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ABSTRACT

The work presented in this theslis has two mailn
themes. Firstly, it follows the development and 1initial
evaluation of a new, hybrid FES orthosis for
paraplegics. Secondly, it describes 1investigations which
were intended to optimize the stimulus parameters used
with the orthosis.

One of the major limitations with pure FES standing
and walkiling systems 1s rapld muscle fatigue. During
gquliet stance, chronic stimulation of support muscles is
requlired which 1nduces fatigue and significantly reduces
their useful contraction time. Mechanical bracing
provides safety, strength and protection of delicate
jolnts but 1t lacks some of the features of FES. The
"hybrid" orthosis, considered 1in this thesis, combilnes
these two technlques so that the disadvantages of elther
technique alone are reduced.

In the following chapters, the development of the
mechanical braces, the sensors, the electrical
stimulator and the controlling software are considered.
Several preliminary 1nvestigations are reported which
demonstrate the feasibility of the orthosis with regard
to fatigue reduction and stability.

In addition, tests are described which were
designed to 1improve the characteristics of muscle and
reflex activity for use with the system. The results of
these tests showed that muscle dynamics could be
improved by the addition of a single pulse to a regular
stimulus pattern. Improvements were also obtained 1in

reflex activity but to a less significant degree.



ABBREVIATIONS

The following is a list of abbreviations and their

meanings which are used in this thesis:

AP - anterior-posterior

AtoD - analogue to digital

CNS - central nervous system

CofG - centre of gravity

CofP - centre of pressure

EMG - electromyogram

FES - functional electrical stimulation
FFT - fast fourier transform

FIR - finite i1mpulse response

FNS - functional neuromuscular stimulation
FRO - floor reaction orthosis

FSR - force sensing resistor

GRV - ground reaction vector

HER - hip extension reflex

HGO - hip guidance orthosis

HKAFO - hip-knee—-ankle-foot orthosis

I/0 - input/output

IPT - interpulse interval

KAFO - knee—ankle-foot-orthosis

KER - knee extension reflex

ML - medio-lateral

pPps - pulses per second

PW - pulsewidth

RGO - reciprocation galt orthosis

RMS - root mean square

SCI - spinal cord injury

SKAFO - supracondylar knee-ankle-foot orthosis
sSps - samples per second

TTL - transistor-transistor logic
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

l.1. INTRODUCTION

Throughout the past century, soclety has become
increasingly aware of the special needs of people with
spinal cord injury (SCI). With modern rehabilitation
techniques, a paraplegic or tetraplegic person can
expect to live for a normal life-span and play a useful
role i1n the community. However, despite advancements in
medical technology, a severely paralysed individual
still cannot expect to live a "normal" 1life-style.
Paraplegics must become consciously aware of routine
body functions which were once completely automatic. For
example, relief of pressure, temperature control, bowel
and bladder management, all become the responsibility of
the paralysed patient. Other problems associated with
SCI are loss of sensation, loss of normal sexual
function, disuse osteoporosis and muscle atrophy
(Guttman, 1976).

Although the obstacles faced by SCI patients are
many and varied, the most obvious disability, to society
in general, 1s 1mpalred motor function. Indeed, the

inability to stand and walk seems to be the greatest
factor separating the paralysed person from the
community 1n which he or she 1lives. Consequently,
intense research has been conducted into the restoration
of these functions.

The most direct approach 1s to repair the damage
done to the spinal cord. Research into this has been
conducted 1in several centres around the world with some
encouraging results (Bjorklund & Stenevi, 1979). It is
not realistic, however, to assume that it will be
available to SCI patients 1n the near future so
alternative approaches are important.

The purpose of thilis review 1s to consider various

techniques that have been used to restore stance and

walking functions of paralysed patients which are



relevant to the aims of this thesis. As well as

functional applications, there will also be some
consideration of neurophysiological studies of the

mechanisms of muscle contraction and reflex activity

which may be helpful in understanding their response to

certain stimull.

1.2. MUSCLE FUNCTION

Traditionally, normal human gait has been divided
into two stages: Stance phase and swing phase (Murray et
al, 1964). Considering one leg only, stance phase 1is
when the leg 1s relied upon to support a progressively
higher loading (up to and over full body weight) as the
contralateral leg unloads and makes a step forward.
Swing phase, 1n 1its simplest form, is the forward
placing of the foot in preparation to support the centre

of gravity of the body as 1t progresses. Although normal
walking 1s automatic for most, 1its detailed biomechanics

s very complex and subject to significant interference
when pailn or paralysis 1n the leg musculature affects
normal function (Saunders et al, 1953).

