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1
MYOELECTRICALLY CONTROLLED PROTHESIS

BACKGROUND OF THE INVENTION

This invention relates to a myoelectric control system
for prosthetic or terminal devices. More particularly,
the subject invention relates to a closed-loop myoelec-
tric control system that utilizes only one control site for
proportionate mode control of an externally powered
prosthetic device.

When muscles contract they produce minute electri-
cal potentials. The potentials produced by the volun-
tarily controlled muscles of an amputee are ideal con-
trol signal for prostheses. A prosthesis that responds to
muscle contraction in the same way that the replaced
part of the body responded could be used “naturally”
with a minimum of retraining.

Muscle emf’s are known as myoelectric potentials.
Electrical conduction of these potentials through body
tissue and fluids results in potential differences that can
be sensed on the skin. Myoelectric potentials measured
on the skin are much attenuated relative to the ampli-
tude of the signals at their point of origin in the muscle.
They are composite signal$ from many muscle fibers.
Surface electrodes in contact with (but not penetrat-
ing) the skin are used for prosthesis control, despite the
weak intensity of the signal, because of the formidable
problems encountered in the use of percutaneous elec-
trodes. for any length of time.

The myoelectric signals acquired on the skin cannot
be precisely described because they are affected by
many factors. Among these are: (1) muscle type, func-
tion, and condition (including fatigue); (2) characteris-
tics of the tissue, bone and skin that lie between the
muscle and the electrodes; (3) electrode material, sur-
face texture, geometry, and spacing; and (4) the loca-
tion of the electrode relative to the muscle. However,
some characteristics of the myoelectric signal acquired
on the skin are typical. These are: (1) the signal is an
AC voltage that is roughly proportional (in amplitude)
to the force developed by the muscles that generate it;
and (2) the power spectrum is such that the major por-
tion of the power lies between 30 and 500 Hz. Signal
amplitudes on the order of 100 microvolts rms are typi-
cal for healthy muscles developing modest tension. Par-
alyzed muscles often produce myoelectric voltages, but
their amplitude is usually much lower than for healthy
muscles. Some prostheses that are controlled by myoe-
lectric potentials are unsatisfactory because of difficul-
ties encountered in obtaining signals that are both suffi-
ciently large in amplitude and relatively free of noise
and *“‘crosstalk.” Crosstalk results when unwanted sig-
nals produce by antagonist (and other) muscles are
sensed along with the desired signals.

Since myoelectric potentials were first used to con-
trol prosthetic devices, many types of systems and con-
trol mechanisms have been developed. In most prior art
systems the electrode structure typically contains two
stainless steel electrodes which make contact with the
surface of the skin over the muscle site or, more com-
monly, sites; tensing of the muscle causes the genera-
tion of an electrical signal — the emg (electro-
myographic) signal — which is AC in form with major
frequency components in the 30 to 500 Hz spectrum.
The electrical signal sensed by the electrodes is fairly
low in level, generally in the 10 v rms to 1,000 MV Irms
range, depending on the degree of tension in the mus-
cle and other factors, and hence requires amplification
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if it is to be useful in driving the synthetically powered
device. However, such amplification is usually beset
with noise problems because of the low level of the sig-
nal. The electric signal processing circuitry must be de-
signed to minimize these problems and provide a useful
DC signal, largely free of noise, for the externally pow-
ered prosthetic device. Any particular signal level may
be generated by tensing the muscle to the desired de-
gree. Typically, a small, high speed DC motor is geared
down to drive a mechanical linkage that, in turn, oper-
ates the moving parts of the prosthesis. For a self-
contained drive mechanism to be satisfactory for a
wide range of applications it must fit within the space
envelope of the prosthetic device and must satisfy such
diverse criteria as moderately high opening and closing
velocities and must be light, silent in operation, and low
in power consumption.

SUMMARY OF THE INVENTION

The major advantages of the control system of the
subject invention accrue from its utilization of only one
myoelectric control site and the associated simplicity of
control. In these applications the rest position, i.e., ter-
minal device closed, corresponds to minimum control
signal voltage, i.e., the muscle is relaxed. The terminal
device opens in direct proportion to control signal am-
plitude as the muscles contract. The technique of utiliz-
ing a prosthetic control system in a proportional mode
using only one control site effectively eliminates diffi-
culties with electrical crosstalk. Also involved with the
subject invention is a remote power pack concept
which obviates the requirement for packaging the
motor and drive system within the prosthesis. This con-
cept also allows additional flexibility in the selection of
components and in the mechanical design of the drive
and control mechanisms and can also be used for elbow
and wrist rotation.

