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ABSTRACT

In the jast two decades, ﬂ_mcti‘l electrical stimulation (FES)

has'beén investigated as a means for:'r-eplacing lost function of ‘Hmbs..~.

resulting from para]ysis. Improvement in the ga‘it of hemp‘leg'nc pat'lents '

3 [

when gradually vary1 ng stwu‘l ation sequences were employed to control

this thesis.

" The material described below is original to the field of FES.
Two . potential controllers of stimulus intensity and hence ankle
Joint position on the affected side have been explored. These are: the

/,\.\ etectromyographic (EMG) attivity of the corresponding dorsiflexor and

Y
pats

p'l‘antar'f'lexor' muscles on the contralateral side; and ankie-joint angle
variations obtained from the contralateral side. The variance ratio, a
statistical descriptor for repeatability, has been invoked to quantify
the efficacy of EMG and joint position control. Practical time-constants
of averaging have beea determined for the processing of control and

evoked EMG signals to be used in an FES-based orthosis incorporating

feedback. Experiments have indicated that EMG, when used to modulate

stimulus strength to effect control of ankle-joint position, is as

111

footdrop during the swing-phase of gait, led to the work presented in



efficacious as joint-angle-variation control. These experiments revealed fﬁ

that joint-position information is contained in the EMG records obtained;

from the_prime movers during specific movements of the ankle joint. 3/
This thesis describes an initial aftempt to control the affected
ankle-joint position of hemiplegics dufing 1ocamoti6n. Cofresponding
signals available from the contralateral side were used to modulate
stimulus intensity on the affected side. A computer-control led
interactive program has.been used to impose a delay proportional to the
period of stepping between recording of the control signals and
activation of the stimulators. Pre1iminaﬁy results obiained from a
normal and a hehip]egic subject are presented, and their relevance to

future thrusts in the fié]d of FES are discdsSed.

.
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Glossary (in order of appearance).'

functional electrical stimulation

electromyography
controI‘ﬁigna1 source

response to stimu1a?ion -~
conditioned signal

stimulation sourcé

. N
potential difference

action potential

Ja??ect current

centrai rervous system .

extrafusil muscle fibre motor nerve bathway
intrafusil muscle fibre motor nerve pathway
variance ratio -

differential amplifier

proportional-plus-integral A
' L4

break frequency
averager time constant
window length

windc« length ratio
electrogoniometer

computer-stop#d control record

stimulated 1imb
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- EMGy (t) control EMG record
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81(t) volitional (control) joint angle Tl

‘ 82(t) . - evoked joint &ng]e
m - muscle ' o X | o ' Ef
8 maximum joint angle ;
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F/B - feedback _ )
HS. heel-strike
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HT foot'-‘f'!atl’(heel and toe) ) .
T0 toe only
§H onset of swing
DS | dbub]e—supﬁort
EEEA control signal during swing
‘EEEB control signal ddring'séing ‘
CAS evoked signal during swing
CBS evoked signal-during stance
Ac onset of éwing on control side
Be onset of stance on control side

As cnset of sﬁ%ng on stﬂnu]ated side
. Bg onset of stance on stimulated side -~

I13CHAN signal on controlled side
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CHAPTER 1

ISSUES OF CONCERN

1

Paralysis of extremities may be due to diseases of the _muscles

themselves, diseases and injuries to the hervg/;hich deliv stimulat-
ing impulses to the muscles, or diseases and injuries to‘:::§>rain and
spinal cord. This study concerns itself with an attempt to replace :he
absent functional activity of the lower limb uhen‘paralySis.is due to
the destruction of nerve cells in the spinal cord or brain (upper motor
neuron 1esi§n). The muscles, in this case, retain their ability to con-
tract. However, the command signals to contract are either absent or
contractions occur in an uncontrollable manner. At présent, aids used
to overcome 1imitations in independent motor activity include the wheel-
chair, the Urthopedic long-leg praceg and the swivel walker. For the
paralyzed persdn to become independent of others, external aids must be

developed whose size, weight and complexity are not unduly prohibitive.

Energy consumption must be minimized in devices reliant upon external

power sources.

1.1 FES as an Alternative

-

In the ldst two decades, functional electrical stimulation (FES)

has been investigated as an alternative to other orthotic aids since

1

g

—
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para]yzed musc]es are often sti]l contractile. Unlike the more common
supporting or stiffen1ng apparatus. FES attempts to replace the missing
musEular stimulation itself in such a way that the paralyzed man again

es his limbs in a functionally useful way. External bracing should
:F\\ obviated by»_épti]izing the eiisting musculo-skeletal system.
Stimulated mmsc]es'amplify the externa]lp provided electrical trigger
thus conserving energy.

g

For FES to become a viable alternative o other orthotic aids,
problems due to electrical ttimulation such as the rapid onset of muscle
fatigue, unpleasant sensory effects, and eliciting functional forces,
must be solved. In particular, adequate éontro] of fﬁé system must be
provided for the user of such an aid without unduly increasing the con-
scious effort needed to operate the system.

Providing patterns of innervation with adaptability to meet the
requirements f a changing enviromment even during a repetitive cyclic
action‘suchiazéﬁocomotion s complex. This complexity has tended to re-
strict research in this area to the relatively simpler case of improving
hemiplegic gait. The experience gained from such studies will hopefully
lead to the successful application of FES 1in rehabi]ttating the para-
plegic. '

. >,
1.2 The Need for Orthotic Devices

The incidence rate of strokes per annum in the U.S. is about 170
to 150 per 100,000 of the population. Early mortality may account for
50% of these people (Mossman,1976). A significantly large stroke



3

N ;
population thus exists, most *of them having a potential’ need for some
form of an orihotic device. One problem prevalent in hemiplégics is
that pf foot drop. Foot drop is ‘due to the inability of the stroke
victim io lift (dorsifiect) his toes during the §wing phase of the gait-
..cycle thus impairing his palance.. '

'
t

1.3 Line of Approach

Fof hemiplegia, it is this author's contention that continuously.
modulated signals are potentially avai]éb1e from the unaffected side to
control the stimulation on the affected side. To be effectively used, a
delay proportional to the period of stepping and step interval is
needed. This delay should be interposed between the recording of the
control gigna1s and the activation of the stimulators applied to .the

paralyzed limb during walking in a straight line.

1.4 Control Aspects

Two signal sources that theoretically Jlend themselves to
contralateral joint-position control are: the electromyographic (EMG)
activity of muscles; and joint-position itself. When EMG signals from
correspondiﬁg mus¢les 'oﬁ the unaffected side are used as control
signals, an obvioﬁﬁ advantage‘is that the programmatic sequences and
levels to be used are derived from a set of muscles that can be regarded
to grossly approximate the representation of the functional sequences
desired on the paralyzed side. This assumes that the gait has achieved

2 steady-state with symmetry between the two sides. Using joint-position




" joint. | T

as the controller srmpl1f1es the comp]exity of a control system since

only one signal is needed to control either f]exion or extension of "a
~

1.5 Scope of Thesis

Tﬁ: be effective,; either control mode shouId be able to - be

e

incorporated~into .a feedback system thus providing some modicum of

adaptive control.
“The purposes of this thesis are:
(i) The formulation of a quantitative means for detenmin%ng
the optimal forms of the control and evoked EMG signals

for given processors for use in an EMG-controlled

closed-loop FES orthosis. .o

(i) The quantificatiog;pf the efficacy of different-controi
modes employing pnsition control of joint position.

(119)  The-incorporation of knowledge derived from (1) and (ii)
above in the implementation of a program for-adaptively
controlling the delay between tfie actfvity of the
uninvolved side and stimulation of the affected side-in
stroke patients during walking in ¥straight line, and
to study the resulting locomotor i

sponses.

1.6 Chapter Description

Achievement of these purposes necessitated constructing a
stimulator whose design depends upon dn understanding of the physio-

logical basis of the mechanisms involved in electrical excitation




of skelgta'ly @scie_. and EMG generation. Chapter 2 contains an
historical review of FES as applied to the.musculo-ske\etﬂ system, a
brief functional description of the .human lower leg, and pertinent

physiological 1nfomat1dn. Consideration is given to ‘the choice o?

stimulating electrodes and stimulus waveforms and their relationship to

pain. Emphasis has been placed on the physiological control mechanisms

* involved in gait and their importance in the formulation of the concept

of the musculo-skeletal system as a u_:_u]tﬂeye] control systém. The
relevance of a hierarchical control system for the design of adequate
FES systems is stressed. '
| Chapter 3 is a lite¥ature review of proposed methiods for con-
trolling paralyzed limbs using electrostimulation and the development of
the unique method of one-to-one contralateral control employing EMG or
joint-position feedback. A criterion is presented whereby quantitative
comparisons between measured variables can be made. - T
Chapter 4 describeg .the design philosophy and realization of a

four-‘chahne]‘stimu]ator. (Only 2 channels have been employed in

deriving the resulg:g_qg this study. The stimulator was designed so that
\-_-__._

aspects beyond tho‘ge{\ considered in this thesis can be investigated).
Included in this cﬁapter' are. experiments used to determine the
parameters of a proportional-integral filter, the recbver_y‘of evoked EMG
sig_nals during s_timu]ation, and the equivalencing pf an RC-averager and
a. digital boxcarZwindow processor. -

Chapter 5 describes the experimental procedure. for determining

the Optim$1 control”and feedback EMG signals when used in a feedback

- system to control ankle joint position. An interesting resuit is the




high- correlation th_at exists between joint-angle time—histories and

processed EMG signals recorded from the prime movers during specific

' ‘.-movements (Naunann and Milner, 1978(a}).

" The determination of the efficacy of different modes of position
control is ‘described 1in Chépterrs (Naumann and Milner, 1978(b)). A
comparison between EMG and position control is given. ~

Chapter 7 presents a limited review of human gait and the
implementation of an adaptive program utilizing footswitches to control
the delay proportional to stepping period and step- interval élposed
between recording of the control signals from the .contralateral side and
activation of the‘ stimulators. Results obtained from ‘a-normal and a

hemiplegic subject are given.” Fiture possiblities are discussed.

1.7 Major contributions

“The author has proposed and demonstrated the feé_sibﬂity of an
FES-based orthotic system utilizing remaining intact fun.ctibn in the
hemiplegic subject. The system has been applied to prevenf foot drop
during 10fﬁnot1'on. ‘/

Contralateral control as described in this thesis is unique in
that it realizes a control system based on the principle of- maximum
autonomy. Decision making is limited to f:hé'se]ect_ion of.a particular
action. F;xed programs or repetitive patf_,ér'ns_arre derived from the
contralateral side. Adaptive control 1I-s'f'pr‘ovj_d;-:{d for by incorporating
feedback from the activators as wel]l as chang.e's.in step period and step

.

interval.
vy

T



In realizing the FES-system, it has been demonstrated that EMG

recorded from corresponding muscles on the contralateral side is as

efficacious a controller of joint pbsiti_on as joint-position itself.

-

".In doing 'so, it was shown that tl'1e EMG signal recorded from a prime

-
Pl

mover during a spéci_fic movement contains positional information of the

Joint. )
A quantitative means has been presented for "'&ete.r'mining the

forms of the control and evoked EMG signals for a given processor which

will produce the .greatest repeatability between volitional and evoked -

joint angles.

g L e 1 b it



CHAPTER 2

NEUROPHYSIOLOGICAL ASPECTS OF FES‘

L4

2.1  Introduction

This chapter briefly introduces the basic components and re- s -

quirements of .an FES-based orthosis.

Control , Musculo -
signal Controlle:r C(t) Stirmulator s(t) skeletal X, (t})
source eetal

Figure 2.1 Proposed FES s.cheme

r :

Figure 2.1 is a block dia.gram of an FES system. The control
signal source, ul(t), is generated by the user of the device
through a volitional action and is, in our case, the required ankle-
Joint position time-history. The response of the musculo-skeletal
system to stimulation is a,{t). Thus information about the act:,ual
evoked résponse is fed back to the controller, allowing any differences
between “1(.” and cxz(t), aa{t}, to be accounted for. The
controller consists,of devices whereby the difference signal, ac(t), is
conditioned to provide satisfactory excitation of the muscles to be
stimulated. The stimulators amplify the conditioned signé]s, c(t), and

8



e e SR p——————

are either constant voltage or constant current sourtes, s{t). Other
feedback paths not shown include vision and possibly reflex pathways.
For an FES-based orthosis to become reality, the following

conditions must be met:

(1) The control signal sources should be se]ec?ed such that
'the cénscious éffort required to operate the system does
not become prohibitive. .
(i1} The control signals must be transduced into an appro-
priate form. For examp]e; in the case of position
Contro], al(t) should be a voltage which varies in
proportion to the desired'position.

(i11)  ao{t) must be transformed into c(t) i.e. the optimal
stimulus waveform must be determined and factors such as
threshold of the muscle to stimulation and fatigue must

‘ be incorporated as will be discussed.
(iv) The fdrm of s(t) must be decided on.

{v) The stimulus w;;éforms, s(f), must be applied to the
muscles by means of some type of e]ectroées. (surfacg in
our case).

(vi) The evoked responses, ay(t), must bé‘&onditioned
into appropriate forms to allow for the incorporation of
feedback into the system.‘

Conditions (jii), (iv) and (v) above are related to sensations

due to stimulation, which, if unpleasant, must be minimized.

These conditions will be examined by considering the neuro-

physiological mechanisms in the intact organism as well as the relevance r
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damage to these mechanisms has to the design of adequate FES systems.
The brief historical review that. follows will hint at some of the

answers being sought after.

2.2 Historical Review of the Use of FES of the Musculo-skeletal

- System

The source for what follows, up -to and inciuding the work of

Bordet in 1967, is J.B. Reswick (1973).

The first known report on the application of electricity to
muscle to effect contraction was by Kratzenstein'in 1745. The previous
year he had applied static electricity to the finger of a woman to
e1im{nate contracture.

In 17§1 Galvani published the results of experiments on frogs
showing a re]ationshiprbetween electricity aﬁd muscle contraction. The
need.for a signal whose amp]itude is time-varying for it to be an eff-
ective stimulus was observed by Volta in 1799. ’He appl?ed a2 continuous
electric current noting that stimulation only occurred initially at the
time of application and sometimes at the breaking of the circuit. It
was Ritter in 1801 who discovered the phenomenon of acéomodaéion of a
'musc\é to a stimulus. Applying a current of varying amplitude he noted
that muscle contraction occurred only if the stimulus was applied brisk;
ly. Duchenne de Boulogne (1833) laid the foundations of the art of
electrostimulation. He discovered that he could stimulate a muscle ber-,
cutaneously using cloth-covered electrodes, and was one of the first {n-

vestigators to employ alternating currents. He also realized that stim-
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ulation is more effective when applied at specific spots on the surface
of the body.

The application of e]éctrica] st1mu1at1on as _a tool in the
d1agno§15 of denervation was first used by Bordet ln 1907 when he found
that denervated muscle did not accommodate to stimuli.

| The use of electrical stimulation as an orthotic aid for para-
lyzed limbs became reality with the advent of the transistor in the
early sixties of this century since small portable stimulators could now
“be built. Liberson et al (1961) succeeded in effective]y preventiﬁg
drop-foot during the swing Bhase of N%Iking by stimu1éting the peroneal
nerve. They incorporated a hee]-sw1tch 1nto the dev1ce as the actuator
for onset of ;;imuTation the hee]rsultch belng Iocated in the so]e of
the shoe on the invoived side. To date the basic techniques developed
py Liberson are used in the implantable radio frequency controlled, rate

dependent electronic peroneal Bbrace (Kralj et al (1971)).
Since the early sixties investigatiOQ§_in electrostimulation of

skeletal muscles and their nerves have focused on:
1) neuromuscular mechanisms and their relevance to FES :
ii) methods whereby muscles can be stimuiated in a controlled
manner
iii) assessment, of efficacy of FES
iv) design of/implantable stimulators and implantation

!
techniques

v) dynamic modelling of stimulated systems and their synthesis.

. —
VAt e e
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2.3 Review of Physiology and-Anatomy of the Lower Limb

A brief functicnal description of the human leg is given below.
Aspects of the lower leg will be emphasized:since this thesis is mainly
concerned with the functional control of paralyzed ﬁusc]es acting about
the ankle joint. The principles laid down in this work are sufficiently
general that they can in turn be applied to the knee and hip joints. A
more detailed descripfion is available in Naumann (1978 (é)) or anatomy
texts. The format adopted here is aimed at introducing the system under

study to the engineer in terms with which he is familiar.

2.3.1 Muscles of the Lower Leg

Dorsiflexors Dorsifiexion

.l;' -
/// Plantarflexors ( _
. . Fllantarilexion
(a) ®)

Figure 2.2 Schematic of lower leg
Figure 2.2(a)} is a schematic of the ankle joi\”t and a muscle

pair which acts about the joint. Since muscles can develop tension only

L)

{Basmajian, 1970), a pair of muscles is needed at a Jjoint to produce
rotation in both directions. ‘The bones provide attachments for muscles
and give rigidity to the body. They serve as levers in pulley systems

whereby movements can be produced by muscles and permitted by Jjoints

(Basmajian, 1970).

‘,-‘€1

F 3
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The musc]es of the lower leg can be grouped into posterior (rear
or back), Iatera] (s1de), and anterior (front) muscles. Only super-
f1c1a1 ‘muscles will be considered here. This is because surface
stimulation has been employed throughout this work as will be discussed
Tater. The muscles primarily responsible for dorsiflexion and
plantarf]exion (as defined in figure 2.2(b)) of the ankle are readily
accessible to this mode of stimulation.

A single muscle may be called upon to perform more than one
function. The classification of a muscle thus depends upon the movement
in which it participétes. In general, if a muscle is the principal
agent in producjpg a desired movement, it is said to be the prime mover
or protagonist. ”Hhen it opposes a prime mover in order to regulate it,
the muscle is termed an antagonist. Finally, a mus¢le is termed a
synergist when it contracts to eliminate some undesired movement that
wou{a otherwise be produced by the prime mover (Basmajian, 1970).

Figure 2.3 illustrates some of the pertinent muscles. The
gastrocnemius and soleus muscles are both plantarflexors of the ankle
Joint, each muscle having two heads which unite to form the bulk of the
muscles. The gastrocnemius muscle also aids in flexion (or bending) of
the knee when the leg is not supporting weight. The gastrocnemius
muscle helps maintain extension (i.e. straightening) of the’knee during

weight-bearing by preventing dorsiflexion at the ankle- (Basmajian,

1970); (Hollinshead, 1976).
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poroneal [, ¢ R retinaculum ’
retinaculum

(@) - (b)

Figure 2.3 Muscles of the lower leq:

-

(a) Posterior view

(b) Anterior view {taken from Hollinshead {1976)).

The most powerful dorsiflexor of the ankle is the tibialis
anterior muscle (see figure 2.3 (b)). Other dorsiflexors of the ankle
include the extensor digitorum longus and the extensor hallucis longus
muscles.

The group of muscles that effect eversioﬁ or turning outward of

the foot are the peronei. The tibialis anterior muscie is also a strong

invertor (turning.in) of the foot.
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From the above gé cription of the muscles of the lower Teg, it
\ " : .

becomes apparent that whena particular movement is effected by means of

st1mu]at1on. one should rather refer to the movement be1ng evoked than
to the part1cular musc]es-be1ng stimulated. When surface e]ectrodes are
used to effect stimulation, more than one musele will be stimulated due
to current spread. Thus in our terminology, the motor point of a muscle
is deflned as that point which when stimulated will produce the desired
movement with minimum stlmuius amplwtude. '

From figure 2.2 (a) it can be seen that to control joint pos-
'jtion, a.conteol signal is needed which can be varied about a preset
reference angle!resuIting in stimulation of either the dorsiflexors or
plantarflexors, apd is the basis of a-system first proposed by Vodovnik

et al (1967).

2.3.2 Neural Innervation of the Leq

Each muscle is composed of many muscle fibres attached to the
bones via tendons and organized into motor units. A motor unit consists
of & motor neuron or single nerve cell situated in a ventral (fronf)
horn of the spinal.cord, an attached nerve fibre or axon whose terminal
end branches, and several muscle fibres to which the terminal branches
attach (see figure 2.4). The terminal branches of the axon end on each
muscle fibre in 2 region called the myoneural junction. The muscle cell
membrane in this region is called the motor end plate. An'impu1se from
the motor neuron will cause all rwscle fibres in that r tor unit to

respond. The overall steady contraction of a muscle is achieved by the



Spinal cord

Cell body

Nerve fibre Qf neurone

(axone)

T Muscle
- M/ fibres

Figure 2.4 Schematic of a motor unit (Basmajian, 1974)
%&
many scattered motor units in a muscle contracting repeatedly and
asynchr&nously {Carlson and Wilkie, 1974); (Basmajian, 1974);: (Katz,
- 1966); (Ruch and-Fulton, 1961).

In addition to effetent or motor pathways, afferent or sensory
pathways exist. They provide a continuous and automatic feedback: of
information used to regulate motor activity (Katz, 1966), a§ will be
discussed 1in section 2.6.

The muscles of the leg and foot derive their neural innervation
from the common péroneal nerve and the tibial nerve. Both nerves are

segments of the sciatic nérve in the thigh (Hollinshead,1976).
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2.4 Morphology and Physiology of Skeletal Muscle and Nerve

A more detailed examination of nerve and muscle structure -and
function and their re]ationships to transcutaneous e]ectr{ca] excitation
follows. The material presented here is by no means exhaustive and the
interested reader is referred _to Naumann (lé?Ba} and the references

-¢ited here.

2.4.1 The Membrane Theorem

FROG MUSCLE . SQUID AXON
EXT. INT. | EXT. INT.
Na® 120 Na© 9.2 " Na© 460 Na© 50
k't 2.5 k' 140 k¥ 10 K" 400
1™ 120 C1™ 3-4 C1” 540 C1” 40-100
-90my =-50my

Figure 2.5 Some electrolyte concentrations (mMl) and potential.
differences across cell membrane (Katz, (1966) p. 43).

uThe electrolyte content of a nerve or muscle cell différs greatly
from that of the extracellular fluid as shown in Figure 2.5. At rest, the
potential difference (p.d.) of the inside of the cell with respec£ to the
outside is 60 to 90 mv negative. A 30 to 40 mV stimulus applied to the
fibre will depo]ar{ze the surface membrane of the cell reducing its p.d. to
an unstable level at which an “2ll-or-none" response occurs.  The level
above which a stimulus will cause an action potential (A.P.) respﬁnse is
called the threshold. Subthreshold stimuli produce responses which are
quickly attenuated by the cadle preperties of a fibre. These are

capacitive and resisitive leakages through the surface membrane.

bl e P Pt

Soeadae
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" When an A.P. is 1nitiated there is an in:tial transient in-
crease in Na® conductance of the membrane " which is regeneratlve‘
since the 1ncreased flow of Na© into the cell further depolarizes
the membrane thus further increasing Na* conductance. Initially.
conductance of K' and C1~ tends to restore the potential to
its resting va]ue._ waever, if the membrane is fyrther depolarized past
the threshold level, the restoring effect of the k' and _C1” s
negated by the increased Na' permeability and an A.P. results. The
opening of tﬁe Na+- gate is a brief transient event and 1is rapidly
fo]loued by an increase in Kk conductance - uh1ch operates to return
the system to its rest1ng potential. Propagation of the A.P. along the
whole 1length of the fibre is achieved since the potential of the
intracellular fluid with respect to the external fluid is sufficient to
depolarize the adjacent membrane sections past threshold. The A.P. is
thus propagated 1n both directions from the st1mu1ated reg1on. "It does
this at a constant veloc1ty dependent on ehe longitudinal conductance of
the f1bre core so that velocity is related to fibre size. The influx of
Na' requires no energy expenditure since the concentration gradient’
is downhill. However, efflux of Na' requires metabolic energy and
is the basis of the concept of a "sodium pump“. This ionic pump is also
necessary for steady state maintenance of the p.d. and is used to expel
Na' which has leaked into the cell and also help accumulate Kk
in the interior. The result is the large ionic concentration gradients

across the surface membrane.
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2.4.2 Refractory pe'riod and accommodation

~The flows of Na* and k¥ are not simultaneous, k'

flow ;ta“rti‘ng. after Na' flow and continuing past its tenninatfdn.
The rt;fractory period is that period during which. the ‘Na¥ gates are
shut and the k¥ gates are wide open. This period corresponds to
the time during which, if a stimulus* occured, no i;esbonse would be
‘forthcoming., Thus an axon with an absolute refractory period of 1&15 can
only be"dr'ii'ilenh:at rates ?esys than TKHz.