Normal muscular contraction 1s achieved by neural
activation of motoneurones 1in the spinal cord which, in
turn, innervate muscle fibres (Basmajian, 1978). This
activation 1s an integral function of excitatory and
inhibitory signals from spinal reflex activity and
higher 1levels of the central nervous system (CNS). A
spinal cord injury will block the signals from higher
levels but usually 1leave 1intact peripheral nerves and
reflex arcs below the level of the lesion (Sunderland,
1968). This leads to what 1s called '"spastic paralysis"
of the affected limbs where muscles will readily
contract under the 1nfluence of a mechanical or
electrical stimulus. The location of muscles affected by

paralysis depends on the level of the spinal cord lesion

and also the severity of the injury (Guttman, 1976).



Severity of a spinal cord injury 1s loosely divided
into two subgroups: Complete and 1incomplete. The
functional condition of a muscle, affected by SCI, may
vary continuously from completely paralysed to almost
normal. The consequence of this 1s that voluntary muscle
dysfunction can vary from one muscle to another below
the level of injury. There 1s no clear cut distinction
between complete and 1ncomplete SCI but it 1is
sufficient, for this project, to say that an injury
defined as "complete" will render all limbs and muscles
below the 1njury 1level 1incapable of useful motor
function under voluntary control (even though sensory
ilnnervation may be preserved). An 1ncomplete SCI,
therefore, will allow the patient some useful voluntary
control of some muscles.

An evaluation of preserved neuromuscular function
can be obtained by muscle strength testing. Daniels &
Worthingham (1986) describe a manual muscle test by
which muscles are graded according to the levels 0 to 5.
Zero means no response; five means normal response.
Instrumented muscle strength tests have also been
described which allow more objective measurements to be
made such as maximum rate of contraction and relaxation
(Merton, 1954; Edwards et al, 1977b; Zeiderman et al,
1984). Other factors, such as muscle fatigue and
endurance, can also be measured (McLaughlin et al,
1987). One important point, which should be noted here,
1s that paralysed muscle can be tested by electrically
evoking a contraction and measuring the corresponding
parameters. This technique measures the excitability and

function of muscle independently of the amount of

voluntary control.



l.3. REHABILITATION TECHNIQUES

At present, the most common means of mobility for
patients with serious muscle dysfunction 1is the
wheelchair. This device still offers a form of
ambulation which is more convenient and efficient, with
respect to time and energy, than most other orthotic
alternatives (Clinkingbeard et al, 1964; Cerny et al,
1980; Merritt et al, 1983).

However, the wheelchalr does not offer any direct
therapeutic benefit to the affected limbs. A number of
reciprocating braces have been designed which lock the
ankle and knee 7joints and support the trunk whilst
allowing flexion at the hips (Major et al, 1981; Douglas
et al, 1983). These devices are very sultable for high
thoracic 1level paraplegics. Ambulation can be achieved
by using a walking aid such as a rollator or crutches
and shifting welght to allow the effects of gravity and
inertia to swing the leg through.

Alternatively, recent advances 1n the application
of functional electrical stimulation (FES) have allowed
a selection of complete and 1incomplete SCI subjects to
stand and walk without the aid of external mechanical
bracing (Kralj et al, 1981; Bajd et al, 1983b).

Both of these technigues have a number of
advantages and disadvantages when applied to paralysed
subjects. In this thesis, a third approach called
"hybrid" orthotics, which consists of a combination of
mechanical bracing with FES, 1is adopted. The design
philosophy behind any hybrid orthosis should be to
combine the techniques such that the advantages remain
and the disadvantages cancel (Tomovic et al, 1972). This

will now be conslidered 1n more detail.



l.4. FUNCTIONAL ELECTRICAL STIMULATION

As the name implies, functional electrical
stimulation (FES) 1is the application of electrical
neuromuscular stimulation for some functional purpose.
These purposes are many and varied but the specific
functions dealt with in this study are standing and
reciprocal walking for SCI patients.

The most attractive feature of FES 1s the fact that
active mechanical power 1s generated by the subject's
own paralysed muscles. This power can be channeled into
positive functions such as locomotion, welght bearing
and exercise. The benefits derived can be psychological
as well as therapeutic. Useful work produced by
paralysed musculature means less work required from the
able limbs (Cligquet, 1988). One of the earliest
practical successes 1n the application of FES was the
development of the peroneal brace reported by Liberson
et al (1961). This used electrical stimulation of the
common peroneal nerve to prevent footdrop, during the
swing phase of gailt, 1n hemiplegic patients.