The myoelectric signal is acquired by surface elec-
trodes that are held in intimate contact with any muscle
capable of producing suitable myoelectric signals. The
signals sensed by the electrodes are amplified and de-
tected. The output of the detector is applied to a con-
trol unit that controls an electric drive motor which op-
erates the prosthetic device. With the muscles relaxed
and minimum myoelectric signal generated, the pros-
thesis is in its closed position. However, when the mus-
cles begin to contract, the electrodes pick up an in-
creasing signal intensity which causes the control unit
to drive the motor, consequently opening the prosthe-
sis. The prosthesis, in this case a hand, begins to open
until a feedback voltage proportionate to the hand
opening position is equal to the control signal. In this
manner, the hand is servo controlled for all positions
between fully closed and fully open.

An object of the present invention is to provide a
myoelectrically controlled prosthesis that utilizes a ser-
vo-mechanism control system.

Another object is to provide a prosthesis that is con-
trolled by a closed loop servo system.

Still another object is to provide a prosthetic servo
control system which requires only a single site sensor
assembly. -

A further object of the invention is the provision of
a servo control system that can be utilized for both ter-
minal devices and above-elbow prosthetic devices.

Still yet another object is to provide a prosthetic con-
trol system that is lightweight, sensitive, and reliable.
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Yet another object of the present invention resides in
the provision of a prosthetic control system that oper-
ates in a proportional mode.

A still further object is to provide a control system for
use with a prosthetic device that is operated by a small,
self-contained electric motor.

Another object of the present invention is to provide
a prosthetic control system that has power control cir-
cuits which conserve battery power.

And a further object is to provide a unique prosthetic
control system that can be utilized with conventional
prosthetic devices.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS
OF THE DRAWING

FIG. 1 is a basic block diagram of the invention.

FIG. 2 is a perspective showing the electrode sensors

and their associated support apparatus.

FIG. 3 is a chart showing myoelectric signal wave-
forms generated by neural stimulation of a muscle.

FIG. 4 is a detail perspective showing the physical ar-
rangement of the preamplifier.

FIG. 5 is a perspective showing the preamplifier em-
ployed, with the shield cover in place.

FIG. 6 is a simplified diagram illustrating noise
pickup resulting from body capacitances.

FIG. 7 is a simplified diagram illustrating the effects
of skin impedances in the sensor region.

FIG. 8 is a circuit schematic of the preamplifier, de-
tector and buffer amplifier circuits.

FIG. 9 is a chart showing preamplifier and overall
gain characteristics.

FIG. 10 is a chart showing detector gain characteris-
tics.

FIG. 11 is a schematic of the control unit.

FIG. 12a through 12g are charts showing the input
and output waveforms of the pulse width modulator.

FIG. 13 is a schematic of the power unit.

FIG. 14 is a cross-section of the power unit.

FIG. 1S shows an arrangement of the subject inven-
tion physically located within an above-the-elbow pros-
thetic device.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A block diagram of the control system is shown in
FIG. 1. The system is a closed-loop position servo with
position feedback that follows the myoelectric signal
generated by the associated muscles. The myoelectric
signal is acquired by a pair of electrodes 1 and 2 that
are held in intimate contact with the arm over the asso-
ciated muscle. The electrodes are spaced approxi-
mately 1 inch apart and are placed close to the flexor
or extensor muscles (not shown) that control the fin-
gers or anywhere else on the body where suitable sig-
nals exist. The myoelectric signal sensed by electrodes
1 and 2 is applied at 34 and 3b to a preamplifier 4
wherein said myoelectric signal is amplified and ap-
plied to a detector and buffer amplifier unit 5. OQutput
signal 6 of unit 5 is a DC control signal that is approxi-
mately proportional in amplitude to the amplitude of
the sensed myoelectric signal. The output control sig-
nal 6 of detector 5 is applied to a control unit 12. In
order to minimize electrical power consumption a
pulse-width modulation system is used tocontrol the
output torque of a D.C. torque motor 8 which actuates
a prosthetic device 9. More specifically, a pulse-width
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modulator 10 utilizes the output of a triangle wave gen-
erator 11 and the output 13 of a summing amplifier 7
to provide a pulse-width modulated signal which con-
trols motor current. The D.C. torque motor 8 is driven
in one direction only. The output 13 of summing ampli-
fier 7 corresponds to the difference between the ampli-
tude of control signal 6 and the position of the control
cable 14 as represented by shaped position signal 15 of
lead-lag circuit 16. Since output 13 of summing ampli-
fier 7 reflects the above mentioned difference it will
hereinafter be referred to as error signal 13. If the am-
plitude of error signal 13 is small, current in motor 8
flows for a small part of the duration of the output of
triangular wave generator 11. Accordingly, the “on”
time of the motor is a function of the magnitude of the
error signal 13. By operating a power switching transis-
tor 17 in a power switching mode and causing motor 8
to actuate only when the output of lead-lag circuit 16
is less than the control signal 6, relatively little power
is dissipated. When electrodes 1 and 2 are not sensing
a myoelectric signal, standby power consumption in the
electronic components is quite low, i.e., less than 300
milliwatts. No mechanical switches or special power
cutoff relays or circuits are required to switch from
“standby” to “‘operate” condition.

