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CONTROL OF A SKELETAL JOINT BY ELECTRICAL 
STIMULATION OF ANTAGONISTS* 

L. VODOVNIK~, W. J. CROCHETIERE~ and J. B. RESWICKw 

Engineering Design Center, Case Institute of Technology, Cleveland, Ohio, U.S.A. 

Abstract--The possibility of restoring controlled movements to a paralysed arm, by means of 
electrical stimulation of skeletal muscle, is investigated. The concept is applied to the elbow 
joint of the human arm, by surface stimulation of the biceps and triceps muscles, in a closed- 
loop position-control system. The results indicate that the method is feasible, but that more 
basic data is needed before an optimal control is attained. 

1. INTRODUCTION 

VICTIMS of  traffic, diving, or other accidents, as 
well as polio patients, often continue their lives 
as partially- or totally-paralysed people. Para-  
lysis of  extremities is caused by the disconnec- 
tion of  the nerve paths between the muscles and 
the brain. These disconnections are classified 
into two groups. 

1. Upper  motor  neuron lesions; when the 
disconnection occurs in the spinal cord. 

2. Lower motor  neuron lesions; when the 
disconnection occurs in the peripheral nerve 
between the spinal cord and the muscle. 

In group one, the contractibility of  the 
muscle is preserved for years after the injury; 
but due to disuse of  the muscle, it weakens 
considerably. In the second group the con- 
tractibility of  the muscle is also maintained, but 
for a shorter length of time, and the muscle 
gradually wastes away (atrophies). 

To a large extent, paralysed patients are 
dependent on the help of  others, which repre- 
sents a heavy psychological (and many times 
physical) burden for both parties. Therefore, 
any attempt to make the patients as self-sufficient 
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as possible is worth careful consideration, 
Currently, the main rehabilitation means are 

splints powered by gas motors  (usually liquid 
CO2) or electric motors  and activated by 
movements of  normally-innervated parts of  the 
body. In recent years a new approach developed, 
due to the fact that paralysed muscles are often 
still contractible. It  was suggested that patients 
might use their own muscle power, instead of 
bulky externally-powered motors. Muscle fibers 
can be excited and thus contracted, not only by 
nerve-impulses, but also by electrical currents. 
The application of electricity to living tissue is 
called electrical stimulation. For  many decades, 
physical medicine has used electrical stimulation 
as a therapeutic method. But not until recently 
was electrical stimulation applied to paralysed 
patients in order to restore at least partially the 
functions of  their extremities in everyday living. 
The first attempts in this respect were made by 
LIBERSON e t  aL (1962) and LONG e t  aL (1963). 

The present report  deals with the application 
of controlled electrical stimulation to an 
extensor and a flexor muscle of  the elbow joint, 
resulting in controlled movement  of  the human 
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elbow joint. As mentioned previously, paralysis 
of the arm is caused by a disconnection of the 
nerve pathways between the muscles and the 
brain. It  is believed that the feedback (afferent) 
signals f rom the muscle to the brain contain 
information relating to the angular position and 
velocity of the joint as well as the forces acting 
on the joint. In addition to these internal 
feedback paths, there is also a visual feedback 
path to the brain which may be required for the 
performance of a certain class of movement, 
e.g. object avoidance, writing, etc. Of course, 
there are other signals fed back to the brain 
which relate to tactile sensation, pain and 
temperature, which may have an influence on 
the movement of a joint, but we shall consider 
here only those signals which are the direct 
result of joint motion. 

As a first attempt to duplicate the normal 
control of skeletal joint movement by means of 
functional electrical stimulation, only the angular 
position of the joint was fed back to the con- 
troller. External loading of the joint was 
minimized by supporting the arm in the hori- 
zontal plane with a splint structure. All move- 
ment of the elbow joint was then constrained to 
be in this horizontal plane. Figure 1 is an illus- 
tration of the control scheme used. In principle, 
the system is a closed-loop servomechanism 

which, by selective application of a stimulus to 
the flexor and extensor muscles, effects the 
desired position of  the joint. Before dealing 
with the complete system, however, each com- 
ponent will be considered separately. 

