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" RLECTRICAL STUDY OF MUSCULAR RESPONSE
UNDER ELECTRICAL NERVOUS STIMULATION

-E. Dopbre, A. Fournier, P. Coiffef, E. Peruchon

Summary _

Punctional - electrical .- stimlacion (FES) may be a realistic approach
to the problem of functionml réhabilitation of the physically handicapped.
Huscle contraction (triceps and amterior tibialia of dogs) is analysed.in both
the isometric and anisometric modes, with  measurements taken by special force
_and angle transducers. A special mechanical device asgociated with the angle
transducer corrects parasitic rotations. The force developed by the muscle is
measured as a function of three parameters of the stim:lation rectangular pul-
se train which are amplitude, pulse width and frequency. The width of the pul-
ges in the train is chosen as the best command variabie. Finally, an experimen-
‘tal procedure for s dynamic study is proposed. '

I = Introduction

Analysis of locomotion and prehengion processes bave shown that it is
possible to model a human body as an articnlated aystem with a large number of
degreds of freedom (1), (2). It is nacessary to obtain & mathematical model of
the process to control the motiomn of all the stismlated joines (3).

_ A bibliographic investigation on this problem (4) shows that the single
component —the joint— of such a complex system has not been very well charac-
terized. We hHave designed specific experiments] devices to be used on dogs"

- ankles. With these transducers, it has been possible to analyse the muscular
contraction properties and to define the form of the stimulating signal (5),
{6), (7). The neuro~muscular system and the joint can then be represented by an
input-output system including atimulator. The motiom equation shows up biome-
chanical parameters. Finally, an experimental procedure to define an automatic
control is proposed (8), (9). .

IZ - Experimental devices
. Figure | shows the neurc-muscular aystem and joints:
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Figure | : Block-diigru of the _neurc-muscular sys'tn and joint

The motor-end plates and the tendon respectively are the interfaces bet-
ween the muscle and the nerve at the beginning of the loop and the joint at
the end of the loop. The aerve drives the input signal of the process, the joint
is the controlled part of the system. The parameters which can be casily picked
up are the input signal {e) transmitted along the nerve and the angle of rota-
tion of. the limb (8) or the force (F) tramsmitted by the joinr (figure 2). -
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Figure 2

The force Fy developed by the muscle may also be measurad by tendinous
transducers. The difficulties lie in the testing and mainly the method of at-
taching these transducers which must not irreversibly damage the tendon. Dnly
qualitative results have been obtained by this method (4).

The force developed by the limb is directly measured with a dynanometer
ring on which are attached four bridge-connected metallic strain-gauges (Figu-
re 3). A strech un the ring generates a resistive linear variation of the gau—
ges, The transducer size has been defined to obtain a sufficient sensibilicy
(1,6 m¥/N) with a supply of 4V (necessary to limit the power).
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Figure 3 : The dynamometer ring 24

The angle of rotation of the limb is measured by a petentiometric system
with negligible friction, which gives the joint angle indepeudant of the posi-
tion of ies apex and the plane of ruration (figure 4}.

Figure 4 : The pusitiom trrarsducer
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It allows the measurement of one rotarion independant of the parasitic
mechanical displacements (if theae are small). The ankle can then be compared
to 2 system with a single degree of freedom. This device includes one part (on
the right) mastered to the tibia by two pins and another {on the left} that
follows the motions of the foot by means of a coupling sleeve. Mechanical adjus-
tementa are necessary so that the main.axis of rotation of the joint and that
of the potentiometer are the same. In this way, the torque friction is reduced
. to a minimum. Measyrements are performed with a potentiometer with a moulded
plastic ctrack MCB-H33, Its nowminal resistance is | kg + 10 X and the linearity
is beter than!l %.

