SIMULATION OF FURPOSEFUL MOVEMENTS BY ELECYRICAL
STIMULATION OF MUSCLES
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Indroduction '

In general, patients with central or peripheral lesions of their
mofor pathways are unable to perform useful movements with the
correspanding extrenty. In cases where the reflex Yoop 4s still intact
(central lesions) and if spasticity is negligible, useful movements can
be achieved by electrical stimulation of the muscle motor points. The
present paper desls with some aspects of the problemn of how to
stimulate the muscles in erder to move the extremity sinnilarly as when
normally innervated. The investigations were performed under the
following limitations:

L. Ouly rotation of the lower arm abou: the elbow joint was
considered. The experimental technigue was essentially the same as used
by Vodewnik and Crechetiere:?,

2. From many possible purposeful movements three frequent
types were chosen: withdrawal, slow tracking, and minimum time
contral,

3. Physiological evidence shows that there is no essential difference
ih the excitability of muscle of normal subjects and of paticnts with
central lesions but not suffering from spasticity. To avoid Sxperiments
on patients as long as possible, the results described below were ob
tained en normal subjects told to have their arm completely relaxed.
In the next stage of the project comparative measurements will be
performed on patients.

An analysis of problems encountered in achieving simulation of
the chosen three types of movements is given in the following par-
apraphs,

Withdmwal Movement

To obtain data of withdrawal movements the subject was told
to move his lower arm after a combined acoustical sand optical stimy-

The work rted in this r Was sored by the Institute for
Rehabilitation ufrti.agﬂisab]ed, Lj ljgila. and m]U.S. Dcfur(ment of Health,
Education, and Welfare (contract with the Mitwilo Pupin Insttute, Belgrade).
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lus as fast as possible from =xiension to full flexion. In Figure 1 curve
a) shows a typical result. It # hypothesized that for such a motion
the command from the CNS is smaximum contraction of flexor mus.
cless. Automatically inhibition of the antagonists sets in, but no feed.
Lack iz necessary and the movement could be performed by an open
loop system. This type of moevement was simulated by a step function
of telanizing voltage applied over the motor point of the biceps,
and a iypical respomse is shown in Bigure 1, curve (b). It can be
seen that cwrve {b) simulates curve (a} rather well. The maxinum
velocities are about the same and, in general, agree with data obtained
in Ref. 1. The dead time of ourve (a) is much longer than the delay of
curve (), but this is not essential as the comwaands to perform move-
ments were given in both types of experiments quite differently, and
the delay in {x)} ¥ mainly due 1o receptiom, processing, amd tfransmis-
sion of nerve pulses. In a reflex withdrawal movement (e. g, by painful
skin stimulation) the delay would be much shorter.
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Figure 1.

The irensfer function between abgle ¢ and amplitude of stimo-
lation current I is of the type
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with By, = 2. A rather useful approximation is reacheds with n = 0,
b = 0, and (s + a) = |. However, many times linearisations in
biological systems are risky, and the behaviour of a musculoskeletal
system under electrical stimulation can be represented realistically
cnly by nonlinear methods. The major nonlinearities are: threshold
and satwration in stipulation, position dependent reaction torgues
at end points (Full flexion or extension), decrease of the delay T with
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increased stimulation amplitude, and position dependent influences of
the reflex loop. Besides, hysteresis effecis were observed between
sthmulation currents and muscle force!, and torques due to stimu-
lation were found to be position dependent? (moving of motor point).

Skrw Tracking

In normal tracking, both aniagonistic muscles are reciprocally
activated, and s-innervation, pmpnu-ceptwe feedback, visual feedback,
prediction and memcry effects im the CNS form an extremely com
plex contral mechanism. Therefore any attempt to simulate such
movements by crude eleciromic means seems 1o be too ambitious, by
{ar., Duting the experiments these thoughts were often confirmed,
our ignorance of biological systems being the mein obstacle in the
design of electronic comtrollers. But as the ability w control the
movemsnt of one joint of a paralyzed extremity is of vital importance
for any further work im functional stimulation of extremities, investl:
gations have to be continued at least until we have been able to prove
delinitely that joints controlled by electrical stimulation cannot be
climically useful. However, for the time being we are still optimists.

ithe CORREC CUTPUY
"__O‘_[ neTwork |+ | A FER I luopuLaon
|

) e - .

