoelectrically controlled orthosis.

Several myoelectric prostheses for below-elbow amputees, similar in
purpose to the Russian prosthesis, have been developed. One of the
more complex was described by Horn in 1963 (37). It is understood
that difficulty has been experienced in producing this rather complex
prosthesis, which uses one myoelectric input and two mechanical inputs
to provide continuous control of position and force in an artificial
hand. A sketch of the system is shown in Figure 11. Stump rotation
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within the socket and force exerted by the stump against the socket
provide the two mechanical inputs to the system. These control the
rest position of the terminal device and the grasping force respectively,
with the myoelectric signal operating in a position control servo sys-
tem as illustrated in the block diagram of Figure 12.
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Fiure 11.—Italian myoelectric prosthesis (prosthesis sketched for illustration only).
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FIGURE 12.—Block diagram of Italian myoelectric prosthesis.

A myoelectric prosthesis similar to that proposed by Bottomley, but
employing a stepping motor, is being developed at Manchester (38).
It is understood that this device is still in a relatively early stage of
development. Also, a prosthesis similar to the Russian myoelectric
prosthesis has been developed in Austria (39). The author has no first-
hand knowledge of the state of development or utilization of this
system. A complex system using pattern recognition techniques to con-
trol a number of functions simultaneously has been reported by the
Philco Corporation (40, 41). This development is being continued at
the Moss Rehabilitation Hospital, Philadelphia (42).

A fourstate control, similar in principle to the three-state control
developed by the University of New Brunswick, has been designed at
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the Case Institute of Technology (43). The additional feature is a “‘dead
zone” between the levels at which Function 1 and Function 2 are
activated, facilitating rapid selection of the two functions. In the
original model of this system, all thresholds are adjustable. Evaluation
is now being carried out at the Highland View Hospital, Cleveland.

Research is also continuing in the Boston area on myoelectric con-
trol of externally powered prostheses. This work, which is an out-
growth of several graduate theses in the Department of Mechanical
Engineering, Massachusetts Institute of Technology, is being carried
on at M.L'T. and at Massachusetts General Hospital (44, 45).

LIMITATIONS OF MYOELECTRIC CONTROL SYSTEMS

It will be readily apparent to the reader, from the above material,
that a myoelectric control system can be constructed and that it can be
used, at least by a certain class of handicapped persons. The remainder
of this paper is an attempt to identify and examine, in some detail,
the inherent limitations of such control systems.

The significant limitations are readily identified. They are the diffi-
culty of making electrical connection from the controlling muscle to
the electronic equipment, the difficulty of finding an adequate number
of suitable control sites, and the size and weight of the control equip-
ment and its associated energy storage system. The need for feedback
from the controlled apparatus to the patient is not properly classed as
a limitation of myoelectric control systems, as this problem is common
to all control systems for externally powered appliances.

Electrodes

The source of the control signal for a myoelectric system is a dis-
turbance of the electric potential difference between the inside and
outside of one or more muscle fibers. These fibers may be considered,
for simplicity, to be imbedded in a more or less homogeneous conduct-
ing medium, and to be separated from any external control system by a
thin electrically insulating membrane, the skin. Furthermore, the dis-
tance between the muscle fibers, from which a control signal is to be
derived, and the nearest point on the skin surface, may be comparable
to the distance from many other muscle fibers to that same point on
the skin. An analysis of the variation in electric potential with propa-
gation through body tissue, for the purpose of clarifying this particular
situation, is contained in a recent graduate thesis (46), and it is expected
that a summary of this work will be prepared for publication in the
near future.

Some specific data from that thesis may be helpful to the present dis-
cussion. The myoelectric signal, whether from a single muscle fiber or
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from the normal (asynchronous) contraction of many muscle fibers,
has its electrical energy distributed over a range of frequencies. Almost
all the energy is contained within the range 20 to 300 Hz. This statement
has been shown (46) to be valid not only for the potentials measured
at the surface of the skin, as previously reported (47 and 48), but also
for potentials measured with intramuscular electrodes in close prox-
imity to the muscle fibers. Maximum signal power density occurs at a
frequency lying typically between 50 and 100 Hz; that is, approximately
at the commercial power mains frequency.