Acco_tﬁqgation ma'w ests itself in two ways: during passage of a
constant current through the membrane k' .conductance rises and the
refractory périod increases thus raising the thrésho]d. Similarly, a
s]ow]i rising cathodal current will not evoke é_'regenerative response
from the membrane and excitation will not occur 'ciue to the outfiow of -
k*. |
Three imi;:c;rtant restrict*io'ﬁs_‘ on stimulating waveforms thus exist:

(i) A threshold level exists below which an action potential
is not generated. (Related to thew thr:esho]d level is
the duration of the stimulus. This will be discus;ed in
section 2.4.5). S ‘~J"

(i)  The frequency of stimulgtion is limited by the
refractory périod.

(iii1)  The rate of change of a stimulating signal must be
sufficient to prévent accommodation and produce

excitation.
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A fourth restriction is due to the fact that eince the internal
polarizatidﬁ 6f a cell at rest is‘hegative, depo]ar1zat1on occurs when
-the potential change in the inner core w1th respect to the extérnal me-
. dium 15' ;ee1t1ve. ~This condition exists in the - vicinity of the neg-
ative. e1ectrode. Exe1tat1on at the aqode or positive electrode depends

s on the "anode—breakf mechanism. Here, negative polarization of the
fibre is increaeea' by the ™ etimu1us‘ resulting in a fall in k'
cufrent flowing out throqu the membrane. . When the stimulus ends,
Kt flow does not immediafe]y recommence. During the de]ay;
Nat “flows 1nward through the membrane for a .sufficient time.'to
initiate exc1tat1on2 The stimulus duration must_be suff@cient]y long

‘(st) to cause k¥ flow to fall.

2.4;3 The neuromuscular junction
When a ﬁerve A.P. arrives at each terminal branch on a muscle’
fibre, a E;ansmitter substance is releesed wh%ch in turn causes the
muscle membrane to depo]ar1ze locally. The transmitter is acetylcholine
. (ACh} and is re]eased “in 1nd1v1dualfpackets or quanta. The ACh causes a
drastic change 1W the ionic permeability of the membrane resu1t1ng in

--"4

increased w.’l‘.l"’+ 'and K conductance. The end plate potent1a1‘“
(epp) wh1ch spreads aI;ng the muscle membrane is attenuated by the cab]e
properties of the muscle fibre. An A.P. will be initiated by an e.p.p.
oniy if sufficient quanta of ACh are re]easee within a certain time.
The A.P. then propagates along the muscle fibre.raeid]y.and without
attenuation causing the muscle to contract and tension to be developed

ACh 1s-¢emoued from the end plate region by diffusion and by hydro—

: 1ys1s cata]yxed by the. enzyme cholinesterase. (Carlson and H11k1e 1974);
'\ (g
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(Katz, 1966); {Ruch and Fulton, 1961); (Lale )1966) (Cooke and Lipkin,
1972).

2.4.4 Muscle Contraction: The Length-Tension Curve

Striated muscle is composed of repeating units called sar-

Aty
- comeres. Within each sarcomere are muscle proteins which allow it to

function as a contractile device. ¢
: Tetanus
100+
' ‘Unfused
, tetanus 2_:,
5 T Response 1o é
g \ two shocks 3 =
g
Single \\ .-'
~ twilch N
. : W N
. L \
o ! 2 ) Length '
Time sec )
Figure 2.6 ' Figure 2.7
Summation of responses’ TENSION-LENGTH curve
following repeated stimulation total tension
{taken:from Carlson and --~ active tension
and Wilkie (1974)) ... passive tension

(taken from Carlson
and Wilkie (1974))

Consider the case of .a whole muscle. If an above-threshold
puise is applied to the .muscle, it responds by giving 2 twitch the time
course of which depends on the particular type of muscle being stimulat-

ed. By "twitch" is meant a brief period of contraction fo]]owad.hy.;e;

[N
=

laxation. The size'of the twitch depends upon the amplitude of the
"stimulus with no response occurring be1ow the threshold value. Beyond a

certain amp11tude of stimulus the tension reaches a maximal value. The

dependence of tension on current density occurs since, as the st1mulus

.~
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strength is increased, more and more muscle fibres are stimulated until
the maximal value is reached when all fibres are being stimulated. The
type of muscle can be e1ther slow type 1 or fast type 11 or an intermed-
iary t_ype. (Naumann 1978a). If_ a second stimulus pulse is applied to
the muscle before the response has died aﬁay, summation occurs. A

ooth tetanus will result if the st1muh are repeated at a rapid enough
frequency as shown in Figure 2.6. | However, the magnitude of tﬁé ten-
sion developed depends upon the length of the.mu‘scle at the time thé
stimulus is applied. The curves in F-igure 2.7 were obtained by fix'ing
.the length of the muscle and then stimulating and recording the total
evoked tension. The passive tension curve was obtained by stretching.
This curve is largely detenmned by the connectwe tissue which is
mechanically in paranel with the contractile fibres. Thus the diff-
erence between the two curves is due to the tension deve‘f;aped by . the
contratcile fibres alone. No tension 1is produced at the extremes of -
" length since these points are fixed.

Two princip]gs are involved here:
(i) The frequehcy of stimulation shou‘l’c‘i be sufficient to
produce a sustained contraction. Crochetiere et al (196'7)

- found that”at a frequency of stimulation of 50 Hz the
evoked ‘torqﬁe‘ réa'ched a maximum and that the rise time of
the resp&nse reached a minimum value. Since the present
work 15 concerned Targe1_y mth a feasibility study, fatigue
. is not a. cons1deratwn (see Naumann, 1978a) so that 50 Hz

Ty ) . was chosen as the frequeqc_y _olf stimulation.



(ii) Evoked tension depends upon stimulus intensity.

A third contrbller of tension developed due to’ stimulation is
the pulse duration d is the subject of discussion in the next
section. |

2.4.5 The Strength-Duration Curve

T

STIMULUS STRENGTH

STIMULUS DURATION

Figure 2.8
STRENGTH-DURATION CURVE

As discussed before, an eIectmca] stimulus produces tts effect
by depolarizing the surface membrane of the cel] to the 1eve1 where
excitation occurs. The current strength which just prpduces this effect
is called the threshold of excitation. The threshold depends not only

on the current strength but also on the duration of the stimulus. Since

the cell membrané behaves 1like a leaky condensor (Katz,1966), a minimum

amount of charge must pass through it to change its potential to the

unstable level (Lale, 1966). The_ relationship between threshoid

L
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strength and pu]se duration is called the strength-duration (S-D) curve.
(Figure 2.8). i

. The charge required to excite the fibre is proport@a] to the

membrane capacitance (see Appendix A) and is the basis for the clinical

application of S-D curves in determining whether a muscle is normally or
partially innervated or Jacks innervation aitogether (Bauman Shaffer,
. 1957). The change in 1nterna1 potential needed to 1n1t1ate an A.P. is
" of the same order in muscie and nerve (Katz 1966). However, the mem-

-brane capacitance in muscle ijs about ten times that in nerve so that the

total charge required to depo]ar1ze a muscle fibre is one order of magn-

itude larger than that needed to depolarize a nerve {Ruch and Fulton,
1961). .In’ pract1ce. a pulse of width Tess than mS will excite nerve
fibres only.

The author has adopted the classical method of controlling muscle
tension by varying stimulus intensit} and maintaining a constant pulse
width (see also section 2.5.2).

¥

2.5 Electrodes, Pain, anc@Btimulus wWaveform

2.5.1 Comparison of Imolant and Surface Stimulation

Jeglic et al (1971) list tAg,dﬁ&an;a es and disadvantages of im-

plantable stimulators over those using surface stimulati as follows:

Advantages: - fixed electrode positon
=~ constant electrode resistance
- lower eneérgy consumption at output of stimulator
~- improved cosmetic appearance

- simplified patient operation of the system
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Dis;dvantages: - surgical procedure
- danger of infection
- electrode corrosion
- increased reliabi]ify required of the .implant
-~ foreign body reaction.

While all the above factors are important when considéring the
implementation of developed stimulatﬁrs, the advantages of uﬁing surfakg\\\\
stimulation for developmental work far outweighs its disadvantages.
These advantages arek

© (1) Diffegent types and swzes of electrodes can be readily
| used.

(i) Electrode posifioﬁing can be easily varied.

(111}  Freedom exists in Ehoosing the muscles to be stimu]ated;

To effectively use surface stimulation, electrode position with
respect to the motor point and pain must be cons1dered. A further im-
position is that only those muscles whose motor points or innervating

nerves are close to the skin surface c¢an be st1mu1ated. Poss1b111t1es

exist using multiple surface e]ectrodes to manoeuvre the effect1ve point
of stimulation by applying stimulation levels of different intensities
to the vérious active electrodes. A second method is to input two high
frequency signals via two sets of electrodes. The effective frequency
of stimulation will be the difference ﬁetweén the frequencies of the two
input signals. A device which operates on this principle is the Nmec~
trodyne (Hyss,197§). However, the author has decided to use the

classical method of applying stimulation since the possiblities

described above are research projects within themselves.: Their realiza-
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tions wil]_not invalidate the control methods developed in this thesis.

2.5.2  Pain

Sénsony end-organs for .pain are sg:;ad throughout mnst-of the
tissues of the body. Pain receptors are stimulated when a threat of
damage to the tissues occurs. Somatic pain is classified as superficial

or cutaneous pain, and deep pain' from muscles, tendons, joints and fas-

cia. The latter type of pain is common to both surface and intra- -

muscular stimulation and manifests itself as a dull ache that can become

intolerable. It is dependent on tension developed and its time course

-

(Ruch and Fulton, 1961). ) - |
To prevent atropﬁy of denervated muscle, electrical stimulation
was found to be therapeutic only when vigorous muscle contractions were
obtained. (Iddings et al, 1951). High. levels of stimulus current are
needed when using surface étimulation thus eliciting cutaneous pain.
This led ?o studies of methods wherepy a éatient's tolerance to higher
levels of current could be incréased. No relief of pain was achieved
when using infra-red-heating or electrodes hqring different resist-
ivities (lddings et‘a1, 1957). The utilization of novocain to effect a
sensory block was found to increase tolerance to higher current levels.
However, tension developed either decreased or rema1ned unchanged
{(Gersten et al, 1954)
Other studies (see below) have examined the relationship between
electrode size and stimulus waveform and pain. The difficulty in eva1-
uating such stud1es is that pa1n is a subjective phenomenon and there-

fore difficult to measure quantitatively.

N
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2.5.3 Electrodes

At least two electrodes are needed for stimulation: an™ active
electrode placed closé to the desired region .of stimulation, and an
indifferent electrode at whose site stimulation should be minimized.
Hakihg the active electrode smaller in area than that of the indifferent
electrode ensures a higher cugrent density at the region of excitation.
Limiting factors in size of tﬁ?fﬁctive e]ectro&e_are: current density
should be suff%cient]y low to prevent burning, pain must be minimized,
and sprea& of stimulus to other muscle groups must be prevénted.
‘Electrodes should also fulfill the following requirements:

(1) They should be simple, inexpensive and easy to make in
differenf sizes.

(i1) fheir application and removal should be easy and quick.

(111} They should be flexible enough to conform to body
contours and thus be’ capable of providing good
e]ectricaﬁ contact with the gkin..

(iv} They should be nonirritating over a period of a few
hours. <

Milner et al (1970) describe such-an electrode. They used 5‘

fine stainless steel mesh which held electrode paste (Redux*) well. The

electrode was held in place by masking ‘tape. They found that pain

elicited depended on the fétal peak current but not on electrode size

and hence current density. (If the current density is sufficiently high,

burning accompanied with pain will result}. Maximum force generated

*Redux paste: Hewlett Packard, Part No. 651-1008, Waltham, Mass.,U.S.A.
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was dependent on electrode size. For the tibia]is;anteriof muscle,

. maximum values were obtained with 13 to 26 cm2 electrodes.

It has been the author's experience that trauma due to electro-

1§te irritation can be “avoided by ihorough]y cleansing the stimulus site
on removal of eléctrodes. Masking tape was also found to be an irrjtant
andlis now placed over a gauze bandage wrapped around the leg and elect-
rode. It was also found that p]acement-of‘the electrode over the motor
point of the_muscle minimizes noxious sensations. (The motor point of a
muscie isfxgat site at which minimum stimulus amplitude is required to
effect a desired_movement‘about a jdint). Increase in pain due to poor

placement of electrodes was also found to occur by Trnkoczy and Gracanin
(}9’71).

with respect to the skin. Methods have been devised for tracking the

During movement, the muscle and hence the motor point shifts

motor point in the case of the upper limbs (Crochetiere, 1967);_

(Beresford et al,1975). However, in the lower limb where muscles are

much longer and movements have less finesse, this should not be a

timulus Waveform

problem if the electrodes are large enough.
2.5.4 \S

odovnik et al (1965a) investigated the relationship between
pain a different tefhnizing stimulation currents in normal subjects.
They found that AC currents were comfortable at frequencies above 500
Hz = AC waveforms are rejected for two reasons: the power consumption
of an AC stimulator is much more than that for a DC stimulator, and as
is discussed in Naumann (19782) muscles stimulated at high f;eéqencies

fatigue faster than those stimulated at lower frequencies. Using D.C.

.
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rectangular pulses, Vodovnik et al (1965) found that short pulses with
Tong rest periods are more comfortable than long pulses with short rest
periods. The limits of pulse duration were found to be between 0.1 and
0.3 mS at a frequency between 20 and 40 Hz. Crochetiere (196?) fitted
their‘experimehtal data to the following curve:

R25 + 45.5 1og D
where R = rest period or pulse interval and D = pulse duration in mS.

Crago et al (1974) compared the minimum energy or charge
transfer when using rectangular current waveforms and exponential
current waveforms as the stimulus. They found that the latter waveform
required higher peak currents than the former but dissipated Tess
energy. Sinéé pain is determined by peak current (Milner et al, 1970)
and rectangular pulses are simple to generate‘_eTectronica]]y, this
waveform is most widely used in FES orthoses.

_Iwo types of stimulators are in general use: the constant
voltage stimulator and constant current stimulator. The impedance
of the load (eqéiva]ent electrode-subject-electrode circuit) contains
capacitive elements. Using a constant current stimulator, the voltage
waveform is cﬁaracterized by an exponeqtia] rise and fall i.e. the
voltage rises slowly and falls slowly and is not constant at any time.
The voltage waveform from a constant voltage stimu]atoé has a fast rise
and fall time and is almost constant during the time_it appears. Burton

~and Maurer (1674) note'fhe disadvantages of constant voltage stimulators
coébared to constant current stimulators when used to stimulate

transcutaneously:
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(i) The Tow frequency components (flat portion) of the
constant voltage square wave increase stimulation of
cutaneous pain rec'ept.c;rs.

(ii) The high freqiency components (fast rise and fall times)

contribute to depolarization of €ep sensory nerve

pathways and hence the “"tingling"} sensation felt djistal
- to the electrodes.
(111) The h;gh pass characteristic of skin reduces- the net
charge transfer to the peripheral nerve

Crochetiere (1967) also :gies that changes in electiade imped;
ance do not affect the current through‘tﬁf electrodes when using con-
stant current stimulation. _ _

Trnkoczy and Gracanin (1971) found that charge’ flowing through a
muscle for.each stimulus is the critical parameter for pain sensation.
This is in séeming contradiction to Milner et al (1970) who found that
max imum insténtaneous current governé pain sensatioé. However, Milner
et al (1970} used stimuli of constant pulse width. In contradiction to
Burton and Maure (1974}, Trnkoczy and Gracanin (1971) found a preference
to constant voitage stimulation over that of constant current. Because
of fhe capacitive load presented to the séimu]ator, using a constant
voltage stimulator'will cause distortion of the current pdlse so that
the net charge is less than that obtained when usipg 2 comstant current
source. Trnkoczy and Gracanin (1971 .2lso found that in the ten subjects

they tested, no difference in effect of waveform (either rectanguler or

exponential} on pain was noted.
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2.5.5 Stimulus Parameters

Based on thé preceding discussions, selected stimulus parameters

are:
(1)  Stimulus amplitude controi.of muscle tension at a
conétant pu]selwidth of 0.2 mS (sections 2.4.5 and
2.5.4) '
(ii) 50Hz frequency of stimulation (section 2.4.4)
(111)  Rectangular pulses since these are easy to generate
e]ectronica]]y (section 2.5.4) -
(iv) Constant cﬁr;enf stimulation to ensure that the appiied
stimuli are independent of impedance changes iﬁ.the
electrode-skin-electrode interface. (section 2.5.4)
(v) Stimulation applied at the cathodal electrode (segtion
L 2.4.2) ' /
2.6 Neuromuscular Organization and its Relevance to FES

An understanding of the central nervous system (CNS) and its
organization and the effects of injué;_;o that system, are essential if
usevul rehabilitation aids are to be designed to :gglife lost function.
In particular, when FES is employed, muscle as well asDa partially in-
tact nervous system are being stimulated. Thus the adaptive nature of
the néuromuscu1ar system must be considered. The following section
provides 2 review of the overall neuromuscular system a§ well as
detailed descriptions of some of its rechanisms. The results of injury
to the system and the implications such injury has for the-design of

rehabilitation aids will be considered.
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"Except where otherwise referenced, the source of much that

‘follows is Ruch and Patton (1966).

2.6.1 Servomechanisms of Muscle Control -

Two of the n&st important spinal reflexes are the flexion reflex
and the stretch ref]ex. . The flexion reflex is respons1b}e for contract-
ion of the 1ps11atera1 (same side) flexor muscles at the ank]qj'knee and
hip in response to aqggxious stimulus. Simultaneously, extensor muscles
relax, and contraction of the extensor muscles and relaxatioﬁ-of the
flexor nusc]qg occurs on the contralateral extremity. The stretch re-
flex is the result of stretching a muscle and ﬁanifests ittelf as a .
.smooth, sustained contraction of tﬁe stretched muscle. Concomitant
re]axation of antagonist muscles occurs. The stretch reflex is medlated
by monosynaptic arcs whiTe the flexion reflex is mediated by multi-
synaptic arcs. A third important reflex is the clasp-knife reflex which
" occurs when a muscle is excessively or rapidly stretched. It causes the
stretch reflex to d1sappear the antago;1sts to contract with occas1on-
al concomitant contraction of the extensors on the contra1atera1 side.

An examination of the mechanisms résponsiﬂle for these reflexes
will lead to some understanding of the organization and function of thé

CNS -

2.6.2 Receptors in Muscle and Tendon

- (1) Muscle spindle (see figure 2.9)
Skeletal muscle comprises of extrafusal (outside) fibres which

act as prime movers, and intrafusal fibres interspersed throughout the
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muscle. Each muscle spindle consists of bundles of 2 to 10 intrafusal

fibres. The mtrafusa] fibres are striated and contracti]e. The
er-

centra'i region of the spmdle is a nuclear bag having three types of

nerve fibres going to it: 1large myelinated afferent (sensory) fibres
which énd in unmyelinated helical terminals (annu‘IOSp'iraI)' “smaller,
myehnated f1bres ending in coils at one or both sides of the nuclear
bag endings (f‘lower spray); and small, myelinated efferent (motor)
fibres terminating in end-plates on the striated poles of the intrafusal
fibres (fusimotor fibres or y efferents). The nuclear bag is
non-contractile.

Stretch stimulation of the receptors can occur in ‘one of  two
-ways: the muscle can stretch, or the gfferent neurones can cause the

intrafusal fibres to con.tract. Either method causes tension of the

nuclear bag and hence distortion of the afferent nerve endings. The

muscle spindle will thus discharge during stretch. Because thé muscle
spindle is 1in parallel with the extrafusal fibres, when the muscle
shﬁrtens, tension on the intrafusal fibres' is relieved and the spindle
goes oﬁs‘l_ack.i Contracfion of the fusimotor- fibres via efferent inn-
ervation in the- absence of, or during external str'etch,' increases the
sensitivity of._.the spindle so that afferent discharge is markedly in-

creased in frequency. The fusimotor system thus serves as a bjasing

mechanism regulating the sensitivity of the receptor, while the annulo-

. spiral afferents (la primary) register exact information on muscle

length.

T
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L)

The lnuscle stretch receptors have a low threshold . to mﬁScTe

- stretch uhereas the Go]g1 tendon organ stretch receptors have a high

threshold. ) :
(i1)  Golgi tendon organ (see figure 2.10) |
The Golgi “tendon organ is found in the tendons of muscIes close

to their origins. The tendon organ is thus in series with the muscie.

One or two myelinated nerve f1bres penetrate the enc]os1ng f1brous cap-

sule and. then break up into sma]ler branches, lose their mye11n sheaths’, -

and termlnate in the .tendon bundle. .

Tens1on on the tendon d1stort1ng or d1sp1ac1ng these endings
will result in receptor d1scharge. This occurs when the muscle
:contracts. D1scharge frequency is proport10na] to the© app11ed muscle
'tension. (However, d1scharge fre%&ency is more responsive to tension

~ due to muscle contraction than stretch )

2.6.3  Synaptic Function

The action potential (A.P:) has been previously described (see
section 2.4) and iﬁﬁthe only mode of express1on avallable to the nervous
system. The SImpTest exper1e;ces and act1ons der1ve from the conduction
of A.P.'s over chains of ne:rons linked by synapses. It is the activity
that occurs at the synapses that determines whether an axon impulse ‘will
be generated or not. JFhis act?ﬁﬁty can'either be excitatory or inhfbit_
.ory in form depending upon the source of the afferent volley. The gen-

eration of an axon impulse thus depends upon the sum of the excitatory

and inhibitory impuises arriviﬁg at the neuron at any instant.