A potentiometer 18 provides a shaped position signal
15 via lead-lag circuit 16 to summing amplifier 7. This
feedback arrangement provides high gain at low fre-
quencies and less gain as frequency is increased. Such
signal processing makes the opening of the terminal de-
vice very easy to control at all elbow flexion positions
with or without an object in the terminal device, i.c.,
the hand. This control technique facilitates a simple in-
terface between the amputee and his prosthesis. The
amputee need generate only one signal when he desires
to open the hand, and when the control muscle is re-
laxed the hand is automatically closed by rubber bands
and maintains a grasp force without any further effort
or attention on the part of the amputee. When the am-
putee wishes to disengage the hand, he contracts the
control muscle. When the command signal provides the
voltage needed for the hand opening, the fingers open
and the object is freed.

Referring now to FIG. 2, there is shown a sensor as-
sembly 20 in conjunction with an arm-band support ap-
paratus 21. The sensor apparatus consists of an alumi-
num (or any suitable metal) mounting plate 22, a guard
ring assembly 23, and two stainless steel electrodes 1
and 2. In this particular embodiment the electrodes are
made of stainless steel but they can be made of some
other material, e.g., silver, gold, platinum, or silver-
silver chloride. (The sensor electrodes in FIG. 2 are
shown positioned close together for purposes of illus-
tration only. Actually they are spaced further apart.)
As was previously mentioned, the sensor electrodes 1
and 2 make contact with the skin over the muscle at the
control site. Neural stimulation of the associated mus-
cle causes myoelectric signals to be generated. As was
previously mentioned and is shown in FIG. 3, the myoe-
lectric signals are AC signals in which major frequency
components lie in the 30 to 500 Hz spectrum. Wave-
form a of FIG. 3 shows the myoelectric output when
the muscle is relaxed. When the muscle is in low ten-
sion, a waveform such as that illustrated by waveform
b of FIG. 3 is generated. Waveform c of FIG. 3 shows
a typical myoelectric signal produced when the muscle
is in high tension. The myoelectric signal to be sensed
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is within the 10-1,000 Av rms range of amplitude val-
ues depending upon, among other factors, the tension
of the associated muscle.

Amplification is required if the myoelectric signals
are to be used to control an externally powered pros-
thesis. Amplifiers must be carefully designed to mini-
mize noise relative to the low amplitude of the myoe-
lectric signal. The subject invention was designed to
minimize these problems and to provide a useful de-
modulated signal that is largely free of noise. The physi-
cal structure of preamplifier 4 of FIG. 1 is shown in
FIG. 4. Preamplifier 4 is physically located on the re-
verse side of the sensor assembly 20 of FIG. 2. Refer-
ring back to FIG. 2, the preamplifier circuit 4 is
mounted on the aluminum mounting plate 22 which
forms the base for the guard ring 23 and the surface
electrodes 1 and 2. The aluminum plate 22 serves as.a
shield between the preamplifier circuit 4 and said sur-
face electrodes 1 and 2 and thus prevents unwanted
electrical feedback. It also serves to minimize any di-
rect pickup from stray 60 Hz electric fields. FIG. 5
shows the entire sensor assembly with a shield 24 cov-
ering the preamplifier circuit.

The analysis of the effects of 60 Hz noise pickup is
a complex 3-dimensional problem. It involves distrib-
uted capacitances between the noise source and the
body surface area, leakage along the skin (surface) and
thru the internal tissues (sub-surface) of the body, and
distributed capacitances between the body surface area
and the external environment power ground to which
the noise source is returned. To simplify the problem
and attempt to indicate how noise pickup at the input
of the preamplifier 4 can occur, a greatly simplified
model describing the noise problem is depicted in FIG.
6. In this figure, the distributed capacitances have been
replaced by lumped capacitances to major parts of the
body. Noise currents generated by noise source 30
(usually a 60 Hz source) may enter the body parts by
means of the stray lumped capacitances Cm through
Cys shown at 31 through 35 respectively. There may
even be more than one noise source, but for simplicity
only one such source is shown at 30, Return of the sur-
face and sub-surface currents to a power ground 37 is
through the stray lumped capacitances Cg, through Cg,
shown at 38 through 42 respectively. Because of the
potential differences set up between various parts of
the body—due to the capacitance voltage dividers
being unlike—noise currents will flow on the skin sur-
face and in the sub-surface (internal tissues) from one
body part node or circuit node (i.e., from any of the
nodes 43 through 47) to another.