Hy:Himgn, - . .

NELTRAL
ELECTROOE

Flgure 2.

The conirel system used is esseptially the same as desribed in
Ref. 2. Some modifications and improvements were made in the electro-
ric circuits and im the experimental techmique {e g. ba]l-bearmgs ai
the elbow and hand). The block diagram of the system is seen in
Figure 2. When the loop was closed without the corrective network
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and the error was made zero before switching on the stimulation, the
arm remained stable due to the dead-zone. After a change in position
the arm began to oscillate, a typical example thereof being shown in
Figure 3. It is interesting to note that for the majority of pur subjects
the frequency of oscillation was above 1.5 Hz in contrast to the fin-
dings in Ref. 2 where the frequency was always about 1 Hz. Before
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attermnps to stabilize the loop were made, input-amplitixde dependent
Nyquist diagrams were measured {Fig. 4). By means of these dia-
grams the nontinearity and the transfer function of the system can
be determined®. The diagrams measurad on two subjects showed
that the transfer function is of at least the third order; that there must
be a dead-zone and saturation nonlinesrity; and that memory effects
fhysteresis) are present as the describing function has a complex
character. In short, the methed applied in our experiment was the
(ollowing. The sinusoidal cutput was, measured at n frequencies and
m different input amplitudes. The results were of the form M.e~i=
Therefore .

M, el = B, g~ lih+w)

Mg-elte= Byr, g1+ o)

My etm = R: ry € {®+o)
M?l g~ ltn = R' T, e 1l + o)

M“‘ E_i‘um E— Rﬂ rﬂ e—itdn +°|];|I

where, R, @ are the absolute value and phase of the transi-
fer function, and 1), p being the absolute valie and phase of the
describing function. Taking points with constant oo, the magnitnde
and angle af the describing function are obtained, and by means of
the inverse describing function? or by mere inspection of existing tabu-
lated describing functions, the moonlinearity can be deduced. If poénts
with a constant joput amplitude zre taken at different frequencies,
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the conventional Nymqrist diagram is obtained. Measurements of
n frequencies at m amplitudes are theoretically redundant if frequen-
cyindependent nonlinearities may be expected, and under this condi-
tion instead of 0. m only 0o + m measurements are requrred. However,
for checking purposes and to get a better insight, all n-m points
were measuwred in our experiments. Mamy inconsistencies were
found upon evaluation of the curves, and some experiments gave
quite noncenclusive results. For one subject a few oulput frequencies
wer¢ lower than the input frequencies. We presume that at these fre-
fquencies a »spinal oscillatore took over the command to move the
arm, or that noolinearities caused subharmonic oscillations, but no
further investigations were made in this directicn.
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As our knowledge regarding nonlinearities in musculeskeletal
systems is still incomplete, as a first approximation amplitude-inde-
pendent correcting networks were inserted to stabilize the closed loop,
Laglead and twin T npetworks were tried, and the resulis are satisfac-
tory, though by far not as good as when the exiremity is under normal
innervation. Figure 5 shows responses to step inputs i position, and
Figure b gives an example of slow arbitrary positioning. In both figures
the loop was stabilized by means of a twin T filter with a resonant
frequency of about 1.5 Hz