Further development of techniques 1lead to a
proposal by Kral] & Grobelnik (1973) to stand complete
paraplegics with FES alone. This technique used
bilateral stimulation of hip and knee extensors and
ankle plantar flexors. Bajd et al (1981) succeeded 1n
standing paraplegic patients using bilateral stimulation
of the quadriceps muscles with extra support from the
arms. The action of the arms eliminated the need for
extra stimulus channels and consiliderably reduced the
kKnee moment requilired to stand up (Bajd et al, 1982).

FES assisted reciprocal galt was shown to be
possible for SCI patients with incomplete lesions (Kralj
et al, 1981) and complete lesions (Bajd et al, 1983Db).
No external bracing was used but the subject was
required to have sufficient balance and upper 1limb

musculature to control crutches or a walking frame.



This technique used stimulation of the quadriceps
muscles to brace the legs either bilaterally, during
double support, or unilaterally during the single
support phase of gait. Lifting of the leg, durlng swilng
phase, was achieved by switching the stimulus to an
appropriate afferent nerve to elicit a flexion
withdrawal reflex. Switching of the stimulus site was
achieved using hand switches which were controlled by
the subject when he or she had built up the necessary
level of skill.

The therapeutic benefits of FES assisted
activities, for SCI patients, are considerable from both
a clinical and psychological point of view. Problems
assoclated with the following conditions can all be
reduced: Pressure sores (Levine et al, 1987); bone
mineral loss (Lew, 1987); urinary tract infections
(Brindley et al, 1982); muscle atrophy (Fournier et al,
1984); 7joint contractures (Phillips et al, 1984) and
spasticity (Bajd, 1986; Rebersek et al, 1986).

1.4.1. Stimulus Parameters

The stimulus waveform which 1s used 1n most FES
applications consists of a train of monophasic current
pulses. These pulses can vary 1n duration from 50 to
500us and 1n frequency from 10 to 100 pulses per
second (pps) according to the application. The task of
each stimulus pulse 1s to excite an action potential in
a number of nerve fibres. To achieve this, the pulses
must produce sufficient ion flow 1n the vicinity of the
nerve axons to cause membrane depolarization and
consequent excitation (Benton et al, 1981). The action
potentials then go on to trigger muscle contractions in
the normal way (Basmajian, 1978).

The flow of 1ons 1n the 1interstitial fluid
surrounding the nerve axons 1s directly related to the
charge delivered by a current pulse. Consequently, the

effectiveness of each stimulus pulse depends not only on



the current intensity but also on the pulse duration.
Variation in the charge delivered by each pulse produces
proportional variation in ion flow. Thus, an 1ncrease 1n
current pulse intensity or duration usually causes more
nerve fibres to be stimulated. This extra recruitment of
nerve fibres (and ultimately muscle fibres) leads to a
stronger muscle contraction (Benton et al, 1981).

In FES applications, a typical muscle contraction
involves the stimulation of a large number of parallel
nerve axons which i1innervate still more parallel muscle
fibres. This number 1s 1large enough to 7justify the
assumption that the control of pulse intensity, over the
strength of the muscle contractions, 1s effectively
continuous.

Another 1important control over muscle contraction
s the number of stimulus pulses delivered per unit
time. The stimulus frequency controls not only the force
of contraction but also the characteristics of
contraction (Edwards, 1981). Usually, a frequency of
20pps or more 1s sufficient to produce a fused, tetanic
contraction. However, frequencies between 40 and 100pps
are reported to produce maximum muscle activity (Edwards
et al, 1977a).

1.4.2. Electrodes

Most muscles which are useful for standing and
ambulation can be stimulated transcutaneously using
strategically placed surface electrodes. This type of
stimulation is quite effective and has the advantage of
being completely non-invasive. Because of the relatively
high 1impedance of the skin, high voltage pulses are
required to generate sufficient internal current levels
to excite nerve action potentials. Typically, 80 to 100
volts, at the skin surface, will produce muscle

contractions which are strong enough for weight bearing.



Devices which use intramuscular electrodes do not
have to deal with these high impedance skin layers.
Thus, they can operate at much lower power ratings. This
has significant implications regarding their relative
size. In general, intramuscular stimulators are 1less
bulky and require considerably less battery power than
transcutaneous stimulators.

Recent advances 1in circult miniaturization have
allowed the development of fully 1implantable,
multi-channel stimulation systems (Donaldson, 1986).
These devices are designed to receive radio control
signals from a transmitter which is placed over the skin
surface. The power consumption is so low that the energy
contained 1n the radio carrier signal 1s sufficient to
operate the stimulator. Thus, the compromise between
battery si1ize and useful 1lifetime 1s eliminated. The
system 1s ready to use at any time so preparation for a
stimulation session simply 1nvolves applying the
transmitter to the skin surface. Intramuscular
electrodes provide a more effective muscle contraction
than surface technigques and allow greater selectivity of