The sensor assembly 20 of FIG. 2 was chosen be-
cause of the shielding of the two probes, against 60 Hz
electric fields, provided by the guard ring 23 and the
aluminum plate 22. The guard ring 23 when connected
to signal ground 48 tends to establish an equipotential
region (at signal ground potential) on the surface of the
skin surrounding the two electrodes, As such, it tends
to syphon off surface 60 Hz noise currents to signal
ground without permitting them to develop a potential
difference between the electrodes, If this equipotential
region were to extend into the internal tissue region just
below the skin surface, any internal tissue currents
flowing as a result of 60 Hz noise fields would tend to
be syphoned off to signal ground without permitting
them to develop a potential difference (which would be
sensed by electrodes) in the tissue underneath the elec-

10

15

20

25

30

35

6

trodes. Because the guard ring contacts only the skin’
surface, the degree to which the equipotential region
can extend itself into the internal tissue region will de-
pend on the skin surface to internal tissue conductivity
under the guard ring, Initially this conductivity can be
increased by moistening the skin in the contact area,
Fortunately, this conductivity should improve and
maintain itself with increased time of contact because
of the likelihcod of perspiration and insensible water
penetrating the skin underneath the guard ring. Never-
theless, there will be some finite conductivity between
the surface skin and internal tissues and, as a conse-
quence, the internal tissue region underneath the guard
ring and probes will not be an equipotential region in
general. Hence some 60 Hz noise voltages will very
likely develop in this region and be sensed by the
probes.

Since the problem is 3-dimensional, internal tissue
currents may flow from any direction underneath the
probes. It is desirable, therefore, to minimize these cur-
rents by establishing an equipotential surface on the
surface of the skin in all regions near the electrode
structure. For this purpose, the arm band 21 which en-
circles the arm, supports the electrode structure and
holds it in contact with the skin, should be mietallic and
tied to signal ground.

FIG. 7 depicts the noise situation in the region of the
electrode structure. In FIG. 7, internal body capaci-
tances between various skin and tissue layers have been
omitted for simplicity. Three levels within and on the
body are indicated: (1) skin surface; (2) internal tissue
level; (3) muscle bundle level. The body resistances as-
sociated with each of these regions and between the re-
gions are also shown. The potential differences be-
tween the noise sources developed at nodes 50, 51 and

* 52 cause currents to flow through the various body re-
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‘even if the common node impedances 56

sistances (i.e., through skin surface, skin surface to in-
ternal tissue, and internal tissue resistances). If any cur-
rent is permitted to flow through internal tissue resis-

tance 53, an undesirable noise potential will be devel-

oped and sensed by the probes unless an equal and op-
posite potential is developed in the skin surface-to-
internal tissue resistances 54 and 55—a very unlikely
event in view of the highly variable nature of skin and
tissue resistances. This noise voltage could develop
and 57 were
infinite because current may flow through resistance 58
(and develop a noie voltage across the electrodes by
virtue of current flow between nodes 50 and 51.

In the absence of a guard ring returned to signal
ground, noise currents would flow through resistances
59, 60, 58, 61, 62, and 63, 64, 53, 65, and 66 in FIG.
7. Resistances 59 through 62 represent surface resist-
ances along the skin between the respective nodes. Re-
sistors 53 and 63 through 66 represent internal tissue
resistances (i.e., subcutaneous tissues). Thus a noise
potential difference could easily be set up between
nodes la and 2a (the electrode contact nodes) and
would be amplified by the preamplifier undesirably.
(Those resistors not identified represent inter-region
resistances).

If, however, a guard ring is installed (with connection
to signal ground) around the probes contacting the skin
surface at nodes 67 and 68, an equipotential surface
will tend to be set up at least on the skin surface be-
tween nodes 67 and 68 between which are located elec-
trode nodes la and 2a. Skin surface currents normally
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flowing through resistors §9 and 62 to resistors 58, 60
and 61 would tend to be syphoned away from said resis-
tors 58, 60 and 61 and would flow into the guard ring
(which is equal to signal ground), to node 52 (which is
also equal to signal ground) and back to power ground
through stray lumped capacitance 69. These skin sur-
face currents would therefore not be allowed to flow
through resistor 58 and consequently no noise potential
difference would be developed across the electrodes. If
the skin surface to internal tissue resistances 70 and 71
were low, the equipotential surface would in effect ex-
tend into the internal tissue region, thereby syphoning
‘currents that flow through the internal tissue resist-
ances 63 and 66 to the guard ring and signal ground
and away from internal tissue resistances 53, 64, and
65. The degree to which this syphoning action occurs
will depend on how low resistors 70 and 71 can be
maintained. With the guard ring and the “extended
guard ring” (i.e., the metallic arm bands) installed, ad-

_ equate noise rejection is possible even when no design
precautions are taken to: (1) balance the impedance in
both input arms (resistances 72 and 73) of the pream-
plifier; and (2) insure that common node impedances
'56 and 57 are high. Note that use of the guard ring does
not reduce the proportion of muscle bundle voltage
(E,) reaching the preamplifier inputs except for the in-
creased loading caused by resistors 60, 61, 64 and 65
which are, in effect, returned to signal ground at nodes
67, 68,74, and 75 (assuming resistances 70 and 71 are
very small).