2. DESCRIPTION OF SYSTEM COMPONENTS 

2.1. Museulo-skeletal system 
A functional model of the torque characteris- 

tics for the elbow joint is shown in Fig. 2(a). The 
model is characterized by the moment  of  inertia 
(J) of the forearm and hand combination, and 
the viscous coefficient about the joint (K0. The 
values of these two parameters were determined 
in a previous report (VODOVNIK, 1964). 
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FIG. 2(a). Functional model. 
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FiG. 1. Position control system for the elbow joint. 
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The parameters in Fig. 2 are: 
T = torque, kg m~/sec ~ 
J = inertia of  hand and forearm = 0.09 kg m ~ 
K5 = viscous coefficient = 1.2 kg m~/sec 
q~ = included angle of  the elbow joint, radians 
q~ 1 = angle of maximum flexion, radians 
~ = angle of  maximum extension, radians, 

t h e n T ( t ) = J ~ ( t ) + K s q ~ ( t )  qol<  q o < ~  
T (t) : oo ~ < ~1, q~ > ~ 

in Laplace transform notation, 

T (s) = [J s~ + Ks s] 9 (s) 9 x < q 0 < q ~ .  

Use will be made of this expression and the 
block diagram of Fig. 2(b) in the model of the 
over-all system. 

[1'21 

Fro. 2(b). Block diagram of musculo--skeletal dynamics 
of elbow joint. 

Notice that there is no elastic element in the 
model. This does not imply that there is no 
elasticity about  the elbow joint, merely that it is 
quite small within the range q~l < ~? < ~, in 
relation to the inertia and viscosity and, there- 
fore, is neglected. 

VT V 

2.2. Characteristics o f  muscle stimulation 
When a proper electrical stimulus is applied 

to the skin overlying the general area of  a 
muscle, the muscle will contract. There is one 
particular point on the skin above each super- 
ficial muscle which, when stimulated, will 
produce a greater contraction than at any other 
point over the muscle. This point is defined as 
the motor  point of  the muscle. In a previous 
report by VODOVNIK (1964)it was reported that 
the speed of this contraction was roughly 
proportional  to the amplitude of  the stimulus 
applied to the motor  point. There are further 
complications, however, in that the magnitude 
of the stimulus must be above a threshold value 
and a delay time must elapse before any move- 
ment of  the joint takes place. A block diagram 
describing this type of behavior is shown in 
Fig. 3. In all our experiments the stimulating 
waveform (V) was used, although there are 
variations which would also be satisfactory 
(VoDOVNIK et al., 1965). The threshold value 
(Vr) was found to be quite variable for different 
individuals, with an average value of about  20 V. 
I f  the stimulating voltage (V) then is greater than 
20 V, the effective voltage (Ve = V -  Vr) pro- 
duces a torque (K, Ve) about  the elbow joint 
after a delay of  "to sec. Although all the values 
shown in Fig. 3 were obtained f rom experiments 
with biceps muscles, it will be assumed for the 
purposes of  analysis that the triceps muscle has 
similar characteristics. 

2.3. The controller 
A controller was developed to modulate the 

amplitude of stimulation to the biceps and 

Ve K4e Io T 

FIG. 3. Characteristics of muscle stimulation. 
V = 0--70 V, 200rtsec duration, 50 pulses/sec; 
VT = Threshold voltage ___ 20V; 
Ve = effective voltage; 
K4 = .14 rad kg m~/V sec2; 
�9 o = delay = 0'05 sec; 
T = torque, kg m2/sec ~. 
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triceps muscles in response to an error signal. 
This unit as shown in Fig. 4 has a three-channel 

capaci ty  (possible control of three joints) 
although only one channel was fully imple- 
mented at this time. The command signal 
(input position) can be generated either intern- 
ally with the dial (INTERNAL) or externally 
from a suitable voltage which may be a pro- 
cessed EMG signal (EXT-EMG). The position 
of the switch (REF) determines which signal is 
used INT or EXT. A receptacle (FEEDBACK) 
is also provided on the front panel for a position 
feedback signal (actual angle of the elbow joint). 
The adjustment of amplitude (AMPL), threshold 
(THRESH), and sensitivity (SENS) will be 
explained in the circuit discussion. The row of 
output jacks on the lower part of the panel 
provides a signal for a joint brake (BRAKE) 
which is proposed (not operational at this time). 
The remaining four jacks provide the stimulation 
signals for the biceps and triceps muscles 
(AGONIST, ANTAGONIST). 