While the amplitude of the potentials measured close to a muscle
fiber may be as high as several millivolts, this potential is attenuated
as an exponential function of distance in accordance with the equation
given below (46).

E5aE,\¢ -17VF r

where
E, is the potential at a distance,
r centimeters radially from the fiber,
E, is the potential at the fiber,
¢ is the base of natural logarithms (2.71828), and
f is the frequency at which the potential is measured.

It will be seen that the high frequency components are attenuated
more rapidly than the low frequency components of the signal, and
that all components of interest are attenuated significantly in a distance
of less than one centimeter.

Concerning electrodes, two choices exist. Either surface electrodes or
electrodes in direct contact with the tissues under the skin may be used.
For convenience, the latter will be referred to as percutaneous elec-
trodes, even though, in the case of a totally implanted system, they
would not in fact pass through the skin. All existing systems which
have been fitted to patients use surface electrodes, despite the obvious
disadvantage of such electrodes in respect of attenuation of the signal
during its passage from the active muscle fibers to the surface of the
body.

Surface electrodes may be merely metal disks in contact with the
skin, with or without a conducting paste to improve contact. One of
the desirable electrical characteristics of any electrode is low impedance
between the signal source and the amplifier. This is achieved, with
surface electrodes, only when a conducting paste or jelly is employed.
Another desirable characteristic is freedom from generation of electric
potentials due to physical movement. A high degree of stability has
been achieved in electrodes developed by Day and Lippitt (49), now
commercially available as Beckman Type 350059 Biopotential Skin
Electrodes.
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Because these electrodes are expensive, and because their use re-
quires careful application of electrode paste and subsequent washing
after use, they have not been accepted generally for use with myo-
electric control systems. Rather, the tendency has been to employ very
simple electrodes, either without any electrode paste or with a pre-
liminary application of paste over a large area of the skin. While these
techniques certainly reduce the nuisance of applying electrodes, they
also, with equal certainty, make the control system susceptible to ex-
ternal electrical interference. Because the electrode-to-muscle impedance
is very high, the input impedance of the amplifier must also be very
high, and consequently the system impedance at the input terminals is
high. This is the worst possible condition for coupling of electrical
interference from external sources (20). The reader will recall the
problem experienced by the Rehabilitation Institute of Montreal with
undesired operation of prostheses due to ‘“‘external influences.” The
Bio-Enginering Institute of the University of New Brunswick has em-
ployed Beckman electrodes exclusively, and has not experienced any
problem with external electrical interference.

At the present time, efforts are being made to develop a surface
electrode system which may be left in place for periods longer than one
day. It is anticipated that problems of skin infection and/or irritation
will be of primary concern, although the matter of a convenient and
reliable electrical connector will also present difficulty. The ““dry elec-
trodes” recently developed by Spacelabs Incorporated (50) will be in-
vestigated, although it is understood that their impedance is relatively
high. The ideal surface electrode, for use in myoelectric systems, would
have good electrical stability and low impedance, and would be de-
signed to permit convenient application and removal or continued use
over periods of one week or longer.

Under certain circumstances, which will be elaborated upon below,
it is essential that an electrode be in close proximity to one or more
specific muscle fibers. For such applications, surface electrodes are not
usable. Also, as noted above, the myoelectric potentials are seriously
attenuated in their passage through body tissues, and much larger
signals are available to electrodes inserted within the muscle. Conse-
quently, there is considerable reason to be interested in percutaneous
electrodes for myoelectric control systems, in addition to their very
common use for clinical electromyography.