The effective source impedance of the muscle bundle
voltage seen by the electrodes can be as high as 1 meg-
ohm with poor electrode contact and decreasing down
to approximately 10K ohms with improved contact. To
minimize the attenuation of the portion of muscle bun-
dle voltage appearing at the electrodes, due to loading
by the differential input impedance seen looking into
the preamplifier at the electrodes nodes 1a and 2a, the
latter should be made as high as possible, preferably ex-
ceeding 200K ohms.

Referring now to FIG. 8, there is shown a detailed
schematic diagram of the preamplifier 4, and detector
and buffer amplifier unit 5.

Based on the expected emg signal level in the 10 to
1,000 pv rms range, the preamplifier differential gain
should be in the 2,500 to 5,000 range so that its output
may be detected at a useful level where additional noise
pickup at the output will be of little consequence. The
useful emg signal frequency spectrum has been stated
to be in the 30 to 500 Hz range with much of the energy
concentrated in the 50 to 150 Hz range. Some discrimi-
nation against 60 Hz noise can be built into the pream-
plifier by designing it to have a band-pass characteristic
with its center frequency in the 150 to 250 Hz range.

The preamplifier 4 is a bandpass amplifier [which
uses a National Semiconductor Type LM301A Mono-
lithic DC Operational Amplifier (DCOA)] having a
nominal gain of about 4,350 at a center frequency of
about 150 Hz. The common mode impedance will be
determined essentially by the impedances external to
the monolithic amplifier which return to signal ground
from each of the differential inputs; the internal ampli-
fier impedances leading from the differential inputs to
signal ground are usually much higher than these exter-
nal impedances and may be neglected by comparison
(since they parallel the external impedances).
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With regard to equivalent input noise voltage of the
preamplifier, when working from high source imped-
ances (of the order of 500K ohms), this noise should
preferably not exceed 5 pv rms in the 30 to 500 Hz fre-
quency spectrum. If held to this limit, the noise will be
insignificant with respect to normal emg signals. DC
currents will flow from the guard ring (which is at sig-
nal ground potential) through the skin and body to the
amplifier input circuit by means of the probes. If the
amplifier input DC bias currents are I, and I; and the
input offset voltage is E,,, it can be shown that the skin
and body currents flowing into the probes to the nega-
tive (inverted) and positive (non-inverted) preampli-
fier inputs shown at 3a and 3b respectively are I, and
I,, where

I, = [Ry/(R, + R)1 I+ Ey/R,
1)

Iy =[Ry/(R, + Ry)] I,
2)

where I, is the amplifier non-inverted input DC bias
current and R; is the value the DC input resistor 76,
and R, is the combined value of resistors 77a and 77b.
The transfer function G(s) for a differential input signal
has the following general form:

G(s)=~K (11 s+ 1)/(722 + 2fmy s+ 1) where 1, <<,
3)

71 is a function of the feedback network elements,
while 7, and { are functions of the input and feedback
network elements and the amplifier open circuit DC
gain and its first lag corner frequency.

Maximum differential gain in Equation ( 3) occurs
approximately at the frequency where o = 1/r, and this
gain is:

[G (§&) max] = K71/207, With © = 1/7,
4)

Assuming an amplifier open circuit DC gain of
50,000 and a first lag corner frequency of 20 Hz, the

transfer function for the preamplifier network elements
is:
FTOPREE

2995 1.435s+1

[1.062(1073) 2522 (0.455)[1.062 (.10“3) Js-+1
(5)
The maximum gain magnitude is from Equation (4):
|Gmez| = 4,350, occurring at w = 1/, = 1/1.062(1073)
= 942 rad/sec or 150 Hz
If worst case tolerances for the amplifier open circuit
DC gain (10,000) and first lag corner frequency (10
Hz) are applied to Equations (3) and (4), we would ob-
tain:

G(s)=

0095 1.4355+1

[3.36 (1073) 252 42 (0.229) [3.36 (10-3)Ts+1
(6)

and [Gpaz| = 2,730 occurring at f=47.5 Hz.

For comparison purposes, the gain magnitude as a
function of frequency for Equation (5) (for DCOA
open circuit gain of 50,000 and first lag corner fre-
quency of 20 Hz) is plotted in FIG. 9. Also plotted is
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the overall gain of the preamplifier 4 and detector and
buffer amplifier unit 8.

Because different subjects will have different emg po-
tential sensitivities, a gain control, potentiometer 78 is
added to the preamplifier output circuit to permit ad-
justment of the signal level reaching the detector input.

The emg detector and buffer amplifier unit schematic
is generally shown at 5 in FIG. 8. The detector is an ab-
solute value type with a modification to make it fre-
quency sensitive. Detection polarity is determined by
the direction in which the diodes 79 and 80 are in-
stalled. To produce a positive DC rectified signal at the
buffer amplifier output 81, the detector output voltage
at the terminal 82, fed to the inverted input 83 of the
buffer amplifier DCOA 84 must be negative with re-
spect to buffer amplifier non-inverted input 85, since
the buffer amplifier produces a sign inversion. The neg-
ative potential is produced by installing the diodes as
shown. If the diodes are inverted, the detector and
buffer amplifier outputs will be inverted. The function
of the buffer amplifier is to provide isolation between
the detector output and the load to be driven.