A schematic diagram of the controller 
circuitry is shown in Fig. 5. With switch s-1 in 
the INT position and the position feedback 
potentiometer connected, this potentiometer 
and potentiometer P-1 are in a Wheatstone 

Ext. 

bridge circuit. A voltage proportional to the 
error signal (0.30 V/rad) is then fed across the 
bases of dual transistor Q 1 which is in a differen- 
tial amplifier circuit having a maximum gain of 
200. This gain is adjustable by varying P-2 
which is the AMPL adjustment described earlier. 
The amplified error signal then is fed to the 
bases of dual transistor Q2 which modulates the 
amplitude of the stimulating voltage across the 
stimulating electrodes. In this stage there are 
two adjustments provided for each of the two 
separate modulators; potentiometers P-3 and 
P-4 adjust the biases on the transistor and are 
called the threshold adjustments (THRESH). 
Potentiometers P-5 and P-6 limit the maximum 
value of the stimulus applied to the muscle and 
also to a much lesser degree the gain of the 
modulator; it is called the sensitivity adjustment 
(SENS). 

A block diagram of the controller is shown in 
Fig. 6. q)r represents the input (reference) angle 
to the controller while (I) cis the actual (controlled) 
angle of the elbow joint. The differential 
amplifier is represented by the block K2. The 
output of the amplifier (e') is then fed by parallel 
paths to the inputs of the modulator stages. A 
positive e' produces no output from the lower 

Input +I8V Agon. Antag. 

! 

Stimulator  

F3o. 5. Schematic diagram of controller. 



FIG. 4. Stimulation controller. 

F:G. 9. Electrode matrix schemes. 

(facing p. I00) 



Fro. 11. Experimental set-up. 



FIG. 12. Input voltage and output elbow angle vs. time, f =  0'3 c/s. 



FIG. 13. Input voltage and output elbow angle vs. time, f = 0.8 c/s. 
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l~o. 6. Block d~gram of controller. 

modulator; however, the output of the upper 
modulator is dependent upon e', the threshold 
setting (A), the gain (Ks), and the saturation 
(B). The threshold (-4 = 0-28 V) is set directly 
by means of a potentiometer (P3) as mentioned 
in the circuit discussion. The saturation level 
(B) is also set directly by a potentiometer (P5) 
(assuming the electrical impedance of the 
electrode-skin-muscle path remains constant). 
The saturation level (B) is variable from 28V to 
65V, while the gain (Ks) remains approx. 
constant at 15. A similar discussion applies for 
the other half of the controller. 

2.4. The over-all system 
A block diagram of the over-all system con- 

sisting of the controller, muscle stimulation 
characteristics, musculo--skeletal dynamics and 
position feedback loop is shown in Fig. 7. A 
theoretical analysis of the dynamics of the 
system may now be performed. If all the con- 
troller components are adjusted so that the 
system operates in a linear mode, the open-loop 
transfer function for a positive e' can be 
approximated as (see Appendix) 

K1K2Kj(,4 e -~~ 
GH (s) : 

s (Js + Ks) 

Using the mean values of the coefficients this 
becomes 

70e-0"0x, 
GH (s) 

s (0"075 s + 1) 

A Nyquist plot of this transfer function is shown 
in Fig. 8. From control theory the system will 
be unstable, since the Nyquist plot encircles the 
singular point at --1, and a means of compensa- 
tion will be required in the closed-loop operation. 

3. EXPERIMENTAL TECHNIQUE 

3.1. Subjects 
All the subjects used in the following experi- 

ments were normal (unparalysed) individuals. 
The subjects were instructed to remain in a 
passive state during the experiment to simulate a 
paralysed condition. The reasons for using 
normal subjects were primarily the unavail- 
ability of newly-paralysed patients whose muscles 
were not degenerated, and secondly because, at 
least for an upper motor neuron lesion, there is 
no significant difference between the stimulat- 
ability of these muscles and normal muscle. 
This was confirmed experimentally on two 
different quadriplegic patients (see Appendix). 
If the results of the experiments with the normal 
subjects are favorable, a necessary condition for 
the application of controlled electrical stimula- 
tion on paralysed patients will be that the tone 
of their muscles be maintained probably by a 
regular program of electrical stimulation initi- 
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position no rotary movement of the forearm 
was observed when the biceps was stimulated 
and the elbow flexed. 