- - | \

b

. ' S .
. [
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. There are two types -of reﬂex erCS' t't;e monosynaptic arc uﬁere
afferent fibres enter the dorsal root of the spinal column. and synapse
with the nntor neuron 1in the anterior horn (single 'synapse), and the
mu1t1synapt1c arc where afferent f1bres terminate on neurons in the .
dorsa1 root and reach the motor neuron only after transfer through one
or mo}e interneurons (internuncial 6eurons) Thus the motor neuron
‘const1tutes the final common path upon wh1ch many presynaptic fibres
converge. ‘ |

A movement can occur wﬁeﬁ a'eemﬁand signal 1is generated in the
motor cortex and transmitted down the spinel cord via an upper motor
heuronT The signal is transm1tted”torthe muscle from the spinal "cord
via.~an a '\or Yy lower motor neuron. As prevxous]y dlscussed,
‘innervation causes the intrafusal fibres of the muscle spindle to
contract and is the process whereby 1n1t1at1on of a movement may occur.
'The biased sp1nd]e -will produce an afferent discharge which flows back
to theiiLinaI cord -along group Il (length change) and Ia (rate of change
of 1ength) e%ferent fibres. The signal reaches the motor neurons via
the interneurons'fesulting in the contraction of the extrafusal fibres.
Afferent discharge ceases when the muscle has contracted sufficiently to
relieve teneion on the musc]e‘spindle (Granit, 1973). (Figure 2.11).

The Golgi tendon orgaﬁ will only fire when the extrafusal fibres
contract. The effect of this afferent discharge is inhibition. If
stretch of the muscle is excessive or rapid, inhibition is sufficient to
prevent firing~of the motor neuron (autogenic inhibitidn):’ The role of

the Golgi tendon organ is thus a protective one.
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2:6.4 The Internuncial Pool . -

‘ _ 'The muscle spindle reflex arc is. unnosynaptic uh11e that of the
- Golg1 tendon organ is umlt1synapt1c. The monosynapt1c reflex arc thus'.
or1ginates in a particuIar muscle and can only discharge the motor neu-
rons supplying the muscle from which the afferent volley originates.
However, it does _a]ter the excitability of motor neurons supplying other

muscles (heteronymous motor neurons) since each dorsal root fibre breaks

-

into many branches which establish contact with many postsynaptic

ce]]s.

The way in which the excitability of.a heterbnymous motor neuron
is affected depends upon the re]atlon Bf its target muscle to the muscle
from which. the afferent'vo1ley ortg1nates.- Consider a motor.neuron
pool. Depending upon whether a particular motor neuron receives many
kﬁobs from an activated afferent source or not, that motor neuron wi]l
either be liminally excited or subliminally eécited. A second afferent
vo]lef from a d{fferent source may combine to further raiée'the e;cit—
ability of the subthreshold motor neurons to thregholdf %his effect is
known as facilitation and is responsible for raising the excitability of
motor neurons innervating muscles synergtstic to the muscle of.afﬁereﬁt‘
discharge origin. ; ' : A@

Inhibition, due to an excitatory vol]ey in one pathway, renders
’neurons less- respons1ve to a subsequent exc1tatony voTTey arriving via a
~ second pathway. Inhibition results in muscles antagonistic to the prime
mover relaxing. This process'is ﬁﬁown as reciprocaT innervation and en-

sures that reflexly induced muscular contractions occur without

opposition. .

L ’ ,.- l. ' -
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Multisynaptic reflex arcs differ from monosynaptic ones in,fthe
following wa:ys: | |

(1) | The time course of -facilitation and inhibition is more

complex since impulses must traverse chains of inter-
neurons thus subjecting the motor neuron to a variable
and asynchronous barrage of impulses.

(i) I'r_r‘eSpecti_ve of origin, multisynaptic afferents are

. brobab‘l_y excitatory to motor neurons supplying ipsi-
latéral flexor muscles and inhibitory to motor neurons
inne.r-vating ipsilateral extensor ‘muscles.

The multisynaptic reflex may thus originate from widely disper-
sed afferent fibres, and ;is distributed 'diffuser' to motor neurons
supplying. musc‘Les aCtingl at different joints.

The flexion reflex which is mu1tisynaﬁtic in form, has -been
ﬁrevious]_y described. The ﬂexion.‘reﬂex'-is also responﬁible for con-
traction of extensor muscles and re’la;catiori of flexor muscles on the
contralateral extremity. Thislis due to afferent. fibres subserving the
flexion reflex "sending collateral branche; to the opposite side of the .
spinal cord. Thus as thé ipsilateral limb is reflexly withdrawn in
response to a noxiéus stimulus, the contralateral limdb supports the

weight of the body.

b3

/

- v
2.6.5 The Nature of Higher Control

Reflexes can be influenced by brain centres in the following

ways:
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(i) Facilitation or inhibition of a motor nedbpns which
innervate the majority of muscle fibres.
(i1) Facilitation or inhibition of ; motor neurons.cadsing
contraction of the intrafusal fibres of muscle spindles.
thereby increasing the rate of spindle'firing which.in
turn 1nf1uences the amount of « motor neuron firing.

The brain stem is the origin of descending pathways, vestibular

| and, reticular (ear and Tower brain stem), that facilitate myototic

reflexes of extensor muscles and inhibit flexor muscles.

The ceeebrai and cerebellar cortex excites the extensor inhibi-
tory reticular system. The reticular extensor facilitatory system re-
ceives impulses from ascending afferent systems including those origi-

nating in the muscles. Ve;tibu]ospina] pathways facilitating extensors

"are activated through the labyrinth.

lMost muscular act1v1ty occurs as motor patterns developes dur1ng
childhood. These activity patterns become more refined and active with
age and practice, and appear to be developed as engrams in the extra—
pyrami&a] system_ and are not undeér direct volitonal perception or
control. Voluntary control of precise muscular activity can be acﬁ%eved
only if attention is directed to the activity of one muscle at a time,

rapid performance of the activity occurring only after prolonged pract-

ice has.developed engrams in the extrapyramidal system (Kottke, 1975).

2.6.6 Clinical Significance of Reflexes

When the spinal cord is severed, 2all muscles innervated from

segments below the transection become paralyzed. The cord sectioning

\\\\\‘ .

e e s -
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pfoduces spinal shock which r?sults-in the suppression of all reflexes
below the transection up to the first two weeks'folTowing injury. Both
inhibition and 1esseﬂ'hg of facilitation may éontribut towards spinal
shock .as follows: ‘ 3 | %
(i)f Descending pathways which nprmai]y subliminally excite
' motor neurons, keeping many near the point of discharge,
enable a 1o§a1 afferent'vo]ley'to_gischarge many motor
neurons Tying;in ifs suB]imin;] fringe. Thus terminating
descending impulses will result in the withdrawal of
fgfi]itation from anterior horn cells.
(iiJ' Iffdescending impulses are interrupted, the inhibitory
iﬁf]uence acting upon the interneurons of an antégonistic
reflex arc are removed. Thus an afferent volley from a
flexion reflex would travel unreduced through the inter-
neurons and inhibit motér neurons of the antagonistic
extensor reflex. 3
ﬁith the passage of time, some reflexes return and hyperactivity
m;y occur.  The results of hyperreflexia are spasticity and clonus.
Spasticity manifests itself by increased briskness and amplitude of deep
reflexes and 5? increased resistance to passive flexion at the Joints
and indicates the destructidn of desceﬁding tracts inhibizory fo the
segmental stretch reflex meghanism. Clonus, where the ~motor neurons
discharge in periodic, synchronous pursts, is due to the strétch re-
| cepto}'being in'parallel with the muscle. A tap on the tendon initiates

a synchronous volley of afferent impulses resulting in a jerk contract-

ion which relieves the spindles of tension imposed by sustained stretch.

-



C e ——————

41

The spindles thus cease firing with the result that the afferent drive
to the motor neurons ceases so that the muscle relaxes. This puts the
' spindles under tension again so that an afferent volley is.- again

initiated and the process repeats itself.

2.6.7 Recovery From Spinal Shock

. Recovery from cerebral vascuiar disease may be'partially due to
the release of pressure‘enabling areas neighbouring on the destroyed
area to refunction. OCne of the main'ﬁécﬁanisms of recovery may be axon
sprouting. [t is known that subsequen; to spinal .transection, the local
posterior root fibreﬁ sprout new collaterals and produce more synaptic
connections with motor neurons and interneurons. This.uoulé increase
‘the magnitude of a reflex response to the same peripheral stimulafiin.
" There ig evidence that sprouting takes place not only in the spinal
cord, but also in the brain (Lynch et al, 1976), resulting in the form-
ation of new, functional synapses. The mechanism regulating post-lesion
sprouting is unknown, but sprouting.may be responsible for both‘partial
recovery of normal function and the development of spasticity;

Recovery is furthgr complicated by the fact that accident induc-
ed lesions are usually incomplete so that not all descending pathways

are interrupted.

2.6.8 Relevance to FES

Knowledge about information processing in the nervous system is
at present incomplete and thus limits the use of conventional control

theory in the design of rehabilitation aids. However, control of the
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skeletal system can be divided into different levels as follows (Tomovic
and Bellman, 1970; Tomovic, 1971):
(1) Fixed programs: These consist of invariant, repetitive
_activities whose timing patterns are acquired through
learning. Such activities include manipulation and
locomotion, ) ’ _
(i1) Adaptive respohse: Even if the same pattern of activity
- is repeated, different speed, Toad and environmeqtaI con-
ditions can exist. Adéptige control is provided by the
feedback Toops which influence the peripheral neuro-
muscular system s¢ that the necessary tension and length
1s automatically maintained.ui
(1i1) Decision-making: (i) and {ii) above can be considered as
decision implementation.’ Decision-making is conscious
control and is concernéd with the selection of a course
of actions to be followed and provides the trigger- signal
which initiates or teﬁminates implementation "of these
actions. |
The skeletal system can thus be considered as a multilevel con-
trol system whose subsytems are autonomous and which follows the princ-
iple of minimization of data processing. This approach greatly simpli-
fies the design requirements for. rehabilitation devices. Fixed programs
can be used to implement different actions. Dynamical control can be
provided for by inbuilt servomechanisms: Conscious control is then
Timited to the choicé of a certain course of action and to its initia-

tion and termination. The conscious effort exerted by the user of such
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aids will be minimized thus increasing the acceptance of such aids by
patients.
| Efferent FES is aimed at the stimulation of paralyzed muscle to
evoke funct{onally useful uﬁvements. Because the threshold of excit-
ation for motor nerves is higher than that for Sensory nerves, efferent
FES will cause activation of the afferent limb of the mono- and multi-
synaptic reflex arc resu]ting. in augmentation of motor activity.
Secondiy, because efferent FES bypasseé the .protective mechanisms such
as the Golgi tendon organ, injury may result when sudden environmeﬁtaI
changes dictate ﬁnﬁediate cessation of the movement {Dimitrijevic et al,
1968). |
The first disadvantagé of efferent stimulation noted above can
be overcome by employing feedback in the system.so that the intensity of
stimulation can be wegqulated by the electromyographic response elicited
from the sfimulated muscie. While still theoretical, the solution to
the problem of suddeﬁ‘environmentai cﬁaéées will entai1 monitoring and
trénsducing these changes so that they can be accounted for in the
control system. A_second solution to this problem is the use of aff-
erent stimulation. Due to ;heir lower threshold, it is possible to
selectively stimulate afferent fibres. Afferent stimulation has the
added adv;ntage of evoking facilitation én& inhibition. Dimitrijevic et
al (1968i have used afferent stimulation which introduces a faciliéétory
effect to enable a patient to !pTuntarin‘extend his wrist. Théy have
also demonstrated the ability of afferent stimulation to inhibit clonus

due to reciprocal inhibition. Present limitation of afferent FES are:



(i) The inability to selectively stimulate the muscle

| spindlesd# ’ o ya

(i1) Habituation viz. a progressiiiﬁy deéreasing response to

stimulation which occurs at the receptors and the inter-
neuronal system of the spinal and brain stem levels.

A therapeut{c effect of FES that remains {argely unexplained is
the prolonged post-stimulation increase in voluntary .poyer in foot
dorsiflexion that has been reported by many researchers (Liberson et al,
1961; Vodovnik and Rebersek, 1973; Carnstam et al, 1977). VYodovnik
(1971) postulated that stimulation affects redundant celIs‘%o that they
can replace destroyed cells. Hi selfpodel incorpofates learﬂing and for-
getting capabilities since the carry-over effect d} stimulation iﬁ tran-,

sdtory. . L —

2.7 Conclusions
In describing the basic comppnents of an FES-based orthosis, the
relevancy of the underlying neurophysiological Mechanisms in man has
been stressed. An uhderstanding of these mechanisms has led to:
(1) The determination of stimu]ﬁs parameters
7~ {i1) A description of the hierarchical control organization of
the skeletal system and its implications in thé?design of

orthotic devices.



CHAPTER 3
AN ASSESSMENT OF CONTROL BY ELECTROSTIMULATION OF PARALYZED LIMBS

The first Relf of this chapter is a literature review of pro-
posed methods for the control of orthotic dé:ices employing FES. The
concept of ‘one-to-one' contra1ate§il,20ntrol‘fo]]ows as a logical ex-
tension of previously proposed control systems when considered together
with the conceht of alhierachical control organization. —~

The second part of this chaﬁter proposes a method, based;on that-
of Hershler and Milner (1976}, whereby EMG control: of FES caq‘be‘ass—

essed. This method it also applied to the quantification of other

variables as will be elucidated in chapters 4,5, "and 6.
?(i“ . . - - "

= 3.1 Generation-of Control Signa]s

Yarious approaches to the generation and proceséing of contré?
signals exist and will be c&nsidered. The control appraaches described
here can equally be applied to the control of orthotic and prosthetic
devices. However, their application to.FES orthoses- will be stressed.

\\I% must be kept in mind that the-availabi1ity of control signals depends
on the severity of the paraiysis or the gxfent of amputation in each in-
diéidua]. In geneéal,_the greater tﬁe extent of_paralysis, the fewer

the number of control sources available and the greater the numbe} of

: muscles that have to be controlled.
+

+
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3.1.1 0On-0ff Control.

A\\ The simplest mode'of control is the binaﬁy On-Of% switch which
has been extensively used 'in conjunction with- the peroneal nerve stim—
ulator for correction of drop—foot during the swing phase of gait 1n
hemiplegics (Liberson et al, 1961; Kralj et al, 1971a). .The tr{gger-
switch is attached to the shoe so that on toe-off ot: the affected side,

e

stimulation is effected and dorsif]ex1on of the fbot occurs. Switches

“of the following forms have been used:

i) A contact switch placed in the heel of the shoe (Liberson et
al, 1961). ‘
_ii) A contact tape switch inserted in.a shoe insole (Jeglic et
al, 1971a). | |

-

4ii) A pneumatic control switch worn inside the shoe (Van Leeuwen

and'Vredenbregt 1969).

The possibility of usfng more than one foot-sw1tch ex1sts for
the contro] of more comp1ex systems. The main advantage of the foot--
switch when compared with tertain other control modes used in FES of the
lTower 1limbs is that no ”tonscjoue_ effort is required by ‘the user to
initiate or terminate stimulation. Its use to date has been limited to
app11cat1ons where the sequence. of st1dL]at1on is preprogrammed.

The foot-switch has also been used as a feedback transducer in
that it provides information on stepp1ng frequency. Thus duration and
onset of stimulation can be adjusted according to step rate (Kralj et

al, 1971a).
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3.1.2. “ﬁyégjectric Control -

The electrical activity of a ‘muscle due to the spatial and

temporal. summation of A.P.'s during the contraction of the muscle can be

recorded using ';ur%ace or intramuscular electrodes. ~The use of the

-

e]ectromyogj9phic actiVity of  contracting muscles as a control source

for ‘FES was proposed by Vodovnik et al (1965b). Since then, EMG has

been used ‘in various forms and modes as a control source:

. .i.)

iii)

-

Control of a stimulator due to contraction of an auxiliary
muscle: Vodovnik et al (1965b) used the EMG activity
recOrde& from the left trapezius to modujate the output of a
stimulator applied to the right.extensor digitorum muscle of

a quadraplegic patient. This enabled the ggtient to achieve

- eight distinct levels of opening or closing his hand by

contracting his shoulder muscle.
Synergistic control: Synergists are muscles thét ~contract
together with a protagonist muscle when it executes-a part-

icular movement. Their function is to aid in the achieve-""

ment of precise coordination. In certain cases it is

' possible to record EMG from muscles of the paralyzed limb

still exhibiting signs off voluntary movement synergistic
with the paralyzed muscles (Pennacchietti et al, 1966).

Contralateral control: In hemiplegia where essentially one

. side is incapacitated, control signals are available from

the contralateral side. This béomises to become useful in
controlling walking in a straight line. It mey be possible

to record EMG signals from a particular muscle on the

)



coﬂlralateral side, and after appropriately deTay1ng them, use thé: to
control 2 st1mu1ator applied to the corresponding muscle on the affected
side. (Naumann and Milner, 1978a).

‘The merits and demerits of EMG “control will be discussed in

section 3.1.8

3.1.3 Position Control

Proposed by Long and Masciarelli (1961), positidn control has—>
beeﬁ used for upper extremity control. This method consists. of trans-
ducing elevation-depression and protréct%on-retraction movements of the
" non-involved shoulder of a hemip1egic.via_1inea} potentiometers. Thus
two channels of information are available for control purposes. Such a
system was implementea by Her]etti-et al (1975)Jfor controlling- opening
of the hand and elbow extension. -EvaIuatioﬁ of the orthosis consisted
of moving an object from one location to another. A high degree 6f
mental congentra;ion was required by the subjects to successfully per-
form the task. . - ) } )

A similar system incorporating a hold switch for tenic activity
was implemented by Peckham et al (1974). It enabled the extremity to

remain in a fixed position independent of shoulder movement when the

_hold switch was activated.

A,

. v
* 3.1.4 Qther Contro] Sources . ~

Contro1 sources other than those mentioned zabove have a]so been‘
investigated. VYodovnik and Rebersek {1974) found both EMG and pressure

control to be dinferior to that of position control when used as a
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discriminator between: signal Ieve]s.‘ACrochetiere ef’31 (1969) describe
a t;;nsducer whose output 1is propoertiocnal to defleetion on the surface -
of the skin. B .

The best “twpe of control‘\sodrce to use will 'depend upon‘ the
—_fixed'programs (see section 2.6) vﬁz..tﬁe courses of actions thaf the
signals have to centrol, and upon whether adaptive control is.provided o
for. These in tufn depend updﬁxthe severity of the injdrj sustained and

whethefﬂupper or lower-limb cbntrp] is being considered. These points

will be elucidated in the succeeding sections.

- . . . \.
3.1.5 Fixed Routines . \

The simplest-forh of'a preprogrammed fixed routine is the per-
oneal nerve stimulator (Liberson et al, (1961) where stimulation will
occur for-a predetermined time on activation of a heel switch. |

Milner and Quanbury (1969) demonstrated the ability of FES to
control movements about two joints sihultaneous]y. .They used . a 4-
channel ‘programmable stimulator to control the quadriceps, tibialis
anterior aﬁd gastrocnemius nLgcles in a normal subject. This-neehqd
depends upon a knowledge of fhe prime movers involved in a specific
movement, their sequence of .activation, and the period each muscIe i$ in
an active state. This method of . ga1t evaluation and st1mu1at1on
sequence determ1nat1on has been exten51ve;y employed in the control of
‘gait of hemiplegics. KraTJ et al (1974) describe a ratefdependent
3-channel programmed stimulator, and Strojnik et al (1977), a 6-channel

programmable stimulator for wuse in locomotion improvement in

hemiplegics. Recently Stanic et al (1977) reported on a programmable
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stimulator using a-gradually varying stimu]ation sequence. Significant
improvement in the gait of two hemp]egic patients led them to suggest

that multichannel continuously modulated sequences of shmu]ation would

further 1mprove hem1p]eg1c gait. | ’
In the systems described above as we{ as_Ahoses using EMG or

pressure control in upper-Timb orthoses. the most- serious drawback to
them 1s the inabihty to mcorporate dynamic control. In gait, the only -
variable ‘conducive tp some form of feedback control in the above éystems
1s the rate of stepping. Two control modes that theoretically enable
the incorporation of dynamic contro] using the principles of Servo-
. mechanisms are position control in both upper and lower Timb stems,

and EMG in 'lower Timb systems.

3.1.6 Position Control of a Joint by Stimulation of Antagonists

Vodovm'k et al {1967) reported on a system whereby the elbow-.
Joint ang]e could be controﬂed by stimulation of the biceps and triceps
muscles. A signal Proportional to the desired pos1t1on was fed into the
contro'l systém.  An electrogoniometer (see section 4. 3) was used to
measure the elbow-joint angle. The e]Mg]e was set and assigned
zero reference s0 that in this position with zero input no st1mu'lation
occurred. Varying the input signal aboui_ this reference &n ie {resul ted
in stimulation of either the flexor or extensor muscles. Feedback was
.1ncorporated by comparing the actual pos1t1on of the joint to that of
the desired position. The error signal due to any difference between
the two angles was then used tp modulate stimulation to the appropriate

muscle to minimize the error. No quantitative assessment of the device
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was given. - A simﬂar system incorporating  a proportional-integral

filter to reduce static errors is descr1bed by Stan‘lc and Trnkoczy

(1974) for positioning of the ankle joint. The -purpase of their work

was 'to determine the model for the ankle joint to be incorporated into a

synthesized multilevel control 1-er. -

£.1.7 EMG Control of Joint Position Using Feedback

The use of processed EMG recorded from an auxihar_y muscle as

the co’] signal in ag'FES orthosis which emp‘loys processed evoked EMG

_as the feedbd* signal was first reported in 1969 by Bunimovitch and
Aleyev. Their system incorporated a commutator for el imtnating stimulus
artifact, an averager, and a modulator. Previous to th'xs,,other sytems
reporﬁe\on which utilize EMG either as the contro]ler c’}*-zs the feed-
back s1gna1, inclade those of Amosov (1967) and Aleyev and Bunimovitch
{1968). In the former, a preprogrammed stimulation sequence was record-
" ed on magnetic tape. The playback head of the tape-recorder was then

connected to a pulse generator by which stimulation was effected. Re-
: <

cording electrodes placed on the stimulated muscle were used to pick up

evoked EMG which was used as the feedback eigna'h The latter system
again incorporates a tape-recorder, the control signal being processed
EMG. No feedback was provided_for'. The above system.s were reported on
without any detailed description nor any quantftative results. being
given. |

Chandler and Sedgwick (2973, 1574) demonstrated that the in-
tegral of the rectified EMG resr‘onse to stimulation is linearly propor-

tional to stimulus amplitude in the region between threshold and satura-

u
-
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.tion. They thus constructed a closed-loop system employing proéeﬁsed
evoked EMG as the feedback signal. The control signal‘uséd ué&fderived
from a variable voltage'sourcé. It was pfoposed that the.EﬁG.signal
from some other muscle be used as the control signal, with the input to
the stimulator being reduced.propOfFioqpl to the level of EMG'acﬁivity

in the antagonist muscle.