By adding capacitors 86 and 87 the detector is made
frequency sensitive; its output will be essentially pro-
portional to frequency for frequencies considerably
below and above 60 Hz. The gain of the detector, i.e.,
the ratio of average value of the rectified DC output
(E,) appearing at the buffer amplifier differential in-
puts to the RMS signal input (E,) appearing at the 16K
gain adjustment potentiometer wiper, is as follows:

EJEy=4 V2 (Rp/R)) (f Rr C) (VDC/VRMS)
O]
subject to the restriction that:
f> > 1/4RsC
®)

where:

E, = Average value of rectified DC output voltage
(i.e., differential voltage measured across buffer
amplifier input resistors)

E, = RMS voltage at detector input

Rp = Feedback resistance (resistor 92)

R, = Input resistance connected to DCOA inverted
input (resistor 93)

C = Capacitance in detector output circuit (capaci-
tors 86 or 87) i

f= Frequency in Hz.

At frequencies much lower than S=1/4RzC, the gain
is essentially:

EJE,=2 V2/m (Rs/R,) (VDC/VRMS) for f < <
1/4R,C

9)
At DC, the gain is simply:
EJE, = R¢/R, (VDC/VDC)
(10)
A plot of the detector gain as a function of frequency
is given in FIG. 10. Also shown for comparison pur-
poses is a plot of the theoretical gain given by Equation

(7) which holds for frequencies essentially above 30
Hz. Gain differences between the theoretical and ob-
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served functions may be attributed in part to compo-
nent tolerances, particularly to the tolerance on capaci-
tors 86 and 87, and to the loading effect on the detector
output caused by the buffer amplifier input resistances
88 and 89.

As the frequency increases, E, would increase for a
constant E, input, according to Equation (7) until ei- ,
ther amplifier saturation occurred or the open loop
gain roll off (of the DCOA) with frequency caused the
output to fall off. To insure linear operation and since
the emg frequency spectrum of interest lies between 30
and 500 Hz, an effective high frequency lag corner in
the gain characteristic was introduced by inserting re-
sistors 90 and 91 in series with capacitors 86 and 87.

Referring now to FIG. 11, there is shown a schematic
diagram of the control unit 12, which receives from the
buffer amplifier the sensed emg signal 6 and passes this
signal to summing amplifier 7 and then to pulse width
modulator 10. The output of the pulse width modulator
is subsequently applied to the power unit (not shown)
which ultimately actuates the prosthetic device (the
hand). In order to minimize electrical power consump-
tion within the power units a pulse width modulation
system is employed. The pulse width modulator 10 uti-
lizes the outputs 102 and 101, respectively, of the trian-
gle wave generator 11 and the output of servo amplifier
120 to provide a pulse-width modulated signal 103
which regulates motor current.

In order to more clearly describe the operation of the
control unit, any discussion of the lead-lag circuit 16
and the associated feedback loops will be temporarily
omitted. The output signal 13 of summing amplifier 7
represents a DC signal that is proportional to muscle
tension. This DC signal is applied to input 104 of pulse
width modulator 10. Also, the output 102 of triangle
wave generator 11 is received at input 104, The opera-
tion of the pulse width modulator 10 can best be ex-
plained by additional reference to FIG. 12. The DC
output 13 of servo amplifier 120 is shown by waveform
a of FIG. 12. In this condition, there is no sensed emg
signal being received from the buffer amplifier 6. The
DC output signal as shown in waveform a) is obtained
from a potentiometer 113 and applied to input 105 of
operational amplifier 106. The output, EA, from output
terminal 99 of triangle wave generator 11, shown by
waveform b of FIG. 12, is applied to negative input 104
of operational amplifier 106. Waveforms a and b are
combined within amplifier 106 to produce the summed
waveform c. As long as the summed waveform is less
than zero volts, the output of the pulse width modulator
10 is as illustrated by waveform d which represents the
control unit in the “off” condition. Thus, the prosthesis
does not respond since there is no effective enabling
signal. When an emg signal is sensed, there is applied
to input 119 of summing amplfier 120 a positive DC
signal. When combined with the threshold level signal
as produced by potentiometer 113, the signal as repre-
sented by waveform e is thus applied to input 104 of
amplifier 106. When waveform e is combined with the
EA — waveform f), the resultant signal as shown by
waveform g is produced. Whenever the upper peaks of
waveform g exceed zero volts, the pulse width modula-
tor 10 shifts from the non-enabling E,, voltage level to
the enabling E,; level. In this manner does the pros-
thetic device actuate only when the sensed emg voltage
level exceeds a predesignated (and variable) threshold.
As the prosthesis is being actuated, its physical position
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is indicated by the wiper arm of a position potentiom-
eter (not shown). The feedback position signal 107 is
applied to the lead-lag circuit 16 at terminals 108 and
109. The function of lead-lag circuit 16 is to prevent
actuation of the prosthesis by a short term, high gain
signal, e.g., noise. Via resistors 100, 110, 111 and 112
and capacitor 114, the prosthesis will only respond to
long term signal, thereby preventing the prosthetic de-
vice from continually opening and closing upon every
sensed signal.