The principal extensor of the elbow joint is 
the triceps muscle which has three heads; the 
long head, the lateral head, and the medial head. 
There is a motor point associated with each of  
the heads; therefore a choice had to be made 
among them. The long head is the least 
powerful in elbow extension and was discounted. 
In general, the lateral head produced the 
greatest contraction and was used in all the 
experiments. In the following discussion, when- 
ever the term flexor is used, we will be referring 
to the biceps muscle; and whenever the term 
extensor is used, we will be referring to the 
lateral head of the triceps muscle. 

FIG. 8. Theoretical Nyquist diagram. 

ated as soon as possible after the accident. 
Although the following experiments were per- 
formed on normal subjects, there seems to be no 
reason why the results could not be generalized 
to apply to the paralysed patient. 

3.2. Extensor and flexor muscles of the elbow 
The principal flexor of  the elbow joint is the 

brachialis muscle. Although this muscle posses- 
ses a motor point, the resulting contraction due 
to an external stimulus is less than the contrac- 
tion of  the biceps muscle stimulated with the 
same current. For  this reason, the biceps was 
always used as the elbow flexor in our experi- 
ments. There is a complication, however, in 
that the action of the biceps during flexion also 
supinates the pronated forearm. This problem 
was overcome by allowing the forearm to 
remain in a position which was mid-way 
between supination and pronation. In this 

3.3. Motor point 
The motor point was previously defined as 

that point on the skin overlying a muscle at 
which, if a stimulus is applied, that stimulus will 
cause that muscle to contract to a greater degree 
than at any other point. This point is quite 
easily definable for any one angular position of  
a joint (or length of  the muscle); but  during 
movement of  the joint, the muscle shifts in 
relation to the skin and the motor  point like- 
wise moves. That the motor point actually 
moves was shown experimentally by means of  
an electrode matrix placed on the skin over the 
general area of the motor point. Two matrices 
that were used and the stimulating probe are 
shown in Fig. 9. The first matrix, which was 
molded from silastic rubber, was 2 in. in dia. 
and contained a pattern of closely spaced k-in. 
dia. holes. The matrix was attached to the arm 
by means of  a strap with "Velcro" fasteners, 
then �88 dia. saline-saturated felt plugs were 
inserted into the holes and made contact with 
the skin. Leakage of the saline solution 
between felt plugs was kept to a minimum by 
firmly fastening the silastic matrix to the arm. 

A large reference electrode (4 in. • 4 in.) (not 
shown) was then placed at a remote point on 
the body (the leg); then the stimulus was applied 
between each of the felt electrodes and the 
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reference by connecting the anode to the 
reference electrode and touching the cathode 
(probe) to the felt electrodes, It is known that 
the cathode is much more effective than the 
anode for producing muscular contraction; 
also since the current density at the anode is 
very small due to the large size of  the reference 
electrode, there were no visible effects at the 
anode. At the cathode, the motor point seemed 
to move quite a bit in relation to the individual 
electrodes of the matrix for various angular 
positions of  the elbow joint. No conclusions, 
however, were drawn from this experiment since 
there was some movement observed between 
the silastic matrix and the skin. Applying the 
stimulus between two of  the felt electrodes 
produced no notably different muscular con- 
traction and introduced another variable, so 
the remote reference electrode was used for all 
experiments. 

The second version of  the electrode matrix 
used (Fig. 9) has an adhesive backing so that it 
can be affixed directly to the skin, thereby 
allowing no relative movement between the 
skin and the matrix. Further modifications 
include a larger over-all size (4 in. • 5 in.) and a 
large electrode size (~ in.-dia.). The matrix was 
used on one subject in the same manner as 
described previously and the motor points of  
the extensor and flexor were found to lie within 
an area of approx. 1 in. dia. from full 
extension to full flexion of the elbow joint. The 
electrodes used in the experiment were, therefore, 
made to cover an area of  i in. dia. 