Excluding for the moment the matter of permanently implanted
electronic equipment, the only electrodes in this class which are ap-
plicable to myoelectric control systems are wire electrodes, because of
their flexibility. Two types have been used widely, insulated wires of
approximately .001 in. diameter with a short portion of the tip de-
insulated, and bare wires of approximately .003 in. in diameter. They
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may be inserted either in the muscle or subcutaneously. It is not diffi-
cult to insert either type of electrode using a hypodermic needle, and
the two techniques are in common use (51, 52). The insulated wires
were used initially for diagnostic purposes, and permit measurement
of the electrical activity of a small portion of a muscle. The bare wire
electrodes were developed for use in myoelectric control systems where
a high degree of selectivity was not required (21).

Both wire electrodes suffer from three defects. First and most im-
portant, wire of this size is subject to breakage, and breakage of an
electrode leaves the patient with an inoperative control system. Sec-
ondly, the insertion of these electrodes, while not difficult, is a pro-
cedure which is best done by trained personnel and is essentially
impossible for the patient to perform by himself. Thirdly, there is a
possibility of infection at the point where the wire passes through the
skin, although this problem has been largely overcome (21). In addition,
it is difficult to provide a suitable connector for use with such small
wires. However, it is highly probable, in the author’s opinion, that
percutaneous wire electrodes will be employed by patients during a
transitional period between the present universal adoption of surface
electrodes and the ultimate adoption, at least in certain circumstances,
of surgically implanted electronic equipment.

While considerations of implanted electronic equipment may not
properly be classified under the heading of electrodes, the electrode
problems associated with such equipment are of some interest. If small-
area pickup from the muscle is required, it is probable that a wire elec-
trode will be necessary. Most experimental implants have been made
in soft tissue (53, 54). It is unlikely that sufficient stability will be
achieved under these conditions to permit the use of electrodes on the
surface of the implanted package. The alternative location for the
implanted electronic hardware, within or attached to bone, also pre-
cludes the use of surface areas on the package for the pickup of highly
localized myoelectric potentials. However, should the gross myoelectric
signal from a relatively large area be desired, the use of such contact
areas on the package may eliminate most difficulties with electrodes.
Of course, an implanted transmitter and its associated external re-
ceiver would provide an excellent means of overcoming the barrier
constituted by the skin.

Control Sites

It is unfortunate and inevitable that those patients with the greatest
need for externally powered apparatus, and, consequently, for control
facility, possess the fewest available control sites. This is as true of
myoelectric control as of any other method of control. It is important
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to realize at the outset that control of a multifunctional externally
powered prosthetic system exclusively by myoelectric control is not
likely to be desirable. Myoelectric control will always be more costly
and less reliable than a simple mechanical control system.

‘The proper place for myoelectric control, in the author’s opinion, is
as a supplement to other control means when it is impossible or im-
practical to meet all the patient’s control needs by such means. This
is not to discourage the use of myoelectric control for simple prostheses,
at the present time, for the purpose of determining the feasibility of
such systems and the aspects which need further development. How-
ever, it should be clearly understood that the purpose of such fittings
is research and not optimum clinical handling of the patient.

For the amputee, it is probable that some muscle remnants exist
which can be used as control sites. The necessary conditions are simply
that they are not used for other purposes and that they are normally
innervated. There is here an opportunity for the surgeon to make a
significant contribution. He should employ any optional means avail-
able to render such muscle remnants as accessible as possible, and should
immobilize the severed end where this technique is not otherwise unde-
sirable. Indeed, research may lead to techniques for the production of
additional control sites from available muscle tissue.

For the quadriplegic patient, it is possible to employ partially
paralyzed muscles which are incapable of producing physical movement.
It is also possible (55) to train a patient to use muscles, such as the
auricularis, which have no useful function under normal circumstances.

In general, it is not difficult to train an individual to control the
myoelectric output of one or several muscles. The problem of training
has been overestimated by most research groups, and should not be con-
sidered a major factor in the application of myoelectric control systems.
It is more difficult to control a large than a small number of muscles.
The number of muscles which can be successfully trained may be
primarily limited by the feedback channels employed for training.