Referring now to FIG. 13, there is shown a schematic
diagram of the power unit. Emergent from pulse width
modulator 10 is a series of enabling pulses as shown by
lower portion of waveform g) of FIG. 12. These pulses
are applied to the motor 8 after being amplified by
power transistor 17. Transistors 121 and 122 serve as
driver transistors for power transistor 17. Upon energi-
zation, the rotation of the armature of motor 8 causes
like rotation in gear reduction means 123. After the
necessary gear reduction is accomplished, the control
cable 14 is connected to a pulley that is attached to the
last gear element (not shown). Attached to the end of
the control cable is the prosthetic device 9. In this man-
ner, rotation of the motor shaft causes activation of the
prosthetic device 9. Also connected to the gear means
123 is the wiper arm 124 of potentiometer 18. In this
manner, position feedback signal 107 is provided for
lead-lag circuit 16. A transient suppression circuit is
provided with the power unit for inhibiting undesired
interference with power transistor 17 and driver tran-
sistors 121 and 122 when motor 8 is switched on and
off. The transient suppression circuit consists of resis-
tor 125, zener diodes 126 and 127, and diode 128.

The gear box reduction means is shown in the cross-
sectional drawing of FIG. 14. The output signal of
power transistor 17 of FIG. 13 is applied to brush as-
sembly 130 causing rotation of the rotor 131, and sub-
sequently rotor pinion 132. Rotation of rotor pinion
132 induces rotation in spur gear 133 and pinion gear
134. Final gear reduction is accomplished by spur gear
135 to which is attached at its upper end pulley 136 and
at its lower end potentiometer 18. Wrapped around
pulley 136 is the control cable 14 which actuates the
prosthetic device. The position feedback signal is pro-
vided by potentiometer 18 and wiper arm 124 as here-
tofore discussed.

Referring briefly to FIG. 15, there is shown one em-
bodiment illustrating the physical arrangement of the
subject invention in conjunction with an above-the-
elbow amputee. The sensor unit 20 is held in intimate
contact with the biceps muscle of the amputee. The
output signal of the sensor unit is connected to the con-
trol unit 12 via signal cable 140. Control signals from
the control unit 12 to the power unit 19 as well as posi-
tion feedback signals from the power unit 19 to the
control unit 12 are transmitted via signal cable 141.
Upon receiving energization commands from the con-
trol unit 12, the motor causes the control cable 14 to
retract (as described previously), consequently open-
ing the fingers of the prosthetic hand. Since the opera-
tion of the prosthetic hand (or hook) is well-known in
the art, only nominal attention will be directed thereto.
Retraction of cable 14 will cause forearm 142 to raise
if the elbow is unlocked. When the forearm is in the de-
sired position, the amputee pulls on locking cable 143
by means of shoulder harness 144, thereby causing
lever arm 145 to lock said forearm 142 into position.
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Again, since this technique is well known in the art, no
detailed discussion will be accorded thereto. When the
forearm 142 is locked into position via lever arm 145,
further retraction of the control cable 14 will cause the
fingers of the prosthesis hand to open.

As was mentioned above, placement of the motor
within the prosthetic device (hand) is but one embodi-
ment of physical placement. Another embodiment that
has been utilized is placement of the power unit around
the waist of the amputee when there is not enough
room for it in the prosthesis.

Other modifications, adaptations and embodiments
of the present invention are of course possible in light
of the above teachings. Therefore it should be under-
stood that within the scope of the appended claims the
invention may be practiced otherwise than as specifi-
cally described.

We claim:

1. A control system for actuating a prosthesis from
myoelectric potentials, comprising:

a prosthesis;

electrode means for sensing myoelectric potentials
developed by the body, said electrode means being
adapted to engage over a single muscle area of the
body;

means actuating said prosthesis in response to said
sensed myoelectric potential;

means for providing a position feedback signal to said
actuating means for identifying the degree of actu-
ation imparted to said prosthesis; and,

means for delaying in time said position feedback sig-
nal.

2. The control system as claimed in claim 1 wherein
said electrode sensing means comprise spaced first and
second electrodes each formed of a metal biologically
compatible with the skin and capable of making a low
resistance contact therewith.

3. The control system of claim 2, wherein said means
for minimizing said interference noise signals com-
prises

a guard ring assembly encircling said sensing elec-
trodes, the assembly being connected to signal
ground and adapted to contact the skin surface,

a mounting plate adapted to be spaced from the skin
surface and forming the base of the guard ring as-
sembly and having the electrodes positioned on
one side thereof, and

a preamplifier positioned on the mounting plate on
the side thereof opposite the electrodes, the
mounting plate serving as a shield between the pre-
amplifier and the electrodes to prevent electrical
feedback and to minimize direct pickup from stray
electric fields.