- -

e
3.1.8 Comparison of EMG and Position Control Systems

The system to which-the controller is applied largely determines
its effiégzy. For example, the merits of a controliler of upper Timb
_ prostheses or orthoses uheré intricate movements of several degrees of
freedom are required differ greatly from those where a gross repetitive
mdvement is needed such as in locomotion. The limiting factor 1in the
first case is the_number of discrete levels to which the control signal
can be adjustéd when compared with other control modes.

In particular, Radenjic and Long (1970) describe the underlying
reasons for the difficulties encountered when Géfng myoelectric control.
It mﬁst be stressed that they are mainly considering the use of
auxiliary muscles as - the control sites for the manipulation of

artificial joints. The reasons they give are:

i} Every voluntary act is a combination of the cooperative

active action of a number of muscles. These muscles behave

b
according to a patterg-of innervation underlying each motor
act which varies depending upon initial posture and resist-

ing forces. The basic pattern of innervation is established

through a learning process. In myoelectric control where

93
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the control muscle’is often no longer expected tq-contract
- according to its normal pattern of innervation, it becomes
djfficult to use the muscle to obtain a new function.
ii) Voluntary control of movements is the control of position
- and not of muscle tension to which EMG is related. Muscles
in the normal case édjust their lengths automatically so

that the only conscious feedback contfoT available to the

user of a myocelectrically controlled device is visual. For

externally powered assistive devices, EMG has ‘thus far not

‘been shown to contain information on position.
iii) Because of the complexity of  the system to be controlfed,

such a system absorbs all thé manipulative capacities of'a

//patient.

3.1.9 Proposed System

An entirely different.app;Bach is éﬁﬂpoéed when dealing with FES
of fhe lower limbs. (Naumann 'and Milper, 1978a); (Naumann and Milner,
1978b). As mentioned in section 3.;.2, a2 one-to-one control possibility
exists in the case of a hemiplegic walking in a straight line. Other
. actions such as sitting and standing will require elimiﬁatioh‘ of the

delay imposed between recording of the control signals and activation of

the stimulators. Turning might be accomplished by recognizing a change”

in the EMG patterns on the contralateral side and switching in a
preprogrammed .routine to execute the function. In paraplegics,
insufficient. auxiliary cbntrol sites are available to control the

multitude of simultaneous functions required. The conscious effort

required
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would appear to be prohibffive since integration of all components into

meaningful actions requires a continuous mental effort and visual feed-

. back'(RadonjiE and Lbng..1970). The concept. of'a hierarchical control
system, (section 2.6.8) allows for the estab]ishmeht‘of_general program-
med routines that can be switched’in when requ{red fbrvthe implementa-
tion of a specific action such as ih]kﬁng, standing, sitting, turnihg
and stopping. The programmed routines can be derived from EMG records
obtained from normal subjects performing these actions and,'in its fiﬁa]

form, be made accessible from a microprocessor. The microprocessor will

active1y_inter11nk with the subject to facilitate dynamic adjustments.

These two systems described employ EMG control in a mEﬁngr that -

retains the natural patterns of innervation of muscles since the «<ontrol

source muscles are performing the same functibns they would\ in the

normal subject. Also, 'paralyzed muscles are being stimulated in
manner thag“ﬁihics in a gross fashion their natural innervation\wi
respect to when each muscle is activated duriny a cértain action as well
as the amplitude variations of the applied innervating stimuli. The
number of degrees of freedom provided for is limited only by‘the number
of muscles to be stimulated.

A definite advantage of EMG control over that of position con-

/" XIvrol in this context exists during isometric contractions such as in

posture maintainance. A position controller provides no information
abﬁut tension developed urless a change i; position occurs. The control
system will then have to be sensitive to small deviations from the
reference pbsition in order to prevent instability of posture. Such

information is readily available from EMG records.
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For.EMG control to be feasible, the EMG signals produced by the
two antagonist; about a joint must contain positional informatien of the .
joint. If they db not, it may become necessary to coﬁbine fﬁG and
position control into a single system th§; will be Stable.and determin-
istic for all control situations. =

Position control of two antagonists about a joint simplifies the
complexity of a control system since only one control signal is needed
“to control Both muscles. For upper limb orthoses thi; becomes iﬁpoftant
since it decreases the number of control sites needed and hence the
mental effort involved in perforﬁing a certain task. -

One of the aims of this work is to investigate in a quantitative
manner the efficacy of EMG and position control in FES of the lower

. - . 4
1imbs during locomotion.

x//gié Repeatability Criterion

The feasibility of using processed volitional EMG signals as the
controller of an FES orthosis depends in part on the ability to as-
certain for a given processor:' ' -

(1) The -form of the volitional EMG when use& as a controil
signal, and the form of the evoked EMG when used as the
feedback signal, that will produce the greatest repeat-
ability Between volitional and evoked joint-angle time-
histories.

(i) A quantitative means of assessing the efficacy of

-open-loop and feedback control.
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(iii) Whether EMG fecorded»from the.prime hover during a
particular motion contains information on the angular
time-history of the joint about which the pfiné'mnver

acts during that motion.

Using position control of joint angle, a quantitative method is
nee&@d whereby the inclusion of the feedback or the effects of ofher
control strategies can be assessed. |

3.2.1 Vartance Ratio Criterion

(f—‘—;;;;hier and Milner (1976) proposed' ah optimality criterion
whereby the optimal form of processed EMG signals to be used in the
modelling of gait could be found. They also used the criterion to in-
vestigate how electrode position and. orientation on a muscle affect the
. repeatability of EMG signals recorded during repeated motions.

. The criterion proposed by them 1is given by the\_fo]]owingL

variance ratio:

I3
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Qhere k = numt;er of t'l.me points 1in eéch record
n = number of signals‘to be compared
X1j= value of j th signal .at time point i
| X'1.= average of values at tlme point i aver-e.ged‘\e-lJ
realizations of the signal

X = grand mean of the average signal

ko
L1 %

g B

i

. ,
For a signal +to be- complietely irreproducible over J

realizations, E’f —= X since both will represent the mean value of a/\—‘

“white noise signal. In this case, VR—1. Similarly, for a signal to bef
compietely reproducible over J realizations, the numerator w@t&nd to
zero since X.J.—- xi. The variance ratio is thys an - indicator
of the repeatabihty of a set of signals and is sensitive to both

differences in amplitude and waveshape. An ane}og,y to this variance

ratio can be found in statistical texts and is more._,.n ly discussed by

Hershler and Milner (1578).

3.2.2 Applications of the Variance Ratio

To readily enable repeated experiments, a PDR11/10 computer is
used to store the volitional EMG and joint angle éimlhistories'during
the execution of specific movements. Either the angle or EMG data or
both is then avaﬂab_Te‘ to be used as the control signal. This method

permits comparisons to be made between the efficacy of the control of
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the same EMG signal whern different forms of a processor are applied to
. it. Experiments for each form of processed EMG can be repeated.. The
variance ratio is then used to compare the repeatability between - the
evoked joint-angle time-history due to stimulation, and that of the
volitional joint-angle. Similarly, the variance‘ratio can be used Eo
quantify the efficacy %f fegdpack.coqtrol and jbi_nt—position control.

Two types of EMG processors are used: The volitional EMG signal
is digitally rectified and the;xsmoothed by shifting a boxcar window
a]oné-its length (see Chapter 4); an ana]ggue reétifier—averager is
used to process the evoked EMG signal (due to stimulation) when feedback
is incorporated into the system. Changing the length of the boxcar
window simulates to some degree changing thé time-constant of fhe
analogue averager. The analogue rectifier-averager is also used to
process the vo]ition;1 EMG signals during real-time contralateral
control of Iocomotion;. The variance ratio has been used to equivalence

the two types of filters (see Chapter 4);

3.3 Conclusions
The concept of ‘one-to-one' contralateral control has been in-

troduced. A method whereby the efficacy of different control modes can

be quantified has been presented.



_-CHAPTER 4

DESIGN OF A COMPUTER-CONTROLLED STIMULATOR X

4.1 Introduction il

- -’.."

Stimulus parameters were dezéFﬁinéd in Chapter 2. The first
part of this chapter describes‘the tonstruction of a ﬁrototype 2-channel
stimulator incorporating these parameters. The stimulator permits the
use- of either position control of a joint by stimulag;ng the
protagonist—antégbnist nuscle g}oups acting about the joint, or EMG
control of joint position by stimulating the prime movers acting about
thé Joint. The facility to use the stimulator as a closed-loop
controller is provided for.

Experience obtained with this stimulator led to the incorpora-
tion of a proportional-integral filter (PIF) into the control circuit
and a method whereby evokedeMG could be extracted from a composite
signal containing stimulus artifact. In determining_ EMG-processor
time-constants to be used, the heedxarose to record EMG from béth heads
of the gastrdcnemius muscle. ' ~

These additions were incorporated into a four-channel stim-
ulator. The stimulator permits position control of two joint angles or
EMG control of.the protagonist-antagonist muscle groups acting about the

joint. These latter capabilities were not utilized in the work present-

ed in this thesis. L ' B
\ 59
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The fina1 seétions of this thapter deal witﬁ the equivalencfng

-

of a digital boxcar-window averager and an analogue Rc-averaggr. This

perm1ts rep1ac1ng the - boxcar-window averager with the analogue averager_

uhen—on-]ine processing of v011t1ona1 EMG is requxred during locomotion
(see Chapter 7).

o

4.2 ’ The Control System . -

Figure 4.1 is a biabk diagram of the control system. The caliQ
bE;t1on control cons1sts of a. simple potentiometer and is used to ensure
that maximum input signal amplitudes:

(i) are equa1 )

(ii). lie within the linear range of the control circuit (407mV).

A level shift (Figure 4.2(a)) is provided to account for any
D.C. level differences between the two input channels. When position
control of joint angle is used, the level shift enables a 'zero' refer-
ence angle to be set between the ﬁwb channels:- Control signal Qaria-
tions above or below the zero referenceéyi1l result in“stimulation of
the protagonist and antagonist muscle groups respectively (dorsiflexion
and plantarflexion for the ankle). ' L\\

" Both channels are Fed -into a.differentia1 amplifier (DA}, its
output being the difference between the two input signals (Figure 4.2
(b)}. Using 1% resistors, the DA has a common mode rejection ratio of
80 dB.at a gain of 100. The input impedance is of the order of IM /A
meter* at the output oT~she DA,prpvides a visual display for setying

-

*ARMACO UIS7 PANEL METER, 0 A WITH CENTRE NULL {mod1f1ed or
increased sensitivity) R "HA \AND COMPANY LIMITED

4
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the level shfft S0 that-.at the reference positions (i.e. control and
stimulated joint positions set equal, say) the output of the DA is zero.
(The proportional- -integral filter was later 1ntroduced into the circuit
at positign X and could be switched in if needed. )
Two comparators are used in conjunction with two CMOS switches
(f1gure 4. 2(c)) so that an error signal that is positive with respect to
the zero reference level results in stimulation of the dorsiflexors and
vice versa (as described above). The negative signal is inverted using
the circuit shown in figure 4.2(diL |
. Gain control tfigure 4.2(e}) is pfbvided to ensure that the
maximum evoked Joig} ahgle 1s equal to the peak of the reference ‘signal
in the case of posit1on control, or equal to the peak "angle produced by
the EMG reference signal in the case of EMG contro].: Thrgsho]d can be
set 1independent of gain setting (figure 4.2(f)), and is used to
compensate for vo]tag;’ drops occurring -in the opt1c isolator and
constant current stimulator as well as for app1y1ng a threshold stimulus
level to the muscle. The modulator (ffgure 4.2(g}) and timing circuits
(figgre_:.3(c}) are used to modulate tragés of frectangular pulses
proportional to the amplitude variations of tﬁejerrof signal from the

DA. The modulator has a maximum output of 10¥ so that the minimum

~gain of the overall circuit is 250.

An optic isolator is used to jsolate the subject from ground.

The 1solated constant current st1mu1ator is a modified version of that

used by Milner et al .(1969) (figure 4.2(h)) and includes a variable

i

current limiter.



4.2.1 _The Timing Circuit

The timing circuit (figure 4.3(2)) fulfills three functions:

(i) An astable multivibrator generates square pulses. The

(i)

(ii1)

frequency of the pulses is variable over the range from 15
Hz to 140 Hz. N T

A variablek switch control is provided for use in the
collection of evoked EMG during stimulation. fhe switch,
control ensures no recording can occur during the'presence
of a stimulating pulse so that stimulus artifact due to the
stimulus spreading through tﬁe body to the recording
electrodes is minimized.

During the application of a stimulus pulse, current spreads
through the tissue surrounding the active electrode and can
é]so spread to the aﬁtagonist muscle. In ‘the system used,
a2 threshold was appﬁied to both antagonists aboqt‘the_joint
continuously. - The author found that unless a Just-above-
threshold stimulus level was applied to eaéh muscle group,
a dead zone existed jbétween the transition from dorsi-
f1g;ion to p]antarf]e;ion-end_vice versa during which no

movement of the joint occurred. However, it became imposs-

ible to set the stimulus to threshold on both muscles and

‘to stimulate over the full range of movements without

cramping of the muscles occurring due to this current

spread. To avoid this problem by decreasing the current

strength at any point at a particular time, the stimuli to
the two muscles were offset in time with respect

~
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© to one another (Figure 4.3(b), STIM 1 and STIM 2).

Since the artifact due to stimulation of both muscles had to be
blanked out during EMG 'recording, t;» t, and t; as  shown
in figure 4.3{5f\are interrelated. t; has to be wminimized so that
as much of the EMG record as possible can be recovered, while t,
and t, must be set so as to minimize interference between “the two
channels and still ensure that the stimuli and the{r artifacts occur
during time t;.  Satisfactory values of s t, and t;
to achieve this were found 'experimenta]]y fo be tl = 3.5mS; tz=
601485 t3=1mS. Since the stimulating frequency is 50Hz, 82.5% of
the evoked EMG record can be recovered. Figure 4.4 is a record of
evoked EMG during maximal stimulation of the right tibialis anterior
muscle in a normal subject. The artifact present is due-to the switches
and not the stimuli. _ _

Figure 4.4 was obtained by stimulating the nntbr point of the
muscle, the recording.'electrodes bejﬁ@ distal to the stiﬁu]ating
é1ectrode. Thus there is a relatively short period between the stimulus
and thg muscle response. The waveshape is due to the summation of the
responses of all muscle fibres excited and is biphasic in nature due to
-first depolarization and then repolarization of the muscle fibres
occurring. °

Y

4.3 Stimulating Electrodes and Their Placement

Electrodes similar to those described by Milner et al "(1970)
“(Figure 4.5) were used for stimulation. A discussion on these electrodes

can be found in section 2.5.3. The inactive electrode used had an area
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of 40cm2. Either one of two active electrodes of area 6.45

i’ and 14.5° cmz, was used. The choice of active electrode
size depended on comfort during stimulation which varied for differentrf
subjects. In ane hemiplegic subject where atrophy had caused a
reduction in muscle bu1k " the larger active electrode was found to be
1neffect1ve. N
Using a Digitimer* pulse generator together with an isoTated
stimulator**, the procedure in placing electrodes was: ~
‘ .'(i)' Locating an anodal electrode over the extremity of the
muscle _distal to tee motor poiqf.dqz,. -
(i1) Using stimulus parameters of 50Hz, 0.2mS duration, pulse
trains on for 1 second and repeated every 3 %eeonds, a
search electrode was used to explofe the muscle. The
search electrode was made ffan an insulated brass rod with
its bare end covered with gauze which was dampened Hﬂth tap
water prior to use. The motor po1nt was located by ftnding _
the area which when stimulated produced the desired motion
with the minimum stimulus steength. This point was marked
and a permanent electrode placed over it. If two muscIee
were to be stimulated simultaneously, a common inactive
electrode was used. For example, when stimulating the dorsi-
and plantarflexors of the ankle joint, the inactive electrode
was located at the distal end of the anterior part of the
Tower Tlegq.

3

*D1g1t1mer 04030
**[solated St1mnlator Type 2533 )Hed1ca1 S§stems Corp., Great Neck, N.Y.
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4.4 E]ectfogoniometer system

An eIectrogoniometer was used to measure joint angle either to
obtain the control signal or to measure the effects of stimulation.
The device measures joint angle variations in the sagittal plane only.
It consists of a linear potentiomeier attached to special '1inkages
based on a design by Lamoreux (1971). The goniometer is attached via

velcro bands, the potentiometer being centred as é]ose1y to the joint
as poss;bie. For measuring ankie joint angle, an attachment that fits
onto and in the shoe'is used to secure the distal end. Figure 4.6 is
a photograph of the goniometer and figure 4.7(2), the circuit
~diagram.

4.5 Proportional-plus-integral control

The errbr signal which is the difference'between the control
signal and the feedback signal, is used .to control the stimulator
output amplitudes. .As the feedback signal approaches the control
signal in magnitude, the‘error signal and hence stimulus amplitude de-
crease. The following effects can result: | |

(i). A joint position is reachedlbeyond which the decreased
error signal cannot drive the_limb. The difference between
the aeéired and actual positions is known as the static

error.

-~

(i1) If a muscle that acts against gravity is being stimulated,

oscillations can occur since, as the error signal decreases
the 1imb will drop. This in turn causes an increase in the
R . L

. I
error signal and the muscle is again stimulated, the

process repeating itself.



F1gure 4.6 E]ectrogomometer for measuring ank]e—aomt
- movement in the sag1tta] plane. .

>

F'lgure 4.8 1]1ustrates the -instability of the system due to
these effects. A modulated 0.1 Hz sinusoidal was used as the stim-

ulating signal, the joint angle being register"ed' by a goniometer

~attached to the ankle joint of a normal subJect. Dorsifiexion and

plantarfi exlon were effected by stlmu‘lat‘mg the tibialis anterior and
gastrocnemius muscles respectively. Distorfions in, the output wave-
form did not always result in oscillations as shown in figure 4.9
obtained during a repeat of the experiment at a Jater date. Maximum
obtamab'le dorsiflexion and plantarﬂexmn during stmulatwn were
33° and 13.75° respectively from the resting posﬂnon. The
ankle angle in the resting position was 105° with respect to the
vertical. The input signal level was therefore adjusted so that the

positive two-thirds of the signal resulted in dorsifiexion of the

ankle,

)

e, —— L .
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Figure 4.8 Stimulation without PI-filter
Top trace: Reference signal
Bottom trace: Evoked joint angles

Figure 4.9 Stimulation without PI-filter

Top trace: Reference signal
Bottom trace: Evoked jqint angles
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It was decided to 1nco;poéate a proportional-integral (PI)
filter in the system to overcome these problems. | z

Consider the frequency response of a PI filter shown in figure
4.10. At low frequenc1es, the integral section of the PI filter will
produce an output s1gnal'proport10na1 to the summation of all errors.
When the error between the control and output signals becomes zero, the

PI filter output will decay at.a rate determined by the choice of the

components of the circuit (R,C in figure 4.7(b)). Thus the integrator-

will decrease the static error and hence osc111at1ons due to the effect

of grav1ty. A c1rcu1t diagram of the acttve PI filter used {Tietze and

‘Scheck 1969) is shown in figure 4.7(b}. The break frequency f, must be

chosen such éhat:
(1) The gain ofithe filter is sufficient at input frequencigs
greater than“fo and not too large at input frequencie,
below f  thus enabling stimulation to be effective over the
complete frequency range of interest.
(i1) At higher frequencies of movement, the time response of the
system should not be decreased to the point where the system

becomes too sluggish to follow the movement.

-

Gain
(dB)
Log f, . © Log FREQ.
s Figure 4.10 Freqhenby response of PI-filter ~
o~
K -

AW
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The.use of a difigérent{ator will increase the response of' the
system at higher frequencies. However, it was decided not to’ incorporate
a differentiator into the system for the following rea§ons:

(i} Differential control accentuates the high frequency content of
| any noise present in thé actuat%ng signal. Stanmic and’
Trnkoci& (1974) found that this influence was of the sdme

order of magnitude as that of the stochastic nature of the FES

responses.
(ii) The differentiator transforms the error signal into drhigh
initial stimulation voltage‘which'can result in pain from

stimulating at this level.. Limiting the outpuf decreases the

effectivenéss of the differential action (Stanic and Trnkdczy,-

1974).

Rather Fhan analytically treating the system, it was decided to
determine the Pl filter parameters experimentally for the following
reasons:.

{i} An attemﬁt was made to find the transfer function between a
sinusoidal inpu% to the system and the resultant joint angle
during stimulation of the tibialis anterior muscle in four
normal subjects. The rébeatability of the measurements between
subjectgaand for each subject was very poor. Problems en-
countered were the subjects anticipating the stimulus and the
onset of fatigue prior to a ste,rady state being rﬂea‘shed,_ Att-
émpt§ to precondition thé subjects to the sensatiéﬁ of stim-
ulation di-d not improve the repeatability of the results and

was thought-to be due.tg“subconscious,inputs from the subjects
into the system. -
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{41) " Attempts have been made to formulaté the relation between
stilnu'léting voltage and movement of an extrem'ity‘ due to
agonist-antagonist action about the joint. Stimulated’

. ‘muscle conta'ins a’ deadhzong_, ~saturation, delays, -static
hysteresis, nonlinear d_e{:endenfe on muscle iéngth and .joint_
angle, and is subject to the effects of fatigue and acc-
ommodation (Stanic and Jrnkoczy, 1974). ',Sirmpiificationsl
made to obtain a_ linearized model of the system have
r:g;u'lbéd in modg'is Awhic{h_ alu'e valid only under certain
cond;tt;lons such as isotonic movements or isometric moments

Y " (Trnkoczy and Stanic, 1971). | |
Yarious PI filters were constructed :and tested.” In aH cases,
" the hroportiénaj' gain, Ap, (figure 4.7(b)) ‘was arbitrarily chosen
as 0.5. The filter %ina‘l‘iy selected had a break frequency of 0.5 Hz ahc}
a trané’fer function: e - . | '

-

G(S) = 0.5 + 1.57.
- S

i

Stanic and Trnkoczy (1974) obtained best results with the

following PI filter transfer function: ' ' .

.
6(S) = 3.22 (0.5 +1.69/8)

fo ='0.58 Hz .

fe
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As figure 4.11 iiiustrates inclusion of the Pl fi]ter has
‘;resulted -in the effective damping of the large oscillations previous]y
:present in the evoked joint angle response. Inclusion of the PI filter
resulted in an increase in the time 1ag between input and output. Onset
of de]ay was measured as 90 mS compared to a de]ay of 60mS when the
filter was omitted. The ability of the joint angle to follow a randdme'
varying input is shown in figure.4.12. -
Figure 4.13 ehows the goniometer output in response to a
randomly varying input signal. High frequency oscillations can be seen
to occur. When the experiment was repeated two hours later, no oeciila-
.tions-occurred. Stanic and Trnkoczy (1971} also experienced spurious
oscillations which they could not explain. They repeated the experiment
and stimulated for 3.5 minutes to see whether fatigue was the cause but
the oscillations did not repeat. In an experiment to determine the
source of these oscillations, the author found that they occurred only
after 12 minutes of continuous stimulation and that fét??he was
therefore the cause. ‘

4.6 Recording of EMG

Silver-silver chloride electrodes (figure 4.14) are used for
recording evoked EMG during stimulation and EMG due to volitiona]
movements. The skin surface is prepared by vigorously rubbing.jt with
an alcohol swab. In attempting to minimize artifact during stimulation,
the electrodes are placed on an approximate-equipotential line between
the active and inactive electrodes. The electrodes are gelled in order

 to decrease the impedance at the electrode-skin interface.
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Figure 4.11 Stimulation with PI filter (cf. figure 4.8) .
Top trace: Reference signal .
Bottom trace: Evoked Joint angle

7 e
36[?'_ | .