Some of the most interesting developments in the provision of addi-
tional control sites at the present time concern the utilization of po-
tentials from single motor units within the muscle. The occurrence of
single motor unit potentials during voluntary contraction of muscle
has been observed clinically from time to time. However, the present
interest in such potentials for the control of prosthetic systems probably
results from a publication by Basmajian in 1968 (56). This publication
was followed by another by the same author in 1965 (57).

An exciting presentation by Pierce and Wagman at the Conference
on the Control of External Power in Upper-Extremity Rehabilitation
at Warrenton in 1965 (58) also dealt with the use of single motor unit
potentials and the possibilities for using intracellular electrodes to
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provide control signals in myoelectric systems. The feasibility of single
motor unit control has been demonstrated in research carried out at
the Case Institute of Technology and Highland View Hospital (59,
60). Similar work has been initiated at the University of New Brunswick.

The significance of this research is not in the fact that only a single
motor unit is involved, but rather in the possibility of using highly
localized electrodes to obtain a large number of control sites within one
muscle. Control sites separated by as little as 14 in. have already been
shown to provide readily usable signals with negligible crosstalk, and
it is probable that the spacing could be further reduced. Implementa-
tion of such systems on a reasonable scale is prevented, at the present
time, almost solely by the lack of suitable electrodes.

Size and Weight

The size and weight of a myoelectric control system are of consid-
erable importance in determining its usefulness to the patient. For any
control system which is to be worn externally, it is perfectly feasible
at the present time to reduce the size of the electronic circuitry to
acceptable dimensions. The equipment shown in Figure 2 illustrates
this point. However, for equipment which is to be surgically implanted
within the body, the limitations on available size and weight will
impose definite constraints upon the complexity of the control system,
at least at the present time.

Any electronic control system requires a source of electric energy in
addition to the requirements of the controlled appliance. If the control
system is very complex, it is quite possible that the limiting factor in its
acceptance will be the weight of additional energy storage required.
At the present time, sealed rechargeable nickel-cadmium cells are com-
monly employed. A 12-volt battery, capable of supplying a load cur-
rent of 10 ma. continuously for 10 hours, weighs approximately 3.2 oz.
and occupies a volume of approximately 1.5 cu. in. New types of
electric storage cells are being developed, which have considerably
greater storage capacity per unit weight. However, these are understood
to be prohibitively expensive at the present time.

A recurring topic of speculation is the possibility of employing either
electrochemical or electromechanical transducers within the body to
provide energy for the operation of implanted electronic equipment.
To the author’s knowledge, no practical results have been obtained.
Implanted electronic equipment may be powered by wireless trans-
mission of electric energy from outside the body. However, this trans-
mission is quite inefficient, and necessitates the use of external energy
storage of significant weight and volume. Of course, for the wheelchair-
bound patient, energy storage is not a particularly serious problem,
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and it is probably for such a patient that the first applications of very
complex electronic control equipment will be developed.

CONCLUSION

Myoelectric control of externally powered prosthetic and orthotic
appliances has been shown to be feasible, and has been demonstrated in
practice with large numbers of patients. Its primary usefulness, at least
for amputees, is as a supplement to other simpler control means. The
present state of the art represents a beginning, and only a beginning.
The control method is of sufficient proven value to justify thorough
investigation of all aspects, including particularly a solution to the
electrode problem.

There is a great need for cooperation in this research. There is a
need for more cooperation and less competition between bio-engineer-
ing research centers. There is a great need for increased involvement
of medical research personnel and clinicians in cooperation with the
bio-engineering groups.

There is a need for rapid evaluation of new ideas, and for immediate
and comprehensive reporting of the results of clinical evaluations to
research personnel. Also, the research personnel must be more willing
to expedite the transition from idea to practice. Myoelectric control is
not an abstract academic research topic to be pursued at leisure in an
ivory tower. Rather, it is a topic of vital importance to a large class
of handicapped persons, and its development should be treated as a
matter of social urgency.