3.4. Electrodes 
The first electrodes used on the project were 

the band-aid-snap type. This electrode consists 
of a band-aid, a piece of  aluminum foil, and a 
snap which joins the two and provides an 
electrical connector for application of a stimulus. 

From experience it was found that this elec- 
trode could not be used directly on the skin for 
fear of  burning the skin. That is, unless the 
aluminum foil is pressed firmly on the skin 
maintaining a relatively constant impedance 
between the foil and the skin over the area of  

the foil, large current densities in isolated areas 
are possible which can actually burn the skin. 
An interface was provided between the foil and 
the skin by inserting a saline-soaked gauze pad 
of  the same size as the foil. This worked well, 
except that sometimes, during movement, the 
gauze pad would slip and cause the foil to come 
in contact with the skin and produce a burn. 
Also, the band-aid proved to be less than ideal 
for keeping a constant pressure between elec- 
trode and skin. A better electrode, and that 
which was used in the following experiments, is 
shown in Fig. 10. The electrical lead is soldered 
to a 1 in. dia. copper disc and a 1 in. dia. felt 
pad (saturated in saline) is placed between the 
copper disc and the skin. The electrode is then 
attached to the arm over the motor  point with 
adhesive tape (Johnson and Johnson "Elas- 
t ikon") in a criss-cross fashion. This scheme 
worked well during all experiments, although 
the application of  electrodes was time-con- 
suming. 

3.5. Subject placement 
The arm of  the subject with an extensor 

electrode and a flexor electrode attached to it 
was placed in a horizontal splint structure at the 
shoulder level of  the seated subject. A photo- 
graph of  the experimental set-up is shown in 
Fig. 11. 

3.6. Controller adjustments 
With the subject set up as above and connec- 

ted into the system, the controller adjustments 
are made to minimize the nonlinearities in the 
input-output  relations. That  is, we would like 
the relation between e and T to be K~Kj(,  e -~os 
(Fig. 7) and likewise between e and T' to be 
K,K'sK ~ e -'~~ This is accomplished, in stages, 
by first of  all setting K, to an intermediate value. 
(The procedure for linearizing the upper path 
will be described but the same method applies 
to the lower path.) The threshold potentiometer 
(P3) is then adjusted controlling the value of  A 
which we set equal to Vr so that for e > 0, Ve > O. 
That is, any error signal will cause an above- 
threshold value of  the stimulation voltage to be 
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Fza. 10. Stimulating electrode. 

applied across the stimulating electrodes. This 
is done by setting e to zero, then varying P3 
until movement of the arm is impending. The 
saturation level (B) and to some extent the 
value of K3 is then adjusted by varying the 
sensitivity potentiometer (P5). This adjustment 
is made by setting e to its maximum value, then 
P5 is adjusted so that V does not saturate. If 
this condition is not possible to arrive at by 
varying P5, then Ks must be reduced and the 
threshold and sensitivity adjustments are re- 
peated until a satisfactory combination is 
achieved. 

4. EXPERIMENTAL FINDINGS 

4.1. Open-loop test 
In this first series of tests the feedback loop 
was opened and a Hewlett Packard low-fre- 
quency sinusoidal oscillator (Model 202A) was 
connected across the bases of transistor Q1. 
Continuous recordings of the input signal 
voltage and the angle of the elbow joint (output) 
were made on a Visicorder recorder. During 
an experiment, the frequency was varied in 
steps from 0.1 to 2 c/s for specific values of 
input amplitude. 

The results of the four experiments conducted 
were quite similar. For frequencies below 

0.6 c/s, the records were characteristically as 
shown in Fig. 12. That is, the elbow moves at a 
speed of about 2 rad/sec in this case to its 
extremes of flexion and extension (saturates) 
independent of the input frequency. When the 
frequency approaches 0.6 c/s, however, the 
output follows an approximately sinusoidal 
oscillation. Figure 13 shows a typical record 
obtained at a frequency of 0.8 c/s. 

It was found that for each of the four experi- 
ments conducted that the output lagged the 
input by 180 ~ at a frequency which was invariably 
between 0.8 and 1.0 c/s. Also, the open loop 
gain at this frequency was greater than 1, 
indicating, as suspected from the theoretical 
analysis, that the closed-loop system will be 
unstable unless some means of compensation is 
provided. 