Minimmym-Time Movemenis -

In this type of movement the initlal and Ffinal positions of the
limb are known, The nervous system or stmulating mechanism must
operate the antagonistic muscles in such a way that the movement
is performed in the shortest time possible.
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Under permal innervation it is generally believed that quick,
directed movements are achieved by an » .. aiternation of contraciions
of agonist sml antagoaist nmscles ..« in the emd phase of the
movernents, Such a viewpoint seems 1o be in agreement with theoret-
ical considerations regarding tme-optimality. Bellman and others
namely showed that for systems which can be described with the
vector-matriz differential equation

x() = Ayxty+ Diymtt) . - - . - 3
the time optimum controller is of the bang-bang type, ie. the control
vector m{t) componemts always have their maxinum possible val-
ves + M, In eq- 3, x is the state vector, A is the coefficient matrix
of the process, and D the driving matrix. In the case of contrel when
muscles are used as motors, the components of m(l} can switch only
beiween 0 and + M, as muscles can produce active force coly in
ope direction. In a simple musculoskeletal system only twe muscles
are activated. The agonist switches from 0 to + M;, and the antago-
nist changes from 0 to — My,
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Experiments with forearm movements did not confirm the
findings of Partridges. In quick, horizonial movements from one po
sition to another, we regularly found that in the vicinity of zero
error there is a time interval where both antagonistic muascles are
active {(Fig. 7). This simultaneous activity of antagonistic muscles
{§AAM) is uneconomical from the viewpolnt of energy consumption,



20 yODOVMIE, ERALT, LELBTN, BOROVEAK

Under permal innervation it is generally believed that quick,
directed movements are achieved by an » .. aiternation of contraciions
of agonist sml antagoaist nmscles ..« in the emd phase of the
movernents, Such a viewpoint seems 1o be in agreement with theoret-
ical considerations regarding tme-optimality. Bellman and others
namely showed that for systems which can be described with the
vector-matriz differential equation

x() = Ayxty+ Diymtt) . - - . - 3
the time optimum controller is of the bang-bang type, ie. the control
vector m{t) componemts always have their maxinum possible val-
ves + M, In eq- 3, x is the state vector, A is the coefficient matrix
of the process, and D the driving matrix. In the case of contrel when
muscles are used as motors, the components of m(l} can switch only
beiween 0 and + M, as muscles can produce active force coly in
ope direction. In a simple musculoskeletal system only twe muscles
are activated. The agonist switches from 0 to + M;, and the antago-
nist changes from 0 to — My,

J
it J bt
wg T4, SOV ',
™ . 'i I J
14N ¥
1 L mLEPY
) TS|
-3 'I'
.-.--&\Jl | !'L'WJ !l‘ ‘,l_ o ‘:1“ ™
1 WO T
tmeers | LL
_ | l
j'a’ FLEXMON EXTENSION _
Fr X
| A -

0 ® 02 M 0 O5s 0 @ 2 @©@ Qs
gpre T

Experiments with forearm movements did not confirm the
findings of Partridges. In quick, horizonial movements from one po
sition to another, we regularly found that in the vicinity of zero
error there is a time interval where both antagonistic muascles are
active {(Fig. 7). This simultaneous activity of antagonistic muscles
{§AAM) is uneconomical from the viewpolnt of energy consumption,



2 VODOVNIE, KERALY, XELSIN, BOROVAAE

consequently, both obtain 8 bits. If SAAM is applied, each muscle
switches only once on and off, and therefore oaly 4 bits are needed.
It seems that in the latter case a less intelligent spinal cord is needed.
Riological systems try to develop as much reliability as possible, and
therefore unnecessary complexity is avoided. This viewpoint certainly
SUPPOCLS OUr ArgUITENts.
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Figure 4.

With the above thoughts in mind, we tried to design a switched
system for minimum-time movements by means of electrical stimula-
tion, The block diagram is seen in Figure 8. If §, is open, the circuit
operates as follows. At t = O, the reference signal $ (1) iz suddenly
changed, and an error e(() apprears at the input of the memory device.
The cutput of the memory is a constant voltage ¢ -e(0) with o<1
Using = memory system, complicated feedback signals are avoided
{e. g. the squared wvelocity used in optimum switching), and the
switching mowment can be determined in advance an arbitrarily adjusted
a3 o can be varied berween 0 and 1. The difference e(t) — a e{d)
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is through a nonlinear device fed to relay B. At t = 0, the error activates
A, 5; closes and, as ¢y and by are closed too, the agonist obtains
Full stimalation and e{t) starts decreasing. When e{1) == g (0}, swilch-
ing occurs. B becomes unactivated, by opens, b: and by close, there-
after ¢; and ¢ close, c; opens and, as a result, the antagonistic
muscle starts braking. The error coniinzes decreasing and when
elt) == O A switches off and a, disconnects the stimulator from the
muscles. If 8 is clesed, there results the SAAM tvpe of operation.
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Figure fo.