ACKNOWLEDGMENTS

Myoelectric control systems research at the University of New
Brunswick Bio-Engineering Institute is supported in part by grants
from the Department of National Health and Welfare (Public Health
Research Grant No. 603-7-9), the National Research Council (Operat-
ing Grant A-1083), the Workmen's Compensation Board of New
Brunswick, the Government of New Brunswick, and the New Bruns-
wick Coordinating Council for the Handicapped.

REFERENCES

1. WELTMAN, G., H. GroTH, and J. LymMaN: An Analysis of Bioelectric Prosthesis
Control. Biotechnology Laboratory Technical Report No. 1, University of
California, Los Angeles, July 1959.

2. BaTrYE, C. K., A. NIGHTINGALE, and J. WHiLLIS: The Use of Myo-Electric Cur-
rents in the Operation of Prostheses. J. Bone & Joint Surg., 37B:506-510, August
1955.

3. Briepo, M. G. ET AL.: A Bioelectric Control System. Problems of Cybernetics,
2:556-566, 1961.

111



Bulletin of Prosthetics Research—Spring 1967

4.

10.

11.

12.

14.

15.

16.
17.

18.

19.

21.

22.
23.

24.

112

Kosrinskil, A. E.: Problems of Bioelectric Control, Automatic and Remote Con-
trol. (Proceedings of Ist IFAC International Congress, Moscow, 1960), Butter-
worths, London, 2:619-623, 1961.

Koprinskty, A. YE.: Utilization of Bio-Currents for Control Purposes. Report of
the US.S.R. Academy of Science, Department of Technical Sciences, Energetics
and Automation, No. 3, 1959. (Translation by P. Barta.)

KoBrinskly, A. YE.: Bioelectrical Control of Prosthetic Devices. Herald of the
Academy of Science, U.S.S.R., 30:58-61, July 1960. (Translations by O. T. §. and
by P. Barta.)

PorLyan, E. P. and M. D. Ezov: Electronic Circuits of Bioelectric Control Sys-
tems. Journal Protezirovania i Protezostroenia, 8(12), 1963. (Translations by S.
Whelan, N. P. L., and by L. Vodovnik.)

Porov, B.: The Bio-Electrically Controlled Prosthesis. J. Bone & Joint Surg.,
47B(3):421-424, August 1965.

Lewis, D.: Litton Systems, Toronto, Ontario. Private Communication, Septem-
ber 1966.

GINGRAS, G. ET AL.: Preliminary Report on the Soviet Bioelectric Upper Extrem-
ity Prosthesis. Paper presented at the 27th Annual Assembly of the American
Academy of Physical Medicine and Rehabilitation, Philadelphia, August 26, 1965.
MCcKENZIE, D. S.: The Russian Myo-electric Arm. J. Bone & Joint Surg., 47B(3):
418-230, August 1965.

German Delegation’s Report on Russian Arm. Bulletin of Prosthetics Research,
BPR 10-3:193-201, Spring 1965.

. SHErMAN, E. D, A. L. Lirray, and G. GINGRAs: Prosthesis Given New Perspec-

tives by External Power. Hospital Management, 100:44-49, November 1965.
LippAy, A. L.: Clinical Experience With a Myoelectric Prosthesis. Inter-Clinic
Infor. Bull, 6(4):25-31, January 1967.

BorroMLEY, A. H.: Working Model of a Myo-Electric Control System. Proceed-
ings, International Symposium on the Application of Automatic Control in
Prosthetics Design, Belgrade, Yugoslavia, 3745, August 1962.

BorroMLEY, A. H., and T. K. CoLweLL: An Artificial Hand Controlled by the
Nerves. New Scientist, 21:668-671, March 12, 1964.

BotTOMLEY, A. H.: Myo-Electric Control of Powered Prostheses. J. Bone & Joint
Surg., 47B(3):411-415, August 1965.

CooLEN, J. G.: An Electronic Pulse Controlled Drive System for Small DC Motors.
M.Sc.E. Thesis, Department of Electrical Engineering, University of New Bruns-
wick, 1966. (Unpublished.)