Figure 4.12 Stimulation with PI filter: random input
Top trace: Reference signal
Bottom trace: Evoked joint angle
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Figure 4.13 Stimulation with P

occurrence of oscj
Top trace:
Bottom trace:

[.filter showing
1lations
Reference signal

Evoked joint angle

. -
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Figure 4.14 Silver-

silver chloride recording electrodes
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Any common-mode §1gnals are rejected by using a high quality

differential amplifier:. An"'instrunientati.on amplifier with a typical
CMRR of 110 dB is used. The high 1nput 1mpedance (3x109&? ) -of the -
amplifier relative to the source impedance (3-30Kg ) ensures that signa1.\
distortion does not occur. A high pass filter (fo-IOHz) at _the
output of the amplifier eliminates any. DC offset vo];ages due to
electrode-skin-electrode imba]ancgs. ‘ The circuit used 1is shown in
figure 4.7(c). High quality anaTogue switcﬁés (8 2 ON resistance)-are
used to disconnect the ampl1f1ers from the rest of the recordrng system
during the presence of a stimulus pulse. The switches are gated by a
swipchfcontrol pulse (see ty, figure 4.3(b)) obtained from the
timing circuit.
| A rectifier-averager is used to obtain ;n envelope of the EMG
activity (see section 4. 7) thch 1n turn 1S used to modulate the stimu-~
lator output. This is shown in figure 4. 7(d) and consists of an active
full-wave rectifier and a smoothing circuit whose RC time constant
(22KxC) determines the peridd over which the signal is averaged.

Electrode leads are kept short and all cables ysed are shielded
to prevent GOHi pickup. ~

Figure 4.15 shows the evoked muscle response to a train of
stimuTi‘recorded from the tibialis anterior muscle. The musé]e response
has been rectified and averaged with a time constant of 2.2mS.

Figure 4.16 is a s1mu1taneou; recording of evokéd ankle-angle,
and evoked EMG processed with _an RC time constant of 72.6mS. Figufe
4,17 s a simultaneous recording :of volitional ankle-angle and

volitional EMG processed with the same time constant of averaging. The

~ |
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10mS

Figure 4.15 Evoked response fram m. (tibialis anterior
. during stimulation (recfified and averaged
with 2.2 mS time-comwtant) _

.
r

L
.2‘"

Figure 4.16 Evoked angle- (top trace) and EMS from m.
tibialis anterior (bottom trace) records.
(EMG rectified and averaged with 72.6 mS
time-constant) : '
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“similarity between the Joint angle and éHG waveforms .led: the author to

.8

investigate the feasibi]ity of implementing an EMG-controlled

4.7

c1osed-‘l oop System.

4-Channe! Stimulator

-

A second stimulator was constructed with the foIlowing -

additions.

A

{i1)

(114)

For EMG control: (a) Two-evokeda signals can be record-
ed from each. stfmu1ated muscle group. These signa1s are
sumned: followdng rectification and averaging. Since EMG
signals. are‘istochastic, rectification prior .to addition
ensurés ‘that nd cancellation between portions of the two
signals wil occur.\

| - (b) Optic coup]ers isolate the battery-
powered recarding circuits from the rest of the e1ectrqn1cs
which 1is poweréd from the main-line supply ‘

(c) The faéi]ity to employ EMG control of

both the protagonist Snd antagonist muscle groups acting
about a joint is provided for.
For position control, protagonist-antagonist muscle groups
acting about two joints can be stimulated 1ndependent1y.
In genera] (a) PI-filters are included in the

circuit and can be switched in or out as required.

Y (b) Provision is made whereby the

" threshold stimulus can be switched in or out of the

circuit. When switched in, the threshold stimulus will be

present at all times. This enables the threshold levels to
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__/1.1"1 I\./\/ w

Figure 4.17 Voluntary angle, (top~trace),and EMG records, )
(bottom-trace). (EMG rectified and averaged with 72.6mS
time-constant). Tibialis. anterior muscle. N

1

be set during calibration. When switched out, the
threshold stimulus will appear " at the output of a

particular channel only when that channel is activated by

simulation is minimized. (see section 4.2.1).

Figure 4.18 shows the control panel of the 4-channe} stimulator.
Apbropriate connectors are provided for both on-line and off-1ine
controi of stimulation. The stimulator was constructed in a modular
form (figure 4.19) for easy access to effect repairs, and consists of
thfee plug-in boards. Figure 4,20 is a block diagram of the controller
and figures 4.21, 4.22, and 4.23 are circuit diagrams for each of the

modular hoards.

the controller. 'Thus fatigue of the muscle due to constant -

o r——

O
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4.8  Filter Comphrison

One of the objects ‘of this work 1s to determine the form of the

control EMG signal which w111 produce the greatest repeatab11ity between
volitional and evoked joint angles. Tp readily enable repeated experi-
ments, a means must be found whereby ihe same control EMG record can be
processed In different ways and a comparison be made between the eff-

fcacy of each processed EMG waveform when used to control stimulus

amplitude. * N
. \/ ‘
Various devices are available to store the volitional EMG and
j61nt angle data recorded simuItaneousTy'during a particular movement.
If a-computer is used, the sampled EMG data are then available for re-
peated processing and outputtianto the stimulators. The evoked joint

angle time-history {due to stimulation) can then be stored 'in the

computer during stimulation for later g&nparison with the previously

stored }011t10na1 Joint angle -data. Once the desired form of the pro-
‘Cessor has been determined, an equivalent analogue processor can then be
substituted to permit on-line 'contralatera]' control. _This section
presents a8 method whereby thé parameters of the analogue processor are

determined so that the two processors are as similar as possible.

4.8.1 Filter Forms | ’ ]

.The analogue rectifier-averager shown in figure 4.7(c) was .
chosen because of its easy 1mp1ement&tion. The digital processor em-
ployed is also simple to implement.. Rectification is achieved by taking
- the absolute value of the sampled EMG signal stored in the POP11/10

computer. Averaging is effected by shifting a boxcar window a1ong,phe

Ca e ey R b——
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length of the signal. A weight of one is given to each data point in
[ 3

“the, window. The point correspondi ng to the middle of the window is re-

placed by the average value _of all points in the window and. stored in a

different buffer to the one containing the original data. Changing the

length of the window is analagous to changing the timg;ggnstant of the

analogue averagér.

4.8.2 . Mdthod of Equivalencing , o
) An analytic method of equivalencing the two filters was first
attempted. ' |

Lt

» » ", 7.-'.
Consider a moving average boxcar window: "

’
*1

-M At M

The winddw averages over (2M+1) points. The mean value of- the

i th point is given by: . S

B
which yields the following transfer function in the frequency

domain (Enochson aﬁd Otnes, 1968): -



X e B

///,%(ﬂ-sm[mmnmtf

m+l) nA ‘
or .
Hy (W) = sin w Tp/2 i, (1) »
w‘TDIZ : . .

where: TD

. At

= window length

(2M+1LM . =

sampling inc rement

frequency of sam;il ing

w/2w

° Consider the equi'valent circuit of the. analogue averager:

B

R
— NN
vI ’ ' j)::C
_ &

VO - 1 so that
Vi JWRC* T
Hy (W) = 1 .
- (lc2RdyE T
= 1 ':- '

T T G -2

('l+w2TA2) ==

“

-y = ey
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To minimize the differences between the two transfer functions,

‘the sﬁuare of the difference between equations (1) and (2} is minimized

as follows:

- ' -
Let k = TD/ZTA
HD(N, ‘= sin (WkTA)

wkTA _ -

The expreésion to be minimized becomes:

E(w) = DIy (w12 - Hy(w) 272 :

Jdoy - sindwTy)
1+w2TA2 ) (wkTA)é

By specifying TA {or -TD) and  varying k, E(")MIN'
the minimum squared error can be found by summing the coefficients of -
E(w) over the frequency range of interest. Figure 4.24 shows the
_squared‘ error for a fixed window of TD = 100 "p1otted against
frequency for a range of RC time constants. Immaterial of the value at
‘whichA Ty lor-Ty) s fixed, the minimum squared error yields a
value of TD/TA = 2.33 for all cases.

§uperimposed on fiéure 4.24 is the frequency spectrum of a
rectified EMG signal recorded from the tibialis anterior muscle. The
phasic movement during which the EMG was recorded .is reflected by the
large ]qw—frequency component'of the spectrum.and is p}esent due to the

Q . .
prior rectification of the EMG signal. This is analogous to the

retrieval of a low frequency modulating signal from a high ffequency
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carrier. From figure 4.24 it is appareﬁirtha;fminimizing ™) is not a
sufficient criterion for equivéfentihg the two filters since both the
error difference-anﬁ ‘the EMG signal are frequency dependent. Thus a
method 1s needed yﬁ?reby the influence of each filter on a particular
EMG signal .can be meésured. The variance ratio of section 3.2 lends
itself to this application. A figure of merit caﬁ'Se éiven to the -
repeatability between the two output wavefofﬁs reéuffing from the
operation of the two filters on the EMG signal for dif%&ﬁent filter time
constants. The method adopted was: -
* (i) A specific T, was chosen
.+ {ii) The two output waveforms are obtained by convolving the
input EMG waveform with the transfer function of each fil-
ter. In the frequency domain this is achieved by multi-
plying the frequency spectrum of the EMG signal with'the
frequency transfer functions of the filters. This process
was repeated for a range_of different k's (i.e, .
Tp's).
{ii1) For each value of k, the convolved signals were then com-
pared to each other using thé variance ratio. The value of
k that produced the minimum variance ratio for a-particular
TA thus indicates the optimum equivalencing of the two
filters for the particular EMG signal being considered..
Figure 4.25 shows the outputs of the filters forrsuch a case.
Optimal filter time-constants for various input signals are shown in
Table 4.1. Usin§ this method it is now also possib]é‘tn compare results

obtained using either filter.
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The design of a two-channel stimulator for effecting
joint-position control has been pFésented. Also given were the

rationale and experimental corroboration for the need to include the

following features into a 47chanﬁe1 stimulator:

(1) An offset between stimulus pulses applied to the

protagonist-antagonist muscle groups acting about a Jo1nt.

l — T 7

{ EMG } TD(MS) ¥ TA(HS) ETD/TA

I [ ‘ T - ]

IVOLITIONAL | 100 | 37 | 2.70

{TIB. ANT. | 200 I 65 | 3.08

| {1 300 | 106 | 2.83

- | [ e S

[YOLITIONAL | 200 | "y 67 | 2.99

|GASTROC. | . 300 i ~ 110 P 2.73

l I 1 i

| EVOKED 1 100 . } 46 b, 2.17

|TIB. ANT. | 200 ] 106 i 1.89 ¢
o [ 300 | 170 | 1,76

Table 4.1: Uptimal TiTter time-constants for various MG Tnput

"signals
4.9 Conclusions

(1i) Inclusion of a PI filter in the forward path of the control

Toop.

{(ii1) An analogue switch to eliminate stimulus artifact from

. recorded evoked EMG.

{iv) Circuitry whereby multiple sources of recorded EMG can be

combined.

A method has also been presented whereby a comparison can be

made between the effects of a digital and analogue filter operating on

the same EMG signals.

N



. . ) . . ﬁ‘

-

SUOLIOUNS JBSSURLT UBT[EJ OMJ. BU) UM UoLIn|gauod s3y pue |eubis 9y3 pajji3oe4 0 WNU3oads Aduanbauy Gz aunbyy

. | W L
e ~ (ZH)AN3N03YS o
og oy et 8z - o1 e
. i . |
ds0 ¥31714
WLIDIA,
k . /0 ¥31714.3¥
. o .., ) | B | ﬁ.qu
2 -5
. | s ‘ SLINN
, _ Avul8yv
. . ) | . L GL° -
2£=34
E - SHe@I=MOGHIM
. 8431714 » | ST
HLIM TWNBIS 9M3 | :

40 NOI1AT0NKO0D



CHAPTER 5

EMG CONTROL OF JCINT POSITION

'_ 5.1 Introduction A

The feésibi'li_t_y of using EMG signals in the .contr'61 of an FES"
2rthosis' depends in part upon the’ ability to ascertain for a given -

[ad

| processor: - -

‘(1) The form of the EMG control signal that will produce the
greatest repeatability 'betwee'[r the evoked Joint-angle' and
the confrol joini‘.-ang]e time—histo;ies.

Gi) Whether a high correlation exists between the processed
forms of the volitional control EMG signals and the re-
sulting evoked EMG signals.' The estab1i$hment of such a
re]dﬁonship will suggest. that Ehe implementation of an
adaptive EMG control system emp]dying feedback from the
stimti.}ated musc?e is plausible.

L(111) h‘heth.er (since it is joint __position that is ultimately
being controlled) the angular t‘ime-hilstory of the joint is
contai-ned in the processed EMG signal recorded from the
_prime .'move-r_ during a parti;:u'tar movement, whether it is

artificially stimulated or not.

]

o

86
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Al

(V) Whether, 1f (11) and (111) above are established, tne

inclusion of‘ feedback quantitatively improves . the .
A fepeatebi]iﬁy between the evoked and  volitional Joint
ang]es. _ a | ‘
" The first -part. of this chapter describes the experimental
approach and procedures adopted. The.following sections ‘deal with open-
1o0p the control of joint position and {ts ramifications. The last part
of the chapter presents the results obtained when feedback from the
stimuTated muscle group 1is incorporated into the control system.
Separate experiments are described " for control of both plantarflexion
-and dorsierxlon of the ‘ankle JO1nt. The variance ratio of section 3.2
1s used- as the figure of merit in quantifying results. -

The experiments to be described and their results apply to norm-"
al subjeetslonly. Permission had been granted to hse volunteer hemji-
plegic subjects since some of the practical prob]ems‘involved in the de-
sign of such systems will only become apparent when the systems are
tested and evaluated-on the group o% people they are ultimately. meant to
serve. However, the experiments performed bere required the subject to
be seated. Most hemiplegics have the ability "to volitionally dorsiflect
in this position eut are unable to do so when dorsiflexion becomes part
of an overall act such as during walking. Those patients who cannot
dorsiflect while seated are dncapacj;ated to a far greater degree than
those who can. Because the adjustments to be made by these patients to
their post-stroke situation are more traumatic they were found to be

extremely re]uctant to participate in a project where no guarantee -could

be given thf\heir condition would improve as a result of their

Ny



-al, 1967). Stimu?us parameters shou]d ‘therefore remain ¢ nt
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participation. No significant difference exists between the ability to
stimulate muscle paralyzed due to an upper motor neuron lesion (1f

muscle tone has been maintained), and unparalyzed uuécle (Vodovn'k et

possible differences betng. in the thresho]d level and the absolute
values of stimulus intensity. For these reasons, the results obtained
from the experiments to be described should apply tn’the paralyzed

patient as well.

5,2 Open-Loop EMG Control: System Description

Figure 5.1 1sra block diagram of the system arrangement where
LEG1 contains previously recorded computer-stored outputs, EMG (t),
and ¢ (t) the volitional EMG and Joint angle data respective]y.
LEGZ represents the ankle joint and the muscles acting about it that are
to be stimulated. §,(t} and EMGZ(t) are the evoked joint
position and EMG time-histories respectively, resulting from
stimulation. For open-l1oop EMG control of joint position (solid lines
in figure 5.1), the joint ang]es. 8,{t) and 0,{t) are used to
calibrate the system. In this mode, EMGl(t) is used to modulate
stimulus intensity. The controller (CONT.) is described in detail in
Chapter 4. It supplies the threshold ;timuTus level to the muscle group

being stimulated, and containg gain amp]ffiers and a2 modulator. The

AN

-

stimulator (STIM.) transforms the output voltages of the controller into

& constant current source and ensures isclation of the subject from the

110Y mains supply ground.
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5.2.1 Recording of Control S¥gnals

All experiments were performed on the ankIe Joint. Figure S. 2
shows the position of the subject dur1ng Tecording of the contro]

signals and stimulation. The subject was seated and. the 11mb of concern

allowed to hang freely.
) To‘obtain exactly repeatable: records of‘the control's&gnals
(o,(t) was also used for this purpose.  See Chapter 6), recording .
electrodes were placed on the muscles of concern (section 5.2.2) and an
e?ectrogoniometer (section 4. 4) was attached about the ankle Joint. The:
Joint was then vo]itionally moved and the resulting analogue signals,

EMGlft) and 1(t). :Ere sampled digitized, and stored in a

"PDP11/10 computer. A sampling frequency of 1KHz was used as this is

well above the nomina] 250 Hz bandwidth of surface-redorded EMG signals
(Hershler and Milner, 1977). To validate the assumption that a 1KHz.
samp1ing.frequency is’ sufficient to prevent aljasing, EMG was recorded
at a rate  of 2 KHz from the tibialis anter1or muscle during phaswc
volitional movements of the foot. Figure 5.3 {s a display of the

frequency _Spectrum of the. recorded signal. No visible_ f equencies

~ appear above 400 Hz. There was thus no need to band-Timit the EMG

signal by means of filters prior to data acquisition.

A+
5.2.2° Placement of Electrodes

Electrode sites for recording volitional and evoked EMQ\Qata
were kept the same throughout all experiments by marking their positions
on the skin of the subject. For the dorsiflexors, one set of recording

electrodes was placed on the tibialis anterior muscle close to where the




G

Figure 5.2 _Position of subject during experiments
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muscle runs fnto the-distal tendon. For the plantarfiexors, when only

one pair of electrodes was placed between the heads of the gastrocnemius"

musc]e, the processed EMG signal. d1d not reflect the phases of the move-

 ments performed, and so proved to be a poor controller of ankle-joint

position. Satisfactory control resulted from p]ac1ng one set of record-

ing e]ectrodes on each head of the gastrocnem1ous muscle, the resultant

-EHG s1gnals being fed into a summing amplif1er shown in figure 4.7{c).

Stimu]at1on e1ectrodes (see sections 2.5 and 4.3} were position-
ed as follows:
(1) An inactive electrode of area 40cm® was placed on the
di;ta1 anterior part of the lower leg s0 as not to impede
~ movement of the ankle joint,
(i1} A search electrode was used to locate the positions where
minimum stimulation produced dorsiflexion or plantarflexion
without the occurrence of inversion or eversion.
(iii) For dorsiflggion an electrode of area 14.5 cm2 was
" placed over the motor point which- was found to be a third
of the. Iength of the muscle measured from the proximal to

the distal end. '

(iv} For plantarfiexion, an elaotrode of area 6. 45 cm2 was
p]aced between' the two heads of the gastrocnem1us so0 that

both contracted on st1mu1at1on.

Lot Lo

I
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'5.2.3  Number of Repetitions of Each Experiment

Each set of experiments had to be completed in a single session
so that electrode positions and e1ectrogon10meter orientation remained
the same. This allowed for comparison of results within each set of
~ experiments. For example, an exper1ment. to measure the efficacy of
- open-loop EMG control of - dorsiflexion required 6 distinct experiments
{in a set), each one employing a dif%erent Eime-éonstant of averaging
for processing the_EHG control signal. Recalibration of fhe system was
required each time the window length was changed. - The length of the
experimental session therefore had to be minimized to prevent the
subject from fatlgu1ng and thus affect1ng the results of the
experiments. This problem was compounded when feedback expePiments were
. performed since the calibration procedure had to be repeated for eéch
changé inlg;;cessor time-constants for both the volitional .and evoked

EMG signals.

It was therefore decided to limit the number of times an experi-

ment was repeated to five. - <\_\%ﬂ‘,,/f

5.2.4 ' Experimental Procedure

' After| the electrbdes_haé,been applied, the seated subject allow-
ed his fqot to hang freé]y, the ankle angle being about 105° with re-
spect to the vertical. This position was taken as the ‘zefb' reference
position. Figure 5.4 shows the stimulating and retording electrodes and
the electrogoniometer atfached to the legq.

The dafgystored in the computer was used as follows:

[\
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(1)

{ii1)

(iv)
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EMGI(t) was first rectified and then smoothed with a
boxcar window of specified length.

Both channels of data, EMGi(t) and el(t), were

read out of the computer via a.digital-to-analogue (D/A)

converter. Irresbective of window‘1ength, the EMG control
signal was always adjusted to habe the same peak amplitude..

This simplified the’ calibration procedure -for open-1o0p

control since, irrespective of window length, the input

caTibrafion had to be set only inﬁtial]j.
The processed EMG gjgna] was used to control sStimulation,

and the angle signals, el(t) and ez(t).' were used

for calibration purposes.  For open-loop control this meant

adjpstihg the gain of the stimulu; until maximum evoked
Joint angle, 52, was equal to thg maximum of the
Fecorded volitional joint ang]e,_@l. -
After calibration was completed, evoked EMG and angle data,
EMGZ(t)_ and ﬁz{t), were read into the computer

simultaneous with stimulation via anaiogue—to-djgital (A/D)

converters. The start of the process was initiated by

means of a manual switch which triggered both the D/A and
A/D to outﬁut and acquireldata respectively. Each run was
repeated a number of times  for the same time-constant of
averaging of the:EMG processor. The acduired data were

written into files, each file 'containing the volitional

signal and the evoked signals for EMG and angle

separately.

-
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Figure 5.3 Recording and stimulating electrodes
and £G 2ttached tg leg
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Each experiment lasted for 2 seconds and was repeated 5 times

for each windou of averaging. e

— -

‘Figure 5.5 shows the calibration of the electrogoniometer
output where 1 inch = 37.8 degrees. The potentiometer of the electro-
goniometer is linear to within 1% of its nominal value.

Figure 5.6 shows the volitional angle and rectified EMG records,-
8, (t) and EMG, (t), used for cdntrol‘ling stimulation or for
analytical purposes. Frdn figure 5.6, maximum joi'nt angle variation

during dorsiflexion was 33.06°, and during plantarflexion, 15.83°.

T U I L S \-—'}‘ -

Figure 5.5 Calibration of Electrogoniometer

A deficiency in the e‘lectrogohiometer; measuring system became apparant
at smoo_thfng windows of 50mS and below. Stimulation caused unpleasant
prickling sensations and .the foot trembled or oscillated. The electro-
- goniometer was not sensitive to these osc.fiI]ations as demonstrated by
the author when voluntarily causing the foot to tremble, and h_ence
fhese oscillations are not reflected in the results. It is possible

that the inertia of the goniometer plus movements of its attachments
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relative to the foot absorb high-frequency, low-_amplitdée variations. -

5.2.5 Oﬁen-loop EMG Control: Results

'To compare the repeatability between volitional _and evoked

ankle-joint ang]és. ,'fél(t)a and ezft)'. the mean value of each

signal was subtracted from each data point within that signal. This

-avoided having to set the potentiometers of the electrogoniometers to

iderical positions. To' align the two signals with respect to each
other Jn time, a tolerance level was set which the signals had to

excegd. A1l data points preceding the data point equal to the tolerance

levgl were eliminated. Thus any del ays which occurred between recording

onset of volitional joint angle and the onset of the evoked response are
eliminated. The numbers of sampled data points in the two records were
equalized by adding a string of zeros to the end of each record. The
variance ratio of section 3.2 was then invoked to compare Bltt)
i 8

wi Fh 2(t:).