For frequencies of about 1.3 c/s the output 
followed an erratic variation of low amplitude 
which at times followed a subharmonic of the 
input frequency. 

4.2. Compensation 
As a means of compensation for the closed- 

loop operation, the twin-T network shown in 
Figs. 14 and 15 was designed and constructed. 
The null frequency, although shown as 0.87 c/s, 
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FIG. 14. Twin-T compensator, schematic diagram. 
Rx = 10.4k; 
R~ = 5-17k; 
Rs = 3"45k; 

Ca= 50 I~F. 

is adjustable by means of varying the potentio- 
meters P1 and P2. The compensator was 
inserted into the system between the error- 
detection bridge and the differential amplifier, 
and has the effect of decreasing the open-loop 
gain to less than 1 at the critical frequency 
(0.8-1.0 c/s) with minimum attenuation for the 
other frequencies, thereby making the closed- 
loop operation stable. 

then applied to the controller and the arm began 
to oscillate violently at about 1 c/s. The twin-T 
network was then inserted and the oscillations 
ceased. The compensator introduced a dis- 
advantage, however, in that the dynamic 
response of the closed-loop system was 
affected. 

Because of the attenuation of the filter, the 
frequency response on either side of 0.87 c/s 
was also affected. At frequencies below 0.4 c/s 
and to some extent above 1.3 c/s, however, the 
response was quite good. In the static case the 
angular position of the elbow joint was con- 
trollable within about ~. 5 ~ 

100 

<. 
S0 

- 5 0  

4.3. Closed-loop test 
As a further confirmation that compensation 

was necessary, the loop was closed and the 
compensator was omitted. An input signal was 

0.4 

0.3  I 
.~> 0 . 2  

0 . 1  

j 

0. 0. Z 0.4 0.6 0.8 1.0 2 
-I00 

4 6 8 I0 

frequency (cycles / sec) 
FIO. 15. Twin-T compensator characteristics. 
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4.4. EMG-controlled closed-loop 

As a concluding experiment, the amplifier o f  
the electronic bypass described by RXsWICK 
(1964) was used to provide an external signal to 
the controller. E M G  pickup electrodes were 
placed over the extensor digi torum communis  
(EDC) of  the left a rm;  then they were con-  
nected th rough  the amplifier to the external 
(EXT) input  jack  o f  the controller. When  the 
wrist was relaxed, the flexor received the 
max imum stimulus, whereas when the E D C  was 
contracted maximally the extensor received the 
max imum stimulus. The subject was then able 
to control  the posit ion o f  his elbow joint  by 
varying the contract ion o f  the E D C  of  his left 
arm. N o  quantitative measurements  were made 
at this time but  the subject was asked to point  
to the experimenter 's  finger as the experimenter 
moved  his finger in a r a n d o m  fashion in the 
plane o f  rotat ion of  the arm. Wi th  very little 
training, the subject was able to perform this 
function quite well for speeds within the normal  
range o f  movement .  In  effect, this experiment 
showed that  it is possible to control  movements  
o f  both  flexion and extension of  a joint  by 
contract ing a single muscle. 

5. CONCLUSIONS AND SUGGESTIONS FOR 
FUTURE RESEARCH 

It has been shown that  a reasonable degree o f  
control  over the angular position of  the elbow 
joint  is possible by modula t ing the stimulus 
voltage amplitude applied to the moto r  points 
o f  a flexor and extensor o f  the joint. This does 
no t  mean to imply that  this is the best method  of  
stimulating muscle to control  movement .  Per- 
haps the modula t ion  o f  stimulus current  would 
produce a more  acceptable response. Stimulus 
pulse-width modula t ion  or pulse repetition-rate 
modula t ion  have also been considered as control  
signals, bu t  seem to offer less promise at this 
time. In  any case, a more  basic study of  the 
dynamic properties o f  electrically stimulated 
muscle is necessary before a refined controlled 
system can be built. 
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APPENDIX 
Theoretical open-loop transfer function 
From Fig. 9 

Ve= V--  VT 
V = e ' K a + A  

... Ve=e'Ks-b  A -- VT 
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let A = VT then 

Ve = e'Ks = eK2K8 

VeK4 e -XoS eK2KsK4e -~oS 
~c (S) = s (Js + Ks)  = " s (Js + K6) 

G (s) ,c K~KsK4e -'~oS 
e s ( J s + K D  

H =  Kx 

a~i (s) 

K~ = 0"3 V/rad 
K , =  135 
K , =  15 

K1K~KsK4e -~o~ 

s(Js + K~) 

K4 = .14 rad kg m2/V per sec ~ 
K5 = 1.2 kg m~/sec 
J = 0"09 kg m ~. 