Scorr, R. N.: Myo-Electric Control, Progress Report No. 6. University of New
Brunswick Bio-Engineering Institute, Research Report 67.1, Fredericton, N. B,
January 1967.

. Dorcas, D. S., S. W. Lissey, and R. N. Scort: Myo-Electric Control Systems,

Technical Note No. 2. University of New Brunswick Bio-Engineering Institute,
Research Report 66.1, March 1966.

Scort, R. N.: Myo-Electric Control Systems, Progress Report No. 5. University
of New Brunswick Bio-Engineering Institute, Research Report 65.3, December
1965.

Dorcas, D. S. and R. N. Scort: A Three-State Myo-Electric Control. Med. &
Biolog. Eng., 4(4):367-371, July 1966.

Annual Report, Prosthetic Research and Training Unit, Ontario Crippled Chil-
dren’s Centre, October 1964.

Annual Report, Prosthetic Research and Training Unit, Ontario Crippled Chil
dren’s Centre, October 1965.



25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

41.

42,

43,

44.

45.

46.

Scott: Myoelectric Control

Annual Report, Prosthetic Research and Training Unit, Ontario Crippled Chil-
dren’s Centre, October 1966.

McLAurIN, C. A.: On the Use of Electricity in Upper Extremity Prostheses. J.
Bone & Joint Surg., 47B(3):448-452, August 1965.

Ligerson, W. T., H. J. HoLmQUEsT, D. Scot, and M. Dow: Functional Electro
Therapy: Stimulation of the Peroneal Nerve Synchronized with the Swing Phase
of the Gait of Hemiplegic Patients. Arch. Phys. Med. & Rehab., 42(2):101-105,
February 1961.

BurkE, J. F., G. S. Pocock, and W. D. WaLLis: Electrophysiological Bracing in
Peripheral Nerve Lesions. Am. Phys. Therapy Assn. 43(7):501-504, July 1963.
LonG, CHARLES, II and V. D. MasciareLnl: An Electrophysiologic Splint for the
Hand. Arch. Phys. Med. & Rehab., 44:499-503, September 1963.

VopovNIK, L. ET AL.: Myo-Electric Control of Paralyzed Muscles. L.E.E.E. Trans-
actions on Bio-Medical Engineering, BME-12, (3, 4):169-172, July-October 1965.
VopovniK, L. and W. D. McLeop: Electronic Detours of Broken Nerve Paths.
Electronics, 38(19):110-114, September 20, 1965.

TroMmBLY, C.: Progress Report, Clinical Evaluation of Four External Power
Sources for the Flexor Hinge Hand Splint. Highland View Hospital, Cleveland,
Ohio, April 1965. (Unpublished.)

TroMmBLY, C.: Progress Report, Clinical Evaluation of Four External Power
Sources for the Flexor Hinge Hand Splint. Highland View Hospital, Cleveland,
Ohio, June 1965. (Unpublished.)

Waring, W. and V. L. NickeL: Powered Braces with Myoelectric Controls.
Orthop. & Pros. Appl. J., 19(8):228-230, September 1965.

Vobovnik, L.: Electronic Walking Aid for Patients with Peroneal Palsy. Pro-
ceedings, The European Symposium on Medical Electronics, Brighton, England,
Part V, 58-61, September 28-October 1, 1965.

PENNACCHIETTI, M. ET AL.: Muscle Stimulator Controlled by Myoelectric Signals.
Electronic Letters, 2 (10):392-393, October 1966.

HorN, G. W.: Muscle Voltage Moves Artificial Hand. Electronics, 36:34-36,
October 11, 1963.

KnowLEs, J. B., B. L. STEVENs, and L. Howe: Myo-electric Control of a Hand
Prosthesis. J. Bone & Joint Surg., 47B(8):416-417, August 1965.

HALL, J.: Ontario Crippled Children’s Centre, Toronto, Private Communication,
September 1966.