Graphs 5.1 and 5.2 are plots of the variance ratio .for all

points in each stimulation of the dorsiflexors and plantarflexors

o)

respec{tivel_y, as a function of the control EMG processor window length.
The standard deviations are répresented by bars ab.o‘ve and below the
means for each window length. First and second order polynomial re-
gression curves were estimated from the experimental data. The data
points were weighted by incorporating the sample variances when
calculating the least-squares estimaﬁes. of the po'lynom'iél constant-.s.
The data were best fifted by_the second qgier poiynomial as determined

by the. sum of squared errors normalized by the numbder of degrees of

A
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freedom. Confidence lihits for the window length at -which the variance
ra£io is a minimum were computed at a significance level of ;bs. " The
' derjxat?on of the equation is presented in Appendix B. The experimental

data are t6 be found in Table 5.1. The windows yielding minimum

variance ratios are 98.2 + 5.01 mS for dorsiflexion, and 57.06 + 5.16 mS

for plantarflexion. As noted in section 5.2.2, the calculated window ‘

tength of about 57 mS for plantarflexion may not be optimal due to the-

failure of the electrogoniometer to register the rapid oscillations
which occurred at shorter window lengths.

In dorsiflexion, the error between evoked and volitional angles

is mainly due to the rapidity with which the foot dropped during fhe

volitional movement. This is iliustrated in figure-5.7 (a). A maximum
error of 14.18° or 40Q.4% of the total angle variation dﬁring
dorsif]exion.accufﬁgd.

The prihary source of error during stimulation to effect
plantarflexion is the time ;aken for the foot to reach its equilibrium
position at the end of stimulation. - The evoked angle reaches ;his
position about 100 mS after the Qo1itiona]_angle‘(Figure S.S(a)). A

maximum error of 5.43° ‘or 34.3% of the total angle variation during

plantarflexion occurred. The smaller error obtained here may be die 0.

the composite EMG control signal used (see section 9.2.2) being more

representative of the muscular activity eas compared with dorsif]exioq

where only one set of recording electrodes was used.
One can also speculate that the larger time-constant of averag-
ing needed to process the -control IMG recorded from the dorsifiexors is

cue to. the manner in which the EMG signals were obtained. Surming the

L4,
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activity recorded from t'wo sets of 'électrodes.

u
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p1antarf1exion And then rectifying the composite EMG signal,

in a smoothing effect due to cancellation of 1nd1vfdua1
act‘lvity of opposite polarity in the: two records.
ability to rectify each MG signan prior to sumat'lon.

{a)

(b)

1ncorporated into the 4-channe1 stimulator of section 4.7.:
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5.2.6 Comparison of Control and Evoked EMG Waveforms

During the experiments described in secfion 5.2.4, the-evoked
EMG singals, EMGz(t). were also digitized and. stored in the com-
puter.durﬁng stimulation, These signals were later used t5 determine
the degree - of repeataﬁj]ity between them and the contro1'ENG'proces§ed

with the same window used during stimulation %o .collect each evoked EMG
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rec;Fd. Each evoked EMG record was processed withba range of windows
and the variance ratio of section 3.2 was used to.cdmpare edch pair of
p%ocg%sed contrd1 and evoked EMG signals. The existence of »é _high
degree of repeatability between the two signa]s‘ for particular time
constants of averaging'as reflected by the variance ratio will imply
that the . incorporation of feedback ~from the stimulated muscle in /an
EMG-control]ed FES orth051s is: p1aus1ble.

Graphs 5.3 and 5.4 show the plotted results for stimuIation«of
the dorsiflexors and p]antarflexors respect1ve1y. ~The curves have beeq\x
drawn through the means of the data points, and 1nd1cate that a range of
processing windows ex1st over'wh1ch the two waveforms are highly corr-
elated. For example, from graph 5.3 it can be seen that choosing a
wfndow length of 200.mS instead of 300 mS for the control EMG changes
the variance ratio by about 0.01 so that window lengths of 200 mS for
the four signals may provide satisfactory control. There are therefore
three factors which can affect the final choice of the processor time
constants. They are: _

(1) 'Thé form of the control EMG when used in a fefdback system

that will produce the greatest repeatability/between evoked
and volitional joint angles, Bz(t) and 9‘ t

(11) The forms of the control and evoked EMG

"EMGl(t) and EﬁGz(t) that will result in

greatest similarity between these two waveforms.
'kiii) The form of the evoked EMG, EMG,(t), wﬁen used in

an EMG feedback control system that thT procduce the

greatest repeatadility between volitional and evoked joint
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angles, 8,(t) and 8,(t). ’
- The exper*imen:ts incorborat‘lng EMG feedback control are described -~

in section 5.3,

VARIANCE RATIO vs WINDOW LENGTH

TR Open loop EMG control
o Righit Tibialis Anterior

Conﬁparison between
control & evoked EMGSs

Evoked EMG
Window(mS):
-2

©20-

450

-:-100

Q200

% 300

L0

£500

CONTROL EMG WINDOW(mS)

Graph 5.3 Comparison between voHtiona'l_
EMG and evoked EMG (dorsiflexion)
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VARIANCE RATIO
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2mS
. WINDOW LENGTH

Open loop EMG control
. Right Gastrocnemius

AL S

' E MG
+/+20mS win etngEength ‘

"T0 900 200 300
CONTROL EMG WINDOW LENGTH(mMS)

Graph 5.4 "~ Comparison between volitional EMG and
evoked EMG (plantarflexion)
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5.2.7 Rélationship Between doint-Anp]e Varfations and EMG Waveforms

o Radonaic and Long™ (1970) (see section 3.1.8) ascr1be the fact
thet vo]untary contr01 is the control of position and npot of muscle ten- -
sion to uh1ch Euﬁ is re1ated to one of the reasons why difflculties are
_encountered when myoelectr1o;contr01 s used. As noted in section 4.6,

a def1n1te similarity extsts between Jo1nt-ang1e time histories and -
_their correspond1ng EMG envelopes. These tuo facts Just1f1ed examining
whether 1ndeed positlon 1nfonnation s contained in concomitant. EMG 519-
nals. Also of interest, then mH be- the comparison between the forms
af the processed EMG signatls (in’ tenns of the timeiconstant of averag1ng
used) that produce the greatest repeatab111ty between volitional and
_evoked joint angles, and the form of the processed EMG s1gna15 that con-
ta1n the greatest amount of Joant-angie 1nformat1on. Again; the variance
ratio of section 3 2 was used as a means of quant1fy1ng the results.
The s1gnals shown in fxgure 5.6 were used in the comparison be—

tween volitional ang]e and. EMG traJector1es. The EMG signa]s were pro-

' _cessed with a range of unndow lengths ahd each resultant waveform was

compared to its COrrespondxng Joint ang]e trajectory us1ng the varuance'_~
ratio. Sanar]y5 for the comparison between evoked EMG and ang]e wave-
forms, the evoked ‘signals EMG,(t) - and 9,(t)  resulting from
stimulation with e control EMC.window length of 100 mS, were used. The -
results are shown in graphs 5.5 and 5.6 for dorsiflexion and -plantar-
flexion respectively. The variance ratio is a minimum at hnndow lengths
of 250 mS and 100 mS for the vol1t1ona] case, and for the evoked case a
window lengths of,?OO mS and 270 mS for dorsiflexion and plantarflexion

: < N :

»

‘respectively. _ - .
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Coﬁparing the form of EHGl(t) that produces the greatest
fépéatabi]ity between él(t) and ‘62(t) during‘ stimulation with
Vthe' qum, gf . EMGl(t)‘ that éontains the greatest amount of _
information on el(t). the window 1eng§hs in the latter case aré.,_l
ébout t:lfe those in the former case;- 'This implies some form of
filtering be;w?en the 'input, EHGl(t) when used to modulate stimulus “.:
intensity, and the resultant evoked joint angle, ez(t). As can bet'f
 seen from figure 5.6, the electrical activity of the,musclé preceeds the
mechanical movement of the joint. Thus the fi]iering action most
probably fs due to the mechanical properties of the muscle and the
inertia of the limb. |
i Examples of thg processed EMG and angle wavefo for dorsi-
flexion .are shﬁwn- in: figure '5.9. Note the similarity between these
waQefbcms. Thus the plausibility 6f employing processed EMG in. the
coﬁtroT of ‘an FES ofthosis has been demonstrated. As noted in section
SgZ.G,nthe final forms of the EMG waveforms must depend upon the -per-

* formance of the systeh when feedback control is incorpprated.

5.3 EMG Feedback Control of Ank]e—Joint Posit{on

The incorporation of feedback is represented by the da§hed lines
of figure <§51; EMGl(t) and el(t) were again read out of the
comﬁuter via the D/A, EMGl(t) .having the same peak amplitude
irreséective of w{ndow length. EMGZ(t), ﬁhe evoked EMG due.‘to
stimulation, was processed by the analogue rectifier-averager of section
4.5. ;Cgﬁibration consisted of ensuring thati both EMGl(t) and

EMB,(t) were equal in amplitude, as well as el{t) and
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ez(t). Thus calibration was achieved By sequentially and repeat-
edly adjusting the feedback signal calibration control, the level shift

and the -gain control, and had to be.repeated for each change in window

e

length or RC tihe—constant.
Boxcar window lengths of 50, 100, 200 and 300 mS were ﬁsed'oﬂ
EMG, (t) for each RC time-constant. The RC time-constants used.wére
24.2, 48.4 and 72.6 mS. For both plantarflexion and dorsiflexion, the
72.6-m5 time-constant yielded the most efficacioqs control. Graphs 5.7
aﬁd 5.8 show the. estimated regression curves of the variaﬁce ratié-ag a
function of the control EMG processor window length for both the open-
loop case and . feedback resu?tiné from fﬁe'72.6 mS RC time—conﬁtant of

processing for EMG,{t).  (See Appendix B8).  The windows yielding

minimum variancéAratios, in the case of feedback, are 125.27 if9.37 mS

for dorsifiexion, and 74.95 + .5 mS for plantarflexion at a

significance level of .0S.

5.3.1 Comparison between Open-Loop and Feedback EMG Control of

Joint Pasition

- Table 5.1 contains the experimental data resultfng from the
open-loop and feedLack experiments. An ana]ysié'of yariancé“was per-
formed (Winkler and Hayes, ISKEETEB ascertain whethef the choice of the
processor time-constant and open~lgop or feedback control affects the
correlation between the volitional and evoked joint angles (i.e. the
variance ratio}. For both plantarflexion and dorsiflexion, the choice

of the processor time-constant significantly.affects the variance ratio

. far beyond the .01 level. However, the choice of open-loop or feedback
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" control is only significant { <0l) in the case of plantarflexion. A
possible exp]anat1on for this can be obta1ned by examining graphs 5. 7
and 5.8. Over the 50 mS to 300 mS range of window 1engths the open-

loop and feedback curves for plantarflexion are distinctly separate "In

the case of dorsiflexion, the two curves intersect. Since ana]yéis of -

variance does not distinguish between different parts of the curves, the

obtained result -is expected. However, in the region of the window

lengths where the variance ratio is a minimum, the variance ratio for

feedback control is significantly different from the variance ratio for

: open—1oop control _

| Figures 5 ?[b) and 5 8(b) are examp]es of the evoked ang]es
obta1ned the vo]1t1ona1 angles, and the1r di fferences for dorsiflexion
and p]antarfiex1on respect:vely. The maximum differences between

e, (t) and e,(t) .are 3,7° during dorsiflexion, and 3.07°° during

plantarfiexion. The effect of feedback control is most striking in the

. case of dorsiflexion where the max1mum difference between 8 (t) and

(t) has been decreased by over 70% when Compared with open-loop
control. A decrease in error of about 40% was achieved in the case of
plantarflexion. In both cases, the stimulated foot feached its equili-
brium position.mere rapidly when feedback was included. Thus the effect
of feedback has been to deerease the response time of the system.

The increase fn window lengths needed to process EMGI(;)
when feedback was included is expected since, from section 5;2.4, the
veIitipnal EMG window lenigths needed to produce the greatesf repeatabi-
lity between EMGl(t) and EMGZ(t) are much larger - than those

required to produce‘ the greatest _repéhtabilfty between -6 1(t)

A7
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DORSIFLEXION
. "WINDOW
MODE | - 20 50 | 108 | 200 | 300
O/L .0679 | .0914 _f_.os42 .0347 |.1535 -
.0357° |.0155 [.0177 |.0332 | .0815
.0353 |.0160 |.0600 |.0722 |.0720
.0653 [.0252 |.0409 |.0491 |.177
0298 031¢ 0484 Q823 1604
F/B comi7 (L0108 037|139 |
0704 |04 |.0622 |.o788 |
0368 |.0216 |.0351 |.1109 |
.0550 [.0191 |.0550 |.1469
_1.0555 |.0gg2 | 035 |.1332 ‘
PLANTARFLEXION -~ - . 1
DS “WINDOW . |
MODE | 2 | 20 ] s0o | 100 | o | x00 | 400
O/L |.06s5 |.0202 |.0598 |.0980 |.1403 |.128% | .1861
- |.0657 |.0330 |.0299 |.0525 |.0698 L1060 | 1448
.0433 | .0769 0182 . .0552 | .0781 . 1.1035 |.1430
1071 |.0949 | .0298 | .0547 - |.0638 |.0712 | .1406
0535 | 0709 [.0%a0 | 0601 ! .0g22" | .osos | .1227 |
/8 | 1.0825 | .0385 |.0881 | .0946 '
i 0610 .0303 {.0813 | .o7e2
<0225 | .0312 | .0880 | .0765"
.0362 | .0283 |.0456 | .0758 |
1.0321 .0253 _1.050¢ ! .07s8

Table 5.1 Variance ratio;.; for EMG control of the ankle joint
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and ez(t) during open-loop EMG control. Only‘ part of this -
difference between the latter two cases can be accounted for by the
filtering effect that occurs between translating the electrical input
into a mechanical output as discussed in section 5.2.7. Thus the values
of time .consténts of processing ‘obtained for the case of feeaback

-control are reasonable.

5.4 Conclusions , _

The author has demonstrated the feasibility of including EMG
feedback, from the muscles befng stimulated, into an EMG System for
controlling joint position. In so deing, it has been demcnstra%ed that
the temporal angulaf variations of the joint position are largely
contained within the EMG signals recorded from the prime movers during
specific movements. (Naumann and Mjlnér, 1978a). . This result is
Signiffcant in'thap, while a linear relationship has beén‘established
betwegn p}ocessed EMG . and 'force ' durfng isometric or isktonic
contractions, (Ralston, 1961), this is the firﬁt time that suth a
feiatidnship has been éétab1ished between processed EMG and- Joint
. pesition for movements thét are not necessarily 1sotonic. Practical
values of RC time-constants for averaging thé EMG signals are about 37

mS for the contrel EMG signals, and 73 mS for evoked EMG signals.



CHAPTER 6
POSTION CONTROL OF JOINT ANGLE

Open—ioop and _feedback experiments te control ankle joint
position are described in this chapter. Similarly to Crapter 5 where
open-loop and feedbeck EMG control of stimelation were compared, the
variance ratie of section 3.2 has been invoked to assess the e%fiqacy:of
different positibn controi modes. The same angu]ar t1me-h1stor1es used
in Chapter 5 to determ1ne EMG processor t1ne-constants and the’ eff1cacy
‘of EMG open-loop and feedback control, were used here: so that

comparisions between EMG and position control could be mades

[o2)
L d
-

Experimental Procedure

Figure 6.1 is a block diagram of the experimental control svstem
where LEG] contains the prerecorded computer stored vol1e1ona] Joint
angle t:me-hxstories, el(t), shown in figure 5.6. Prior to
outputtihg from the computer, the first time-boint of el(t) was
assigned zero value. The level of the remeinder of the signal was
edjusted by adding or Subtracting (depending on whe her the first
time-point was negative or positive) the absolute value of the ?irst -
time-point to or from all the o;her data points. . &5 is.the angle
of the joint LEG2, to be stimulated and is medsured by means qf an
electrogcniometer. Initié]?y &y Was sel by aldowing the foot 0

- 126
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hang freely as .shown in figure 5.2. With e1 set to zero, the
1eve1 shift (section 4.2)- was adjusted so that any DC voltage resulting
frum the potentiometer of- the e]ectrogon1ometer not bewng set to zero

res1stance was compensated for. The‘contro}ler then ensured that during

stimulation a positive 'difference ‘between 3 (t) and 8,5(t)

resulted in stimulation of the dors1f]exors of LEG2 whereas a negative
difference resulted in stumu]at1on of  the pTantarf]exors. Simul taneocus
with stimulation,’ sz(t) was dug1t1-ed and stored in the computer

for later ana]ysis.

»*

v
-

6.2  Experimental Descriptioh‘

‘Four types of experiments were performed for both dorsiflexion
and p]an;arf]e;ion of the ankle joint. Open-loop. and feedback positon
control experiments, by stimu1etfng only one muscle group, were per-
formed so tdet the efficacy of EMG control (Chapter 5} could be compared

- to thetrof cositien ;ontrql. Thus the ekperiments performed were (refer

1

to figure 6.1) : : ' \“M“\D
| (1) Open loop control of one ‘muscle group only (1. e. .zlc]
not fed to the surming point and eI:her dorsiflexors or
_ plantarflexors stimulated, dot?ﬁ)th}.
(11} Feedback to the protagonist { ¢,(t) now fed to the
suming point but only one‘muste group stimulated).

(ii1) Feedback o, and stimulation of, both dorsifiexors and

plantarflexors.

Ty
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kie) As‘ie (iii) but with the PI-filter of section 4.5 included
in the control circuit.

Ca11brat1on consisted of ensur1ng that 51, the maximum of
the control ang]e was equal to 82, the maximum of the evoked Joint
angle. Prior to performing the two experiments where both plantar-
flexors and eorsif]exors were stimulated, calibration was performed for.

both directions of movement._ |

Each experiment Qes repeated 5§ times.  The stored evokd
Joint-angle time-history, - ea(t) was then manipu]ated in the same

manner as el(t) by assigning the first data-point zero value and.

adjusting the levels of .the subsequent data points accordingly.

6.3 Position Controlied Electrostimulation: Results

The means and standard deviations of the var{ance ratio for each
type of exper1ment are given in Table 6.1 together with the maximum
d1fference (in degrees) between the control and evoked ankle joint
time-histories. Examples of the waveforms obtained are shown in figures

. t * - - -
6.2 and 6.3 for stimulation to effect dorsiflexion and plantarflexion

respective]y. :

" The insensitivity of open-]oop:positicn-control 15 evident fF
éigure'ﬁ 2(a), the evoked angle waveshape failing to reflect the smaller
var1at1ons present in the control signal. As in the case of open-loop
EMG control (section 5.2.5), the primary source of error during stimula-

tion to ‘effect dorsiflexion (figure 6.3(a)) was the time taken for the

~foot to reach its equilibrium position once stimulation was terminated. .
e
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For dorsifiexion, feedback td‘ thé protagonist - Eesu]fed in no
improvement in the repeatapility between ei(t)' angf -qz(t) as
ref]qcted'by the variance ratio. Also, the maximum_dfffe;énce between
6, and 8, increased from 8.9° (open-{oop case) to "13°, ~ The
reasons for this are apparent from the waveshapes of figure 6.2(b).
While the evokéd waveshape now reflected the variations in the control
signal more closely, the -foot reached its equilibrium postion more
rapid]y than the contrb] signal thus causing the large error difference
between the two angles. That this effect ;aﬁ as a result of active
stimulation can be seen from the absence of any‘p1antarf1g;ion of the
stimulated foot. Applying feedback- to the protagon{st- during
stimulation to effect plantarflexion resulted in a marked impereﬁeat as
reflected by both the variance ratio and visual 1inspection of the
waQefonns of figure 6.3(b). Here, the difference between the control
and evoked signals resulted from both a more rapid rate of movement of
the stimulated foot at the fnitiation, and a less rapid movement at the
terminatjon of'stihulation when compared with the time-history of the
contrql‘éignal. -The response time of the signal in this case had been
decreased when compared to that of tﬁe open-T1oop system.

Stimulation of both muscle groups together with feedback result-
ed in the system becoming uhstableﬁ and .oscillations occurred. This
_effect was more pronounced in the case of plantarflexion (figure
6.3(c}), thépexcursions due to oscillation being 1a}ger than the maximum

variation in the control signal.
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e MAXIMUM | VARIANCE RATIO
CONTROL | MUSCLE |EXPERIMENTAL| ANGULAR | {STANDARD
MODE | GROUP MODE  [DIFFERENCE| MEAN [DEVIATION |
(degrees) X o2
EMG | DORSI, 14.18 Dikk - D148
oL . A -
PLANT. 5.43 0663 0013
} o
DORSI. w02 D144 0049
' F/B FROM L _
PLANL.| PROTAG. - | 307 0292 0037
ANGLE | DORSL . 880 | pso1 . | g7
. o
- L ! '
PLANT, | 4.02 0348 0033
DORSI. | - . 13.00.- | 0809 |- 0138
| FBFROM i ' ‘
PLANT.  protac, i - 3.784 0240 0063
DORSL | B FROM | 2337 0359 o
- PROTAG. -
PLANT |& ANTAG. | 19.80 2194 0396
DORSL | 830 0291 {0040
FB WITH '
“PLANT.| PI-FILTER | 28! 010 0030

—

Table 6.1 Comparison .of Angle and EMG Control Modes
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Inélusion of the PI-filter when both, muscle groups were
st1mu1ated resulted 1n a more- stab]e system. From f1gure 6.2 it can be :
‘seen that p]antarflexton of the st1mu1ated foot ‘occurred fbr th1s nnde
of control only (f1gure 6.2(d)). " Figure 6.3(d)" illustrates  the
) effectiveness of the PIffi]Fér in damping any osci]]ations. '

y .

6.4 tomﬁarison of EMG and Position Control

~

Compar1sons between EMG-and position control efficacy can on1y
be made in the cases of open-loop control-and feedback to the stimulatéd
muscle group. " This ‘is because EMG-confro]Ied st1mu1at1on_ of the
dorsiflexors and plantarf]exors s1mu1tanebusly was not performed. :
Although EMG and pos1t10n control’ exper1ments“were performed on
different days, stimulating e]ectrode positions were kept constaht,-so-
xthat a gross comparison between the - two contro] modes is poss1b1e.