Substituting: 

GH (s) 

GH" (jo~) = 

Re [GH'(j,@] 

Im [GH'(jco)] = -- 

70 e-O'OSs 

s (0"075s + 1) 

70 
j o  (.075jt~ + 1) 

5.25 
1 + "0056 o~ 

70 
to (1 + "0056 o~2). 

20 

i 
~10 

5 

The lag term e-0"05jo~ contributes a phase angle of 
-0.05o~ rad to theplot  of GH'(flo) to produce the GH(flo) 
curve which is plotted in Fig. 10. 

Stimulation o f  paralysed muscle 
A quantitative measure of the stimulatability of a 

muscle can be obtained from an experimentally deter- 
mined strength-duration curve. This curve expresses 
the relation between least amplitude (strength) of an 
applied stimulus and least time during which it must 
flow in order to reach threshold. There is a minimal 
stimulus amplitude below which excitation of the muscle 
does not occur. Figure 16 shows a set of strength 
duration curves plotted for a number of muscles of a 
quadriplegic patient. The curves were obtained by 
placing a stimulating electrode over the motor point of 
the muscle and measuring for each pulse duration the 
minimum stimulus intensity (current in this case) which 
will cause the muscle to contract visibly. Since the 
curve approaches its minimum value (rheobase) quite 
gradually, the duration at which this occurs would 
provide a very inaccurate measure of the stimulatability 
of the muscle. For  this reason, a more easily determined 
measure is defined, the chronaxie. Chronaxie is the 
length of time a stimulus of twice the rheobase amplitude 
must flow in order to produce contraction of the muscle. 
The chronaxie as measured in Fig. 16 is seen to have a 
range of 0.15-0.30 msec. The range for normal muscle 
is 0.04-0.35 msec. The experiment was repeated on the 
flexor digitorum superficialis of a different quadriplegic 
patient and a similar result was obtained. 
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S t i m u l u s  W a v e f o r m  

Patient 
Harold Kronstad C-3 
Diving Accident: 

6-II-58 
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FIG. 16. Strength--duration curvos of paralysed muscles. 
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C O M M A N D E  D ' U N E  A R T I C U L A T I O N  P A R  S T I M U L A T I O N  ELEC- 
T R I Q U E  D U  M U S C L E  A N T A G O N I S T E  

Sommaire---On 6tudie la possibilit6 de redonner des mouvements contrbl6s hun  bras paralys6 
grfice h une stimulation 61ectrique appliqu6e au muscle. On applique ce principe h rarticulation 
du coude d'un bras par stimulation superficielle du biceps et du triceps grfice/l tan syst~me de 
contr61e de la position par une boucle de r6action. Les r6sultats indiquent que la m6thode est 
possible mais que davantage de renseignements de base sont n6cessaires avant qu'une 
commande optimale soit obtenue. 

K O N T R O L L E  EINES G E L E N K S  D U R C H  E L E K T R I S C H E  S T I M U L I E -  
R U N G  D E R  A N T A G O N I S T E N  

Zusammenfassung--Die M/Sglichkeit der Wiederherstellung kontroUierter Bewegungen eines 
gel~ihmten Armes dutch elektrische Stimulierung der Skelettmuskeln wurde untersucht. Diese 
~berlegungen werden auf das Ellbogengelenk angewandt. Bizeps und Trizeps werden ober- 
fl~ichlich in einem geschlossenen Positionskontrollsystem stimuliert. Die Ergebnisse zeigen, 
da~ die Methode anwendbar ist. Es miJssen jedoch mehr Grundtatsachen bekannt sein, bevor 
eine optimale Kontrolle erreicht werden kann. 