4. The control system as claimed in claim 1 and fur-

ther comprising:

means for converting said sensed myoelectric poten-
tial into a DC level signal; and

means for providing interfacing between said con-
verting means and said actuating means.

5. The control system as claimed in claim 4, wherein
said converting means is a detector and said interfacing
means is a buffer amplifier.

6. The control system as recited in claim 5 wherein
said means for providing said position feedback signal
comprises a potentiometer whose wiper arm is mechan-
ically actuated in direct proportion to the degree of ac-
tuation imparted to aid prosthesis, the voltage sensed
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by said wiper arm being received by said actuating
means.
7. The control system as claimed in claim 6 wherein
said actuating means comprises:
means for determining the error difference signal be-
tween said position feedback signal and said DC
level signal;

means for applying electrical energy to said prosthe--

sis only when said error difference signal is of a pre-
determined amplitude; and

means for converting said electrical energy into me-

chanical energy for actuating said prosthesis.

8. The control system set forth in claim 7 wherein
said means for determining said error difference signal
is a summing amplifier comprising:

a first input terminal for receiving said DC level sig-

nal; .

a second input terminal for receiving said position

feedback signai;

means for providing a fixed threshold signal; and

means for obtaining the difference between said DC

level signal and said fixed threshold signal and pro-
ducing a difference error signal when the differ-
ence signal is of an amplitude greater or less than
said position feedback signal.

9. The control system as claimed in claim 8, wherein
said means for converting said electrical energy into
mechanical energy for actuating said prosthetic device
is a DC torque motor.

10. The control system of claim 1 and further com-
prising; v

means for minimizing interference noise signals;

means for amplifying said myoelectric potentials; and

means for attaching said electrode means to the
body.

11. A control system for actuating a prosthesis from
muscle myoelectric potentials comprising:

a prosthesis,

means for sensing myoelectric potentials comprising

electrode sensing means adapted to engage over a

muscle area of the body,
means for amplifying said sensed myoelectric poten-
tials, '

means for converting amplified myoelectric poten-
tials into a DC level signal having an amplitude pro-
portional to the intensity of said generated myoe-
lectric potentials,
means for identifying the exact physical position of
said prosthetic device and for producing therefrom
a position feedback signal,

means for actuating said prosthesis in response to
said sensed myoelectric potentials, said actuation
means providing an -electrical signal sufficient to
actuate said prosthesis and including a summing
amplifier for producing such electrical actuation
signal when the resultant threshold output ampli-
tude of said means for converting the amplified
myoelectric potentials into a DC level signal is
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greater than the amplitude of said position feed-
back signal,

means for converting said electrical signal into me-

chanical energy; and,

means for producing a control signal effective to ac-

tuate said prosthetic device only when sensed
myoelectric potentials are above a predetermined
threshold level, said degree of prosthetic actuation
being proportional to the amplitude of said sensed
myoelectric potentials, said means for producing
said control signal comprising a standard waveform
generator having a predetermined amplitude, said
electrical actuation signal being generated when
said output amplitude of said summing amplifier is
greater than said predetermined amplitude of the
standard waveform.

12. The control system as claimed in claim 11,
wherein said sensing means comprises electrode means
adapted to a single muscle site.

13. The control system as claimed in claim 12,
wherein said electrode means comprises first and sec-
ond electrodes.

14. The control system as claimed in claim 11,
wherein said means for converting said amplified
myoelectric potential into a DC level signal is a DC de-
tector.

15. The control system as claimed in claim 11,
wherein said means for converting said electrical signal
into mechanical energy comprises a DC torque motor.

16. The control system as claimed in claim 15, and
further including gear means between said DC torque
motor and said prosthesis, actuation of said DC torque
motor causing said prosthesis to operate at a speed de-
termined by the final ratio of said gear means.

17. The control system as claimed in claim 16,
wherein said means for producing said position feed-
back signal comprises a potentiometer having a wiper
arm, said wiper arm being operably connected to the
output of said gear means.

18. The control system as claimed in claim 15, and
further including means for suppressing spurious re-
sponses generated by the actuation and subsequent
non-actuation of said DC torque motor.

19. The control system as claimed in claim 18,
wherein said spurious response suppression means
comprises a plurality of serially connected zener diodes
all connected in parallel with said DC torque motor.

20. The control system as claimed in claim 11,
wherein said means for generating said standard wave-
form is a triangular wave generator.

21. The control system as claimed in claim 20,
wherein said means for generating said electrical actua-
tion signal is a pulse width modulator.

22. The control system as claimed in claim 11, and
further including means for delaying in time said posi-

tion feedback signal.
* ok ok %k %
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