From table 6.1 #t can be seen that EMG-controI]ed st1mu1at1on
~ with: feedback to the protagon1st yielded values of the variance ratio
that are at 1east comparabie w1th those using position control. Thus
 EMG control is as efficacious as pos1t1on control for- the exper1menta1
configuration used. ‘

The following are possible advantages of ﬁbsiﬁion control over -
EMG control: n K - . é% |

(1) Less circuitry is'reqd?éed]since only -one control signal

and one feedback .signal are needed to control both" _

. dorsiflexion-and plantarflexion of the.ankle joint.
(ii) The input circuitry needed to process EMG signals is not

needed {Of the three plug;in boards of the 4-channel
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stimulator, one of these boards is dedicated to this

purpose). . :

(ii1) Calibrafiqn-is simpler since only manipulation of

the gain control is needed. For EMG caIibratioﬁ, the gain‘

‘cqptko1 is adjusted together with the input calibration

control and the level shift (see section’5.3).

Thus the greatest benefit to be reaped from position control is

the reduction in the amount . of circditky requirédf This makes for a

more compact device which is more portable and consumes less energy. .

Possible advantages of EMG control over position control are::

(i)

. (i)

(i)

'EMG control mimics in a gross fashion the desired.pro-

grammatic sequences and levels df activation required on-
the‘parglyzéd side. | ‘ ‘
Recording e]éctroées are less obtrusive than e]ectro-
goniometers. .Patient acceptance of the orthosis should
therefore be increased. ‘<
The absence of functiona] plantarflexion in stroke patienfs
oceurs infreéuently (Kralj et al, 1971). %APHpatieﬁts
where the absence of activé dorsiflexion is the only
prop}em, the EMG-controlled sysfem‘can be édapted to reduce

the amount of stimulation to the dorsifiexors in proportion

" to the level of EMG activity in the plantarflexors. This

should then mimic the process of reciprocal inhibition
(section 2.6) whereby the muscular contractions occur

without opposition.
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6.5 - Conc1 usions

A method has been described whereby the efficacy of d‘lfferent

pos1tion contro‘l modes can be assessed. The ab'Ith of the PI-fﬂter 1:0-
suppress oscillations arising from feedback control has been demonstra- :
- ted. For the experimentﬂ -confnguration used, it has been conc]uded
that EMG is as effective as jointf pbéitio;m.hhen ‘used o control join’t ‘
-angle. by means of electrical stimu1atioﬁ. Ad’vantageé and disadva'ntages..‘

of EMG and pos1tion control ‘when compared \dth ‘each_ other have been _'

discussed. The fma] choice of contro] mode uﬂi eventual‘ly depend upon

the results obtained from Tong-term assessments of the two systems.

v iy



N - CHAPTER 7
. ‘ .

... CONTRALATERAL CONTROL OF GAIT

-

7.1 . Introduction

‘ Th1s chapter descr1bes the deve]opment and 1mp1ementat10n of -an

adapt1ve program to contro] st1mu1at1on of para]yzed. muscles acting
-about the ankle’ 301nt ‘during wa]k1ng in a stra1ght 11ne by utilizing

signals recorded from the contralateral s1de.

The f1rst part of this chaptér consists of a limited 1ntro—

duct1on to some of the descrtptors of human ga1t. The concepts present-.

ed will be utilized in both the development of the contr01 program and -

the ana]ys1s of resu]ts following from 1mp1ementat1on of the program
The final section of th1s chapter is a summany of the work pre-
sented in this thesis and 1nc1udes recommendat1ons for future poss1b11-

T ities and d:rectlons‘to be taken in the field of e]ectrost1mu1at1on of

paralyzed muscle.

7.2 Human Gait

Human 1ocomot10n can be - def1ned as. the d15p1acement of tqg’body'

from one po1nt to another. This dwsp!acement is usua]ly accomplished by
'expend1ng tbe minimum amount of energy possible under the constraint
" that the gait is bipedal (Piezer et al, 1969). - Because of this bipe

ghatactéristic, movements of - body segments occur in-all planes. The

137
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electrogoniometers (sectfon §t4):used heére to measure joint'vafiations
can only do so in the sagittal plane. However, the greatest dis- -
b]acements of the leg- segments occuriin'the plane of progression i.e.’
the sagittal p]ané.i“~-Thqs only movements - in this plane ' will_ be
considered.

7.2.1 . The Gait Cytie

The gait cycle includes all events occurr1ng from the moment one
heel strxkes the ground until the same heel contacts again. ' The gait
_'cyc1e cons1sts of two phases the stance phase ‘in which fhe leg
receives support from the.ground. and the-sﬁiné phase‘in'which_the leg
_ swﬁngé forward.. The thnce phase is further suﬁdfvided”as follows:
| o (1) Hee1;strike THS)-which indicates the start of the'étance

AHhase (ST). |
(i) Foot-flat (HT) where both the heel and toes are in contact d_\ﬂ
© with ﬁhe ground. |
(i) Toe-only (T0) where the.hee1 is now no 1onger in contact-
“with the ground. . | | .
{ivj Toe—off (SW), the initiation of the swing phase. : ‘ "
x The ga1t cyc]e can be represented d1agramnat1ca11y by -arbitrar-
ily a§s1gn1ng different constants to each subd;vns1on of the gait cycle.

- This is depicted in figure 7.1

Vo s

273 "F—1 r

W _' —_T .
o ' ' L

.. HS HT T0 SW HS
Figur3r7;l Phases of the gait cycle

]
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~ The footswi tch (implemented in a variety of forms in different

gait 1aborator1es) is a means whereby these phases of the gait cycle can

be measured. Those used in this study are ccmprised of two _switches

;uhich are attached to the‘hee] and toe of the shoe sole. A DC voltage

is app11ed to a resistive network such that different voltage levels .(as

1nd1cated in f1gure7 1) resu]t for the different gait-cycle phases due
" to the footswitches opening and c]os1ng.

LFS.

lz
b

RFS

R
4

) 3
. e e | — = — P

F1gure 7.2 Schematic of footswitch pattekgé_obtaxned from Teft
‘and right sides dur1ng locomotion.

=S

~)L
A
f

- Figure 7.2 represents footswitch output levels obtained simul-

taneously from both the left and right sides during ldcomotion; For

Nalking,-the stance bhase of one leg dveEIahs that of the other leg.

This period, during which both~ feet are in contact with the ground, is

called the doub]e—support {DS) phase and is depicted in figure 7.2. For

normal gait a symmetry exists between -the two sides,the one pattern occ-

. ufing time 1t after the other. An examination of the joint trajectories



148

"'

will yie]d'the.same observation. .This symmetry exiéts during cteady-
state gait (see section 7.2.2). Minor differences between the two sides

do occur and vary for d1fferent individuals.

7.2.2. Locomotion

The act of éa1k{ng in a straight line can be subdivided into
three phases. These are: | -

{i) Initiation of the walk. The person starts to walk from a

stationary, standing position.

- {i) Steady-state gait. Initiai]y, the-body ié\accelereated
) from zero velocity. ‘Nith;in a few footsteps, a steeQV—s'tate
: average speed for each step may be reached
(111} TermInation of the walk. In order to again reach a stat-
'1onary p051t10n deceleratwon must occur.

F1gure 7.3 is-an ,examp]e of typical footswitch patterns and
ankle-joint ang]e-var1at1on§-Fecorded from a subject during the motions
Just described. As can be seen from the figure, symmetry betweeq the
two sides of the body does not .exist at the initiation and termination

of gait.

7.2.3 ‘Angle—Ang1e Diagrams

A means is needed whereby the effects of stimulation dur1ng
tocomotien can be asssessed. Gne such meanséﬁ%hme form of a graphical
display is the angTe-ang1e diagram. Since steady-state walking is a
cyclic phepcmenon, if the joint angle histories are-plotted against each

other (Grieve, 1968), the gait cycle appears as a closed loop as shown
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in figure 7.4. o ’
Arbitrary units -

Dorsi,
Plantqr. _
Left
Ankle

Left footsxyitch '

-

Right footswitch _

hd
Dorsi. ¢
Plantcr.i
T
. .Right
Ankle ’ "l
i
i " . . .
0 1 2 3 4

5 6S
Figure 7.3 Footswitch and ‘ankle angle records recorded from a
. : . _normal subject.
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LEFT SIDE o L

= F ' Figure 7.4 Knee angle
L
£ versus_hip‘ang1e from
?. X a normal subject.
K ‘
N e
\ E )
E.
E
X p
L T EXT HIP FLEX
7/. s . STANCE:08.93° SE¢
) SKHING :0.66 SE&
ST/SKH :1.48

DB.SUP:15 PER CENT

i The data are now presented in a form that contains both tempora]

and‘-dngu ar d
onsi

!
normal gait.

(i}

{ié)
N

(i11)

5

ata allied simul taneous]y with two joints.
der figure 7.4, a plot of knee angle versus Rp angle for
Tenipora] information i.;. represented by;‘ -

Stars indieating onset of the stance (ST) and swing (SW)
phases. | | | .
Numerically sequenced time markers (0.25 apart in this

case) whereby the times spent during different phases of

the gait cycle can be visually observed.

~Single support {dotfed line) when only the left foot is in

contact with the ground.
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| Angu]ér‘ihformafion is presented in an easily digestible fbrm.inl
that: o L
(i) The.overall ranges of'mQtion are readily appreciated.
(ii) The shaﬂe of ihé loop is charaéteristic of ;arious géits.
jThe effect of speed of wa]kjng or chanQQ§ in the ga1t due
to var1ous patho]og1es resuIt in charactékkftic changes in
the shape of the Ioop.‘ - Lot
Read1ng the display of figure 7.4 c]ockw1se from hee]str1ke the
following information is obtained: _

. (1) Following heelstrike, a pronounced flexion of the knee

| ' occurs. The -knee flexes so that ‘the 1mpact of the foot -

str1k1ng the ground is cushioned.

| :> ‘ . L (31) As the centre of gravity of the body mdits from behind the'

"/ 'Ieg to 1n!£ront\pf it (weight-bearing port1on), the knee

angle remains almost constant as the hip.extends.

{(ii1) After the angTe -support phase has ended, the knee rap1d1y
flexes as- first the\ﬂs&lﬁand then the toes 1ift off. The
hip also flexes so that at‘toe—off;_the whole leg is lifted
o%f the ground. | )

{iv) - During decgleration of the'foogﬁprior to hee]strike,'the

knee rapidly extends as the foot reaches forward, while the

~ hip is maintained in a position of flexion.

Figure 7.5 is a plot of the ankle-joint angle versus” knee angle.

The various phases of the gait cycle as represented by this diagram

are:

-
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LEFT SIDE"
D ‘
0 -
R -—
S20 -
.. A e 7. | ~
2 Figure 2.5 Apk]e angle
E versus knee angle from
- a normal subject
P
" Lae
N
T

) ‘_
EXT KNEE FLEX

STANCE :8.93 SEC:
SNING :8.66 SEC .-
ST/SH :1.48 .

.. DB.SUP:15 PER CENT | -

(1). At heelstrike, the ankle is plantarflexing as the toés move
downward to contact the ground. -

(i1) During the sing]e;support phase, dorsiflexion sf the ankle
occurs as the body swings over and forward, with the knee
angle kept virtually constant.

(i1i) Prior to, and just after swing, the ankle p]antérf]exes as ’
. -'the toes push off. A

(iv) Dorsiflexion of the ankle is maintaihed as the foot is-
: | swung forward .prior to heel strike. This ensures that the *

- toes do not make contact with the ground during the swing

~ phase.

)
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7.2.4 % Hemip?egic Gait

Varxat1ons 1n ‘the gait of people having suffered a stroke can
range from the extreme case where a person 1s non-ambulatony, to ~one

which is not noticably d1fferent from norma] gait.

Right
side

Left.
side

3 4 5 Secs.”
Figure 7.6 Footswitch daéa recordéd %rom left hemiplegic subject
Fiéure 7.6 is” a record of footswitch data obtained from a.
hemiplegic subject whose left side is affected. Abnormalities in the
pattern are: '
(i) A comparatively short swing phase on the right or un-
_involved §ide due to the subject's inability to comfortably
weight-bear on the affected side. |
h"i) Instability at.toe-off on the right side, again 1nd1c¢'1ng
-thb subaect s reluctance to we1ght—bear on the affected
side.
(iii} Toe-dragging on the left side due to footdrop;
{iv) 1Instability during weight-bearing on the affected side, the

. Vs \ -
subject rocking from foot-flat to toe-only and back to \w,gf
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foot-flat.

- A further abnormality’ somet1mes¢seen but not present in the
records shown here, is the absence of hee1 strike due to the 1nab111ty
of a subject to act1ve1;‘;ors1f1ect the\foot.

7. 3 ‘Interactive Program. to Implement Contralateral Contro] of

¢

St1mu1at1on During Walking

/; An 1nteract1ve program _using available signals from the

éontra]atera] side to control st1mu1at1on of the 1nvo]ved side was

P
wr1tten based on the 1nformat1on presented in section 7.2.

The \o]]ow1ng factors had to be accounted for:
(i)’ Asymmetry dur1ng.1n1t1ation‘and termination of gait.
(ii)? Recognition of different phases of the gait chTe;
T (i71) Ga1t cycle phas1c time differences between the two 51des.
{iv) The existence of a DC voltage d1fference between the“
control and evoked signals.
{v) AdJustment of the st1mu1ated side's movements to those of
. the control s1de over a number. of footsteps.
{vi) Continuous processing of the control signal to reflect
changes occurring in the gait.

In addition, footswitch and- joint-angle data had to be recorded
A
/
during stimulation for later evaluation.

A PDP 11/10 computer with 28K memory and an 8-chamnel A/D

converter and 2-channel D/A converter were available. Footswitches
placed on each shoe sole were used to supply gait timing information.
One A/D channel was utilized to acquire the control signal, which was

outputted via the D/A to the stimulator following processing. A second

.i\
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“A/D channel was: used to acqu1re the evoked s1gnal the remainlhg 4

channels being used to acquire joint traaectony information.

7.3.1. 1wm1ng | S o =

Table 7. 1.

CAC, [ CBCy

STIMULATED
SIDE .

Figure 7.7. Schematic of normal footswitch patterns indicating swing

and double-support phases
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Each footstep can be divided into & su1ng phase, t&,—’and 2
stance phase, CB. The contro] s1gna1 .recorded - dur1ng time CACy,,
say, is- used to control st1mu1at1on dur1ng time CASpj. Two events
must be accounted for: ) '

(i) CAS3j is.either 1ongerlor'shortef in tig@ than

CAC11. If CASyI, Saj,lis longer than CACy] (the
- more likeiy case as’ can be seen from figure 7.6), then the
. .last va]ue in the record of the: samp]ed control s1gna1
CALaw , is outputted until Bgp occurs. I the
o#mte!gccurs, t‘h'en at time Bgp, data.collected during
the stance nhase, CBC, is outputted to the stfmulator.
(i1) To ensure that movements on the sttmulated side - converge
N owards those on the control s1de, the swing per1od§i\__each
s1de, say, myst be compared to each other (eq. CAQ%;r~
with CASy), and the control signal (CACyj) then
”adjusteq accordinQ]y {and used to control stimulation during
per%od CAS11)- . . ’
" The™swing periods on each side occur at distinctly Hifferent
times. However, each stance phase on one side overlaps two separate

stance phases on the other side. Thus CBCp; occurs 51mu1taneous]y

with parts of CBS;; and CBSyz. The approach adopted was to

compare time CBCpy with time CBS12, and- then to uge,.tne modified

signal to control stimulation during time CBSj3.
' Adjustments to the control signals recorded during each swing or

stance phase are accomplished as follows:

LY
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(i) The time period on -the control side is compared to the
corresponding time périod on tﬁe affected side, This is L ‘g
ach1eved by subtract1ng the number of samples c011ected e
during phase CBSi2, say, from those collected during,
phase CBCgl, say. '

(ii) If the difference in the number of samples collected
during the two phases is zerp, the control data is not ~
modified. Thus aata ;ollected dJ;ing phasé CBCgl iS

. used és-is to control stimulation during time CBS;3, say.

~ (111} If i-more (or less) data points are contained in the

control record (CBC21) than in the record obtained .

from the affected side (CBS2), and the number of

footsteps selected ever which the two sides are fo

cbnverge’is N, then every i/Nth point is dropped

(repeated) from (in) the control record (CBCp1). The

modified recﬁrd {(CBC21) is then used to control

stéguTation during time CBSy3. |

While the number of footsteps over which the timing values for

the two sides are to converge is N, the above adjustment takes place
gach time the -particular phase ﬁas occurred on both sides.

7.3.2. Initiation and Términation of Gait

The side on whjch the patient starts to walk does not affect
executioh 6f the program. If the affected side “is first brought
forward (as is usually ‘the case since the hemiplegic tends in these
circumstances to favour the  unaffected é%de), the compufer programming

" is such that deta storage commences only after swing on the unaffected
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o : | .
s1de has ‘been comp]eted (Bcy in f1gure 7.7.). Since feedback from

 the st1mu1ated side is to be employed the vol1t1ona1 signal from the

s1de to be st1mu1ated is fed to both input ports of the controller with

zero delay between them. This ensures that no st1mu1at1on occurs until
time Agz. ' ‘

| The computer controls stimulation until a tihe, dependent upon
the frequency of sampling chosen, has passed. At this point.a bell in
the CRT is runé, volitional information from the stimulated Side is

again fed to the control port of the controller with zero delay to

prevent stimulation,_énd the stimulators are then switched off. Final

termination of the program is effected by means of 'd hand-operated

trigger.

To ensure that stimulation did not occur during the initial and

final phases of the wa]k_cyt]e as @ result of a DC voltage difference’

between the control and feedback channels, the following procedure was A

‘ followed:

(i) Just prior to the walk, the control angaieedback channetls
were sagbled with the subje;t in a staqding position.
(11) During execution of the control program, the recorded Dt
voltage difference was added to each sampled control data
o ; point.

7.3.3. Recognition of &ait Cycle Phases

The distinct voltage levels obtained from the footswitches
promotes easj recognition of the different gait cycle phases. . From
section 7.2.4., however, abnormalities occur in the footswitch patterns

of hemiplegic subjects. The control program must therefore be able
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" to clearly recognize “the - start and end of each sw1ng and stance phase

in the presence of these abnorma11t1es.

Consider the hypothet1ca1 footsw1tch patterns shown 1n flgure

V/3
V/3

AFFECTED o
"SIDE

1 2 34 9

I
!
1
|

l ! CONTRALATERAL

SIDE

Figure 7.8. Hypothetical footswitch patterns TTTustrating”

7.8. Potential abnonna]1t1és are numbered 1 to 7. These are!

1)

2)

3)

potential abnormalities

,-—--

Noise due to contact-bounce of the switch. The program
recognizes the first occurrence of a Zero voltage output

from the footswitch as the start of swing. Testing for the

“end of swing only occurs after a preselected period has

elapsed. A period of 200mS was found to be satisfactory.
The occurrence of toe-only during the swing phase due to
the subject's difficulty in maintaining dorsiflexion of the -

ankle. The program tested for the end of the swing phase

by seeking voltage levels about the 1/3 level or above the

2/3 level (figure 7.8.) so that the occurrence of a voltage
level between ehese two bands was ignored.

Absence of heelstrike. As in 2), either the presence of
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= heelsériké or foot-flat signified the end of swing and the
start of stance. -
4)  Rocking from foot-flat to toe-on1y and back aga1n to
foot—f1at. Toe—only was never testeq for, thus. this.
; occurrence was ignored by the program. . . o

5} Switch-bounce or instability of the subject at toe—off. As

in 1), the - first occurrence of a zero level was taken as

" the start of swing. Both 1) and 2) ensured th?z’EEE-EB}se\

1

had no effect on program execution. 3 .

-6) Swifch-bouhée or instabifity of the subject at heelstrike.
The first occurrence of a:level indicating heelstrike was
recognized as the stért of - stance.” The wprogram thgn.
switched to testiﬁg fo} the start of swing on the-

B contralateral side thus igporing any aberrations which

///— might have océurred én the involved side.
) .1} As in 6), the program would have been’ test1ng for start or

end of swing on the contra]atera] side.

The time periods 8 - 9, (see Table 7.1) 1nd1cated 1n ftgure 7.7..
and 7.8. by hatched mark1ngs, occur during the per1od when the progrém
is testing for the start of swing (double-suppart phase). If the'
footswitch output level drops to zero during this period, the program
wiI1.assume'that the swing phase has started. However, an_exaﬁination
of the foots;itéh patterns of 15 hemiplegic subjects revealed only the

occurrence of’ instability, indicated in §), during this time period.
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- Initial phases of the program consisted of:

)

(i1)

14)

{iv}

{v}

(vi)

7.3.4 Program. Organization

(.

Defining the sampling frequency and hence the execution :
‘time of the program since the number of samples to- be

- collected. is fixed.

The total number of daté channels to be SampTed. )

The number of.e1ectrogoniomgter channels. At this poiﬁt, a
calibration procédufe 'was' undertaken uhereﬁy each
eIectrogbniometer's output voltage levels at two preset
joint.ang1e§-ygre read into the computer. .This permitted

later transformation of the electrogoniometer voltage

.outputs into degrees of:rotation (de Bruin, 1978).
- M ] R

Deiays (section 7.3.3) were entered for each side ‘before
the end of which, testing for the end of swing on each side
did not occur. |
The ﬁumber of footsteps ove} which the two ;idés are to
converge was entered. ' R

The control and feedback channels were sampléd (section
7.3.2) with the subject in a sganding position in order

thqﬁ//éﬁ;_TRT'VBltage. difference between the two channels

could be compensated for.

The control program itself was written in ASSEMBLY language and

was divided into fourteen separate service-routines. Table 7.1 is a
. -

. summary of the data collected and outputted during each service-routine

{refer to figure 7.7) where:

-
T
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EGCA control! data recorded or outputted during swing.

m

EGCB

1t

control data recorded or outputted during stance.
ICHAN = data recorded from transducer of side to be contro\]ed.
A fifteenth subroutine ensures: that at the termination data

collection, a bell in the CRT is rung and I3CHAN on]y is co11ected and

'outputted cont1nuously to the controlier until the st1mu1ators have

been switched off and the run terminated via the tr1gger. ¢

The data is then written on a per'manent memory medium (RKO5
-disc). If another run is requ1red the program returns to step (iv)

above.