The pins, that are used to master the position transducer are also desi-
gned to maintain the tibia in a stable and horizomtal pesition : they are se-
cured in an external metallic frame which is fastened to the operating table.
If isometric measurements are taken (& constant), the dynancmeter ring only is
used, In the anisometric mode, the potentiometric transducer picks up the dis-
placements of the free lever, loaded externally by a weight M. The eXxperimental
setting is shown in figure 5.

coupling sleeve
position transducer

stress ciming potent iometer ) ek,

Fitting of the dynancmeter riags Ay and Ay in the isometric mode. Steel
wire-cables enable their insertion between the foot and the metallic frame.
In the anisometric mode, the rings are left out. The foot is loaded by an
external weight M applied on the centre of gravity by way of a guide pul-
ley P (in dotted lines).

Figure 5 : Experimental procedure.

I1I - Search for control ‘variables

The contraction of muscle comes from energy variations transmitted along
the nerve and the motor end-plates. We have therefore used firstly a stim:lator
which delivers rectangular pulses whose amplitude, .width and frequency can be
regulated independently. The signal is sent along the nerve by electrodes (in-
ternal of externmal poplitesl sciatic, according to whether miscular contraction
of the agonistiec or antagonistic group is needed).

III - | The electrodes

They are wade of carbon fibers ; the advantage: of this marerial is that
it is impolarizable and well tolerated by the human body (figure 6).

By coupling several carbon fibers in a flexible braid, it is possible
to decrease the impedance of the -electrodes (< 10R). The carbon braid is then
attached to an artificial tissue (Rhodergon). The support is large enough to
surround the nerve without compressing it.
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Figure 6 : The electrodes.

ITI - 2 Influence of the different stimulatin: parameters on the muscular
contraction (4)

A succession of experiments in the isometric mode allowed us to verify
that, between 25 Hz and 60 Hz, the force developed by the muscle depends only
on the width and the amplituwde of the pulses. It indicates therefore that the

force cannot.be controlled in a useful way by variation of the stimulating fre-
quency. '

On thisrange of frequency, the force can be drawn with a fixed pulse
parameter (width or amplictude) wher the other is moving, as shown in figure 7
and 8, When the pulse width {or amplitude) rises, the developed force quickly
increases from threshold and reaches saturation. It stands ocut that the maxi-—
mum force is obtained for an amplitude {or width} which is as an inverse func-
tion of the pulse width (or amplitude).
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Figure 7 : Force developed by the tibialas a function of the width of the sti-
mulating impulses, for fixed amplitudes.
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Figure § : Force developed by the t1b1a1 io relation to stimulating amplitude
for fixzed widths.

The pulse width variation effect can be compared with that of a pulse
amplitude variationm, The choice of either parameter as a conttel variable de—
pends on a criterion which is a function of the result required. If, for ins-
tance, we want to implant a stimnlator near the nerve, we would be lad to con~
sider an energetic criterion and would choose a pulse width variation. This
allows ome to obtzin the maximum developed force by the muscle with a minimum
power consumption. On the other hand, if a short respomse time iz needed be-
_tween the application ot the stimulacting signal and the appearance of  the ma-
ximum force, it would be better to control by a pulse amplitude variatiom.
These criterions are not compatible -each - other but, for practical appli-
cation., it is easier to control the variation of only cne parameter. We then
chose a pulse width modulation and fixed the amplitude at a correct value to
get a short enough response time. In this way, it is alsoc possible to minimize
the pain coming from the artificial stimmlation , as was ezablished hy ‘Irnkoezy
and Grafanin (6).

We then designed & stimulator which dellvers width-modulared pulses.
This realizes a counversion of the input modulation voltage (Vygp) produced by
an external generator into pulse width. Between 100 us and 400 us, and with
a pulse amplitude between 100 mV and 150 aV -a range wide emough for our needs—
the converllon is a linear funccion.