Harrison, L.: A Study to Investigate the Feasibility of Utilizing Electric Poten-
tials on the Surface of the Skin for Control Functions. Final Report, Contract
No. NONR 4292 (00), Philco Corporation, Bio-Technology Laboratory, Blue Bell,
Penna., July 1, 1964.

HarrisoN, L.: Paralytics’ Brain 4 Myocoder — Hope, Electronics, 37:74-78,
November 30, 1964.

Quarterly Report, Moss Rehabilitation Hospital, Bio Medical Engineering Cen-
ter, Philadelphia, August-October 1966.

McLeop, W. D. (Formerly at Case Institute of Technology, now at the University
of New Brunswick Bio-Engineering Institute): Private Communication, Febru-
ary 1967.

Prosthesis Project, Progress, A Quarterly Report. Massachusetts General Hos-
pital, December 1966.

RotHcHILD, R. A. and R. W. ManN: An EMG Controlled, Force Sensing, Pro-
portional Rate Elbow Prostheses. Proceedings of the Symposium on Biomedical
Engineering, Milwaukee, Wis., 1:106-109, 1966.

DHARESHWAR, L.: Crosstalk in Myo-Electric Systems. M.Sc.E. Thesis, Department

113



Bulletin of Prosthetics Research—Spring 1967

47.

48.
49.

50.

51.

53.

54,

55.

60.

114

of Electrical Engineering, University of New Brunswick, February 1967.
(Unpublished.)

CaTtes, D. L.: Low Noise Amplification of Myo-Electric Signals. M.Sc.E. Thesis,
Department of Electrical Engineering, University of New Brunswick, May 1966.
(Unpublished.)

Scorr, R. N.: Myo-Electric Energy Spectra. Med. & Biolog. Eng. (in press).
DAy, J. L. and M. W. LirprtT, JR.: A Long-Term Electrode System for Electro-
cardiography and Impedance Pneumography. Psychophysiology, 1(2):174-182,
October 1964.

Parten, C. W, F. B. RaAMME, and J. Roman: Dry Electrodes for Physiological
Monitoring. NASA TN D-3414, National Aeronautics and Space Administration,
Washington, D.C., May 1966.

BasmaJian, J. V. and O. G. Stecko: A New Bipolar Electrode for Electromyog-
raphy. J. Appl. Physiol. 17(5):849, September 1962.

. Scort, R. N.: A Method of Inserting Wire Electrodes for Electromyography.

IEE.E. Transactions on Biomedical Engineering. BME-12(1):46-47, January
1965.

Grotz, R. C,, E. T. Yoxn, C. Long, II, and WEN Hsiunc Ko: Intramuscular FM
Radio Transmitter of Muscle Potentials. Arch. Phys. Med & Rehab., 46:804-808,
December 1965.

Ko, W. K.: Progress in Miniaturized Biotelemetry. BioScience, 15(2):118-120,
February 1965.

BonTrAGER, E. L.: The Application of Muscle Education Techniques in the
Investigation of Electromyographic Control. Report No. EDC 4-65-13, Case
Institute of Technology, 1965.

. Basmajian, J. V.. Conscious Control of Single Nerve Cells. New Scientist,

20:662-664, December 12, 1963.

- BAsMAJIAN, J. V., M. BaEsa, and C. FABRIGAR: Conscious Control and Training

of Individual Motor Neurons in Normal Human Subjects. New Drugs, 5(2):78-85,
March-April 1965.

. Wacman, I. H. and D. S. Pierce: Some Electrical Properties of the Neuromus-

cular System, and Implications for Practical Use. The Control of External
Power in Upper-Extremity Rehabilitation, Publication 1852, National Academy
of Sciences-National Research Council, Washington, D.C., 35-56, 1966.
Ampersand Semiannual Report, Highland View Hospital, Cleveland, Ohio,
January 1966.

Ampersand Report, Highland View Hospital, Cleveland, Ohio, September 1966.