Until the switching moment, the process is the zame as belors. After
switching both muscles are contracted, and become relaxed when
e(t) = 0. Figures 9 and 10 show examples of minimum-time flexien
using the dcircuit described above. In Figure 9 the switching moment
of the bangbang system is chosen optimally, and a response with
practically no overshoot results, whereas in Figure 10, SAAM with a
1oo late switching moment is presented, and therefore a large overshoot
results. So far we have not been able to give definite opinions about
which of both switching types should. be performed in electrical
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stimulation. The main reason of our uncertainty are totally diffsrent
sensations of sur subjects, and the uncontrollable influence of spinal
reflexes which sometimes even on normpal subjects cause unexpscted
and unpredictable movements.

However, experitnents performed up to now suggest that it would
be worthwhile to design a combined contool system for electrical stim-
ulation which automatically changad its mode of operation from line-
ar tracking for slow changing srrors to switching for quick changes.
Thus an adaptive system would be obtained which — in a crude way
— simulated meural control.

Modelling of the Musculoskeletal Sysiem

Due to a definite lack of quantitive data necessary that optimum
systems [or electrical stimulation may be designed, some of our regsearch
is guing t¢ be devoted to amalog computer simulation of nenre-
musculoskeleta]l control loops. This work will become aven more exi-
gent when combined electronic and neural mechanisma have te be
taken im accournt, The ideas of Dimdtrijevids certainly point in that
direction,

In the first phase of this work we shali try to simuolate the
dynamic performance of volitional movements, considering only the most
important elements. Rather simplified, Figure 11 shows {rotation trans.
formed to translation} the active forces of antagonistic muscles 0y,
(%, their elastic and viscous compcnents By, By, ky ky, the series elastic
components of muscle and tendon k,, k. viscous and static or kinetic
friction resp. By, F of the joint (eventual friction between the exterm-
ity and supporting surface should be added), and the bone with
mass M. In this diagram no load forces {e. g.. gravity) are included.
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The simulation in preliminary experiments is still further simpli-
fied. Instead of ¢ aod Qy, the elongations 4h and Aly are considered
as active, The springs k; and k; represent mainly the elasticity of the
tendon. The elastic force is therefore dependent on the magnitude
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and direction of elongation. The parpbolic relation batween force and
elongation was ignored, and linear relations applied. For negative
elongations 1he spring was taken as a cord with no reacting force. With
these comments the system can be desribed in terms of the following

equaticns:

Mx + Bx + Ksgnx = ki(dli—n) ~Ka(dlg+x) . . . . . 5
whereby x < AL, |—x}Z A

Mx + Bx + Ksgnx = —ke{Alz+X) T 6
whereby x> A1, i,

Mz + Bx + Ksgnx = Xy{Al;—x) |

whereby | —x]| > Als

For these equaiions (assuming ki = ks = k) an analog compuler
program was developed (Fig. 12), simulation of the biceps-iriceps sys-
tem being under way. It is hoped that this project will help us to
understand dynamic and neura! mechanisms at the control of human
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extremities. As more exparimental data from subjects and patients
are available, it is planned that the simulation program with sneuro-
physiologicale loops be expanded. We believe this to be the most effi-
cient way to study hybrid (engineering and biglogical) contrel systems
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in order to obtain a better insight into the extremely complex mecha-
nisms that must be mastered if functional electrical stimulation of
extremities is to be extended beyond the wvery limited case of cne-
muscle stimulation, which actually is the only functional stimulation
clinically applied at present.
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