IV - Expérimental procedure

With a view to chromically implanting a stimularor near the nerve, we
have been led to consider the following input-output system shown in the block-
diagram of figure 9.
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Figure 9 : Block-diagram of.thq'input—outéut system

This means that the modulator is included in the loop, so we have to
establish a relationship between the modulation voltage Vygp and the position
8 or the force F transmitted to the free lever. :

The neuro~muscular unit transforms an electrical stimslus into a mecha-
nical effect Fy on the tendon. This first relatiomship Vygp ~ Fy iz of an -
electro-mechanical type. The second, Fy ~ © is mechanical only and takes into
account the external torques applied to the foot. In order to be realistic, we
have to introduce a viscous damping £ as a property of the joint and consider
that, if the agonistic group only is stimulated, the antagonistic one puts up
a passive resiscance (Fuyr) to the motion.

The evaluation of biomechanical parameters and variables of the joint,
as they appear in the anisometric mode, is performed figure 10.
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Figure 10 : Evaluation of biomechanical parameters

_ If we assume that the agonistic group only is stimulated, we can write
the following equation of motion :

Je=(a) Fy - a, P, .. ~Mgl] sin 8 + mgl cos @ - £ & ()
The term J represents the moment of inertia of the free lever. 00" in

relation te the axis O of the joint and m is the mass of the foot and the po—
eition transducer together.

To solwe this equation, three kinds of experiments must be performed.

IV - | Experiments in the anisometric mode

The simplified diagram is shown in figure 10, The position transducer
allows the measurement of © as a function of the modulation voltage Vipp used
and the external load M transmitted to the centre of gravity G of the free le—
ver,
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IV - 2 Measurements of the passive effects (Fm) of the joint

“We need to evaluate the passive resistance of the non-stimulated muscu-
lar group and the torque introduced by the stiffness of the ligaments and the
mechanical limits of the joinr. We manually twisted the foot from ome limit
to the other., If we couple the position transducer to the dynanometer nng
loaded by a known weight M (figure 11!}, it is possible to record the passive
forces F'm as a function of 8.

Pulley

Fanr

Figure 11 : Measurements of the passive effects l'm
Ve can write :

1
Fawe =3, Tam

That is to say, carrying back this expression in equacion (1) :
- &
B-{-i!‘.- (Hc'l-l?'u.r)]sin9+ng—]‘-coso—-s-0 (2)

Then, if the passive effects are brought back to r.hn point of applica-
tion of the external load, the unknown factor a,/J is removed. The variation
of P! as a function of @ shows a hysteresis &ffect (figure 12). The upper
branch of the cycle corresponds to the raising of the foot (muguﬁi.ltic group
extension) and the lower branch corrnponds to its Imrinz. :
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Figare 12 : Passive effects th, ag a funccion of &

IV - 3 Experiments with the muscle alone
" This kind of measurement is intended to identify the muscle itself, that

is to say to obtiin the relationship Vypp - Fy. The teadinocus transducer which
would be able to resolve chis problea; has been abandomned because of, as al-
ready mentionned, the surgical difficulties encountered and the imaccurate re-
sults that it provided. We then dissociated the agonistic muscular group and

the free lever. A dynamometer ring was hitched on the tendon. To maintain the
same measurement conditions as in anisometric mode experiments the force trans—
ducer comes under a stress the value of which is the same as the inicial force
developed by the muscle when the tendon is oot cut and when the free lever is
subjected to an external torque Mgl. Fimally, the stimulating signals mast have
the same characteristics as in the anisometric mode.

V - Conclusion

Besides the measurements of the position © as a function of the modula-
tion voltage Vyop and the external load M, these three kinds of experiments
lead to an evaluation of the biomechanical variables Fy and Fayp, i.e. the for-
ce developed by the stimulated muscular group and the passive effects of the
unstimulated one. The measurement of the parameters a, 1, £ and J depends toa
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much on che experimental subject and is not accurate encugh to be performed
easily. We bave thus chosen co compute them by an identification procedure.

_ We think that the experiments in the anisometric mode should be suffi-

cient to characterize the system. Indeed, the relations Fy (Vigop) and F' gy (€)
are identical from one subject to another, except for the gain which has to be
adjusted according to the subject. an identification, followed by a simuslation
procedure should allow the evaluation of the unknown terms of the chosen joiar.
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