7.4 Position Control of Stimulation During Locomotion: Trﬁa] on a

Normal Subject
" The program was first tested on a normal subject prior tﬂ
applying it to 3 hemiplegic pafient. Both EMG and pos1t1on ceafxaﬁigi}
the ankle-joint position were performed.
Stimu]ating electrodes were applied top the dorsiflexor end )
plantarfiexor muscle groups acting about the right ankle joint. Two
ankle-goniometers placed aQout the joint were next used o calibrate

the st1mu1ator. The output of the e]ectrogon1ometer attachede to the

" joint to be stimuiated was then tonnected to'I3CHAN the channel to -

the computer designated for recording evoked data, and to the feedback -
input port of the stimulator. The output channel oj)the computer from

the D/A was connected to. the control input. port 4f the stimulator.
The stimulator was kept on a mobile cart so that during locomotign,
the cart could be pushed alongside the subject. Care was taken to

ensure that the control and feedback signals were passed through



155,

‘uojjeziuebio ejep wedbody

SLNIHWO0D

L*¢ atqel
S— _ . . A N
"¢ roN ANLINOY 301AY3S oL wunidw | g - Wy|  za093 (V293 bl
- Wy - 8¢ 29903 £4993 £l
. €59 - By 1vo93 £9993 Z1
€Sy - EJg 18993 -£9993 T
g - By 19093 1v993 0t
aseyd aoueys bupunp uoyeinupys | Ely - ESg|  1goe3 2893 6
* bupms 4o.3ae3sfe suybeq uogreinupis | “°g - Py (yooa ~ 28093 8
28y - 2y (NVHIET) (NVHIET)
. £8293 28793 [
. } 20 _ 23, | (HYHOED) (NVHOET)
P339 (03 e3eq aseyd-6uyms [043u00 1l g y €303 03 g
. N A 22, _ LS| (HVHIET) (NYHOET)
pa323( (02 e3eQ Bseyd ~9JURYS [043U0D 1l v 9 ﬁ mmoow : quow G
S 15 (hioeT VIS T
awgy am_ Jajje Afuo {yJn3 3dasxa ¢ u} sy g '} ﬁ Acuww ﬁ ﬁmuuw t
B 5. 10 [ (WWidel WVIDEI
SHY3 J034e 28093 “ould gl ALUO HVHOEI v - D] P ¢
apts 1043u00 uo aypa3siaay o3dn | g - Lyl . pyoer NVHIE T 2
NVHOEI* [auueyd yoeqpaay 3ndino pue nduy | Oy oeadn|  wvHoel HVHIET |
001434 (v/a) (a/v) INTIN0Y
MIL 110 NI 33 1AY3S




156

the Eomputer wi th unity gain so that the .off-line ca1ibr§tion of
stimu]ps pgrameter§ remained-va1fd._‘After ca]ibr;iipn'of the ankle,
knee, and hip electrogoniometers on ‘each sﬁde;‘*%ootswitches were
placed on the shbeﬁsoles. All data were fed to the computer via.an
umb111ca1 cab1e. One end of the cable was attached to a contro] box

f1tted about the subJect s waist, and 1qto,wh1ch'the-gonxometers and

footsw1tches were p]ugged. The other end!j;—zee hu]tipwire <able was -

plugged into the A/D inputs of ‘the ‘computer. A remote switch was used
to trigger the start and end of data conversion. '

A number of ‘runs were performed, the f1rst anhd ]ast without
st1mu1at1on for compar1son purposes: - Dur1ng the runs  with
- stimulation, the subJect either walked normally.or ‘tried to simulate
hemiplegic gait by not voluntarily doksif]éxing the ankle joint, and
by circumducting the legq. |

7.4.1 Position-Control Results

Figure 7.9 is a disp]ay of the footswitch patterns and joint

ang]e var1at1ons during ]ocomot1on w1thout stimulation. From this
diagram it can be seen that the patterns ocqurring on one 31de of .the
body are repeated on the other side w1thC\\¥LTay This delay is
proportional to. the period of stepping. - _

Figure 7.10 is a display of fhe foo;sw%tch patterns and joint
.éng]e variations obtained from the subject walking normally but with

stimulation applied to the right leg. In figure 7.9, the patterns of

_the ankle-joint angle variations on each side differ during the

swing-phase, the right foot not dorsiflexing to the same degree as theJ

left foot. This difference is due to the slight variability that

-

~
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I

‘exists between the left and right sides even in normals (see section

1 7.2). With stimulation (figure 7.10), this difference has been.

~ obviated.-

b

-l

-~

Figure 7.11 was obtained during a simulation of hemiplegic
gait accompanied by stimulation. The trajectoriés are more similar to
those obtained from the unaffected side of a hemiplegic rather than

from the affected side. Evidence of stimulation is present in the
"\

. swing portion of the right ankfe,trajectory, with .the foot seeming to

. loSci]?ate slightly.

While no conclusions could be drawn from these experiments as

1 to the final performance of the system when used to control hemiplegic

‘gQait, thé system has been demonstrated to be feasible and the subject
experienced no unpleasant sensations.

7.5 EMG Control of Stimulation During Locomotion: Trial on a

. Normal Subject

Stimulating electrodes were applied to the dorsifiexor muscle
group on the right side, and recording electrodes were pIacé& o@er
each tibialis antetior muscle on both Tegﬁ. Calibration was achieved
by ensuring equal vglitional and evoked jojnt‘ang]e and E&Q\maximum
amplitudes. Si;ce the evoked EMG amplitude 1is larger than the
volitional one, this was compensated tor by means of the input

calibration control of the controller. *As 1in section 7.4, ail signal

BAN, aiso

being fed to <the feedback input “port of Stimulator.  Both
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‘rectification and smoothing.' the analogue averagers. heving .RC
~ time-constants of .72.6mS. Since only 8‘channels of A/D converters

were available, and four channels were' required to record footswitch

and EMG datg, e]ectrogon1ometers were on}y attached about the ankle-

and knee Joints. .

7.5.1 EMG - Control Results

Figure 7.12 is a display of BMG and joint variations and
footswitch patterns during locomotion without stimulation.
; Figure 7.13 was obtained during stimulation. From the figure
it can be seen that: | |
(§) Croes-tAIK from ﬁhe evoked EMG record is present in the

| control EMG record due to the spread of the stimulus
through the body. This suggests that the switches used
to eliminate stimulus artifact in the evoked EMG signal
(section 4.6) be employed in the volitional EMG recording

o circuitry., The occurrence of cross-ta]k here does not
invalidate the results obtained in Chapter 5 since the
volitional signal there was recorded pr1or to the
performance of the st1mu1at1on exper1ments.

(i1) Because of cross-talk from the stimulated side appearing-
in the control signal; the system has become unsteoIe as
evidenced by the exponential.growth of the evoked EMG.
Dorsifiexion of the right ankle "prior to heelstrike can

also be seen to increase with time. However, it did not
. w

IIAMR S mrm e e mpy m
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become excessive during the period of the walk.

Thus further modification' to the system is needed before
contralateral EMG control can be e&fective1y used eo. regulate joint
position by means of electrical stimulation..

7.6 Contra]aﬁera1 Position dontro] of Hemipleqic Gait -

The objectives of the study, attendant risks -and discomfort, and
expected benefits were detailed prior to obta1n1ng the consent of the
pat1ent. -The equ1pment to be used was shown and demonstrated.. The

(

course of the study.. The option of withdrawing from the study at any

patient was encoureged to ask questions “at this stage and throughbut the

time was stressed both before and during the experiments. A copy of the
consent form appears in‘Appendix C. *

The‘_author?g\encountereﬁ difficuity in securing vollunteer
hemiplegic patient nerticipation in the study. Of the several Eeeple
approaehed, two agreed to partfdipate‘but withdrew when confronted with
the Taboratpry_situation. Great care had to be taken over the mannen in
which the patient was approached, diplomacy being called for. Frequent
encouragement by the medical staff was needed. One subject withdrew
"from the study because of personal family problems thus stressing the
need to carefully agsess the social situation of each patient
beforehand.

The resdits presented in this section were obtained from a
patient who agreed to participate in only two sessions. -Another patient
who had suffered‘damage to the sc1at1c nerve as a result of an operat1on-

to rep]ace the hip joint, was found to be an unsuitable candidate in
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that onJy_pIantarf1exion could be evoked upon stimulation, dorsiflexion
function being totally abseﬁt.

7.6.1 Patient Case History

The subject was a 65 year old woman. - In May, 1978, she
» developed a right hemip1egfa due to an infarction .in the left-hemf-.
sphe}e. The patient had a severe expressive loss {verbal apraxia) but
could understand Qonversat1on follow commands, and express agreement or
disagreement readily.-_The subject was alert and cooperative and in.the
opinion of the author,l she has adjusted remarkably well Ito " her
situation. " . o . . - QC? :

- At the time of the study, the pat1ent Was able o elicit
volitional dors1f1ex10n and p]antarf1ex1on of her right  ankle wh1le
seated, but had d1ff1culty in actively dors1f1ex1ng during the
swing-phase of gait. .

The physiotherapy discharge aseessment indicated the following:

(i) Xnee flexion during stance

(11} Exaggerated knee flexion during swing

(iii) Poor balance and equilibrium . .
{iv) Cortical level absence of protection_reflexes-for both
feg and arm
(vl _Nprmal extension but poor flexor synergies
(vij Normal proprioception
The Brunnstrom scale is invoked at the Chedeke Rehabilitation
. Centre to assess the stage of recovery of a piﬁlent fo1low1ng stroke

{Brunnstrom, 1970}. Six stages are defined = For the lower limb

A———— . ®
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these are:

Stage l - F]acc1d1ty

2 - Minimal voluntary mqfements of the lower limb

'3 - Hip-knee-ankle flexion {n sitting and standing

4 - Vo1untary dor51f1ex10n of the ankle without 1ifting
the foot off the floor.

"5 . Standing, isolated nonweight-bearing knee flexion,
hip éxtensjon; standing, isolated dorsiflexion of the
ankle, knee extension, heel forward. \

6 - Reciprocal action.

-

- The patient was classified as a stage 4 on d1scharge meamng
that spast1c1ty had begun to decrease and she couId perform some
movement combinations that deviated from the bas}c limb synergies. The
patient was discharged with a shoehorn brace to prevent foot-drop.

7.6.2 ~ Experimental Procedure

During the first session, eléﬁtrodés were applied to the right
ieg to effect dorsiflexion. An attempt to place a stimulating electrode
on the plantarflexors failed due to pain resulting from stimp]ation.
The second session ‘took place 5. days later. The procedure outlined in
section 7.4 was followed except that the Pl-filter was not'empTOyed
since‘onIy the dorsiflexors were stimulated.

Thg{first.and last of 4 runs were performed without tﬂé
application of stimulation.' During all 4“runs, the patient used a <ane
t6 assist her in walking. The session lgstéd for 2.5 hours, the most

time-consuming and fatiguing part being the calibration of the
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electrogon1ometers. The pattent was often rested dur1ng the session but

was vxs1b1y fat\gued at its conc]us1on.

7.6.3 Descrwpt1on of Gait without Stimu]at%on
: Figure 7.14 and 7.15 are angle-angle diagrams obtained dyrieg
locomotion of the hemiplegic subject prior to stimulation. When
compared with the angle-angle diagrams of figures 7.4 and 7.5 obta1ned
from a norma] subgect the follow1ng abnormalities are noted: -
- (i) The knees on both sides were ‘constanply in flexed’
' positions. . ' _

(i1) At heelstrike on the affected . {right) side, the knee
buckled.

(1}i) Dq;ang SIngYe support on the left side (dashed 11ne),
knee flexed instead of extending thus 111ustrat1ng the
subject‘s poor balance and equilibrium (see section
7.6.1). This phenomenon occurred to a greater extent on
the affect side. _

(iv) During swing on the right (affected) side, the 'knee
extended as the hip flexed, the lower leg swinging in a
npendh]um“ fashion. This movement “is a result of the

. subject being unable to active1y flex the hib, tilting of
the pelvis being used to achieve t his
(v} The range of tﬁe;knee on the affected side was half'that of
the left side.
(vi) At heelstrike, the: ankle passively dorsifiexed due to an
abhorma]]y shere heel-only phase. During single-support,

the left ankle then actively plantarflexed as the. knee
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extended to support body weight. This‘did not occur on the
right side ﬁince, most probably- body weight was be1ng
supported by the cane.-

{vii) A grotesque pattern evolved on the affected side during the
swing ~ phase (figure 7.14). Instead of "the . ankle
plantarflexing at toe-off and then dorsifleiing as the
knee was first flexed and then extended iﬁ-order to swing
the leg forward (figure 7.5), the knee extended while the
ankle joint remained fixed (ie. no push-off). The ankle
then pass1ve1y plantarf]exed as the knee angle rema1ned‘
constant, the forward sw1ng of the Ieg thus resultmng from
act1on at the hip only. |

The extrene]y assymmetrical ga1% patterns observed between the
left and r1ght sides of th1s patient suggest that a stage 4 hem1p1eg1c'
is not a suitable. candidate for .gontralaterally controlied FES.
Howéver no other hemiplegic subjects were avaﬂigble to the author.

. 7.6.4  Gait with Stimuiation

The numbgr of footsteps over which convergence with stimulation
between the left and right sides was to occur were chosen as 3 and 5 fof
the two runs performed. No discernible differences were noted between
the two runs. ) -

Figure 7,16 and 7.17 are typical angle-angle diagrams obtained
from "the FES-assisted locomotion. The following effects of FES on the

gait are noted:

- (i) The right knee was more stable at heelstrike and actively
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maintained its position during hip extension.

(ii) - Knee flexion on the affepted side extendeq\gfyond the start
of the swing phase. '

(iii} The’ ank1e plantarflexed at a.s]ower rate er1or to
heelstr1he.‘

{(iv) The patient indicated that-sf%mulus intensity increased to
uncomfortable _-1evels-r as each -aq\v/ progressed  thus
suggesting that diveegence between the 301nt angle:
movements of the Ieft'SEd right sides was occurring.

7.6.5 Discussion

_ The results presgpted indicate that FES “had little effect on.
improving the gait of the subJect., An experimental restr1ct1on_was the
Timited storage capability of the camputer, eech run being limited to 10
seconds in length at a samﬁlfng rate of 200 Hz. Therefore, only the
injtial effects of contralaterally controlled st%%ﬁfation could be
observed. The patient also exhibited knee instability in addition to
the absence of active dorsiflexien. Thus muitichanne] stimulation to

-— -

contro! both knee and ankle positions is indicated for this particular
patxent. .

While .divergence between the control and stimulated sides did
not occur whep Joint-position control was applied to & normal subject,
the possibility of divergence occur%ing for a particular group of
hemiplegic patients exisrs. Further exper1mentat10n on a large group of “
hemiplegic subjects is therefore required to delineate that group of

patients which can best benefit from contralaterally controlled gait

rl
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- by means of electrostimulation. These exper1meﬁts must ascerﬁain whether
divergence between the control and stimulated sides was as a result of
knee instability, and thus, whether the use of multichannel stimulation

will 1ncreasg the number of patients who can benefit from contra]ateral

control of electrostimu]at1on.

7.7 Conc1usions

The concept of contralateral control for evoking dorsiflexionAof
. fhe ankle-joint of hemiplegics during 1ocomoiion has beén presented.
During the action of wa1k1ng in a straight lfne, signals generated by
the wa1k1ng action itself are potent1a11y available from the unaffected
side to control stimulation .intensity, and hence movements, of the
affected side. A requirément 1s that a delay propor%ionq] to the period
‘df stepping be imposed between recording of the control signals and
activation of the stimulators. o
Two potential control signal forms have been investigated: the
electromyographic activity of pertinent muscles; and .joint-an§1e
,-variations. A mini-computer was utilized 16 enabling repetition of
experiments; and to analyze results. A method has been p%oposed and
demonstrated whereby the effects of different control strategies can se
assessed. The investigations into the efficacy of EME and Jjoint
position as controllers of joint position havg led to:
| (1} The development of a method whereby evoked EMG can be
recorded by eliminating stimulus artifact.
(i1) A guantitative means fof comparing the effects of a digital
and analogue filter on a particular signal.

»
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(111) The design of a'proportional—integra1 filter to eliminate -

statfc errors between the input nd butput signals. of the
control system, and to increase the st¥bility of- the- system

“when feedback is incorporated.
(1v) The determination of précticPI time-canstants of averaging
‘%or the processing of control- and evoked EMG signals to be
used in an FES-based feedback contro} system. .
{v) The ‘demonstration that joint position information is
contéinedlin the EMG records obtained from the prime movers
during particu1af movements. |

A stimulator was constructed and computer programs were

developed to implement contralateral control of foot-drob. Experiments

on a normal subject demonstrated the feasibility of contralateral FES
control. Conclusive results as to the effectiveness of the qoﬁtrol
system when applied to one hemiplegic subject are lacking and indicate
the need for further experimentation on a larger-hgmiplegic population.

7.8 Future Possibilities

The 4-channel stimulator constructed by the author has the

capability of controlling the position of two joints. A natural

extension of the work presented in this thesis is the employment of

multichannel contralateral position control of more than one joint. The
system déve]oped by the author also needs to be portable so that a .
microprocessor dedicated to ¢ontrolling the system must be developed.
With the current progress in the field of microelectronics, the ag;hor

envisages the development of completely implantable, self-contained
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control systems. These systéms ' w11i” derive tﬁe1r power  from

electrochemical sources within the host. :
' Possibilities exist whereby prerecorded sefuences of activation
derived from normal  subjects can be. used in cohjunétion with -the
microprocessor-based .system to control parap1e§EC~gait.‘ The problem of
bracing these patieﬂts may be solved by implementing a hybrid system
{ncorporating both mechanical and e1éctrost1mu1ation forms .of bracing. -
The method of "one-to-one" contralateral control ha$ made
“available the potential to design systemé with the ability-to execute a
multitude of different movements, and to limit the conscious effort
required to operate such systems to the seLectiBn of a particular

_movement or sequence of movements, and to its initiation and

termination.



" APPENDIX A
THRESHOLD CHARGE -

Consider the approximate equivalent circuit of a section of a
fibre(Ruch and Fulton, 1961, p. 49) as shown in figure Al where I is the
stimulating current and '

E¢ = steady potential

Cﬁ = membrane capacitance

T'm = ‘membrane resistance

r{ = axoplasm resistance

The requirement for threshold stimulation is that Eny the
membran; potential, be depo]érised a fixed amount Ep = Ep - Et.'
This can be de#cribed by the following equation:

Em = Ig rp(l - e=t/Ty
where ¢ = portion of I flowing through rp at the site of the

stimulating electrode.

At En = Ety, the fibre fires and

Ig = aETH

rm(l - e~t/T)

Ig becomes a minimum as t+w
Therefore . B -

Im= b8Epy

Tm
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Figure Al Approximate equivalent
qo ™m ==Cm Em . circuit of unfform fibre
: . A section (taken from Ruch
e'_r. ; and Fulton (1961))

For t <j:T

Ig = InTn/t
or. Ist 2 IpTy whiéh is the charge required to fire the fib;g

Time constant ) | ‘

Tm = Cary ' o - | i
Ist = In Tp = 4674 To

m

= AETH Cm
Therefore the charge required to excite the fibre is propor-

tional to the membrane capacitance.




APPENDIX B

. -CURVILINEAR REGRESSION AND WINDOM. LENGTH CONFIDENCE.

LIMITS

Consider a second-order polynomial

2

y = bo + b]x + b2x + @ )

where € devotes a random-error term.

-

e =y - (by + byx + bzxz)
Given n pairs of values (x;, y;)
8: =y. ~ (b +byx; +b x2) D
j i 0 174 2% -

According to the least-squares criterion, bo’ b1 and b2 should be

selected so thét the qu of squared errors is a minimum. ie.

2
e; =
1

minimize

i 43
33

2,92 _ 2
: L B (B ¥ Byxy + bxi)]T = Sy
For repeated experiments at each x> the sample variance Sf can

be used to weight the xi‘s so that the influence of those xi‘s whose

variances are smaller, is larger than the influence of those xi's
whose variances are larger, when determining the regression curve. .

The expression for -the sum of squared errors becomes:

2 _ o 2,2
Se =, Dyy = by + byxy + byxy)]

II' 1233

i=1

2
Si
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bé'and'SEtting the results.equal to zero will yield three equations | (

Differentiatiﬁg the expreésibn for S_ with respect td"bo, b1.and

that can be .solved to obtain the regression coefficients.

~ Using. matrix notation, the equations become

y=Xb+d

e8] n
Since at @ = (&, 8qen... e ] e) e ? 8l . ,
1 -2 n 2 oy 1
. . 1= 1 f‘"“"‘-——-
» : . \/
the expression to be minimized becomes: ‘ . !

(y - x0)% (y - xb)

and following differentiation, the least-squares regression

coefficients aré:

b= (x')71 xYy

Now -
| SV :xi/5§ £x2/s°

2,2
1° 1
= o2 2,2 3,02
4,2
hi 1_

ol el R
[:xilsi uxi/Si TX. /S5

so that its inverse, (xtx)'], can be found.
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, _ L 21 - - '
S 2Y3/3; - Yy
t, " 21 - _ s
Xy T Ex'i'y‘ilsi o Y= |y -
2 2 .

The error variance is given by:

_If the error tdrms are assumed to be normally distributed with

. zero mean and variance 02 then

Se /n{(n-k)‘/ai;

1s a value drawn from a t-distribution with n-k degrees'of freedom

where:
- n = number of equations
k = number.of independent variables
bi=-the estimate of B3
a;; = element of the it row and column of matrix (th)-j.
. ay = zx‘?/s?sx?'/sf - (zx?/SE)?

| x®yl ' T

o T1/soxl/st - (zxlrs?)?
x|
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| The 100(1 - u):’. conf':dence interva‘l for 31 is

'ase\/—'\/_—. where .

-

= (1 - o/2) fractile of the t distribution with n-k
degrees of freedom. o
Having calculated percentage conﬁdence mterva'ls for the b S»
the confidence hmts for the window length of processmg producing the
rmmrnum variance ratio is ca'lcu]ated as follows:'

Let the estimated curve be:

y=b>o

o + b]x + b2x2

The value of x for which y is a minimum is:

dy = + 2b
_ dx 2"
oF  Xmin T :_b_'l
2b2

» + l 1
ax = - /(3 .aby)e + (3 .Ab ) + 3 A(b b,)
. | \/ﬁ{nn 'l —xrrnn 2 —é‘nm -a—;%;'ln 172
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APPENDIX C-

CONSENT FORM:

The objective of this study fs to evaluate a device being
deve]oped for the purpose of rep]acing lost function to paralyzed

muscle.

-

i If you agree to participate in the study; you will have
electrodes. t}gsd to your leg which will be used to stimulate the rerves
which cause the muscles in your leg to pull the foot up or down We
also attach small instruments to your 1imb to enable the measurement of
ankle angle during stimh1a¥ion. On occasion we w11] measure the
electrical currents generated by _your leg muscles during stimulat1on.

This will involve sticking surface electrodes on your skin.

ATTENDANT RISKS AND DISCOMFORTS:

Practically speaking there are no real risks associated with

. your 6Erticipation in this study. The stimulators are isolated fraﬁ.a11

power lines. ~ . 5

A source of minor discomfort exists to which you may be
subjected:. The.stimulating electrodes, if {ncorrect1y placed, will
produce an electric sensation on the skin. You will find that wﬂen the

electrodes are properly placed, the sensation is not at all irritating,

EXPECTED BENEFITS:

The device is still in an early stage of development and it is
unlikely that you will personally benefit from it at this time.

184 .
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'OTHERS MATTERS:

If you have any questions about any part of this study you are

‘encpuraged'to ask them before giving your consent. However,'you are

" free zpjksk questions about the study at any time durin§ it course.
If you wish to withdraw from the study yeu are free to do so 3F,
any time without any fear of prejudichregar&ing other and fufure

“treatment.
5.
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CONSENT FORM

- L have had explained to me the nature of the study. had ai]
questions thus far satisfactor11y answered and hereby consent to

participate 1n;¥t~‘h

Patient’s Signature

. . ) . - Name in Block Letifers
. Witnessed by 8
Date
B -

I have explained the details of the study.

»
-

Investigator

=3

Witnessed by

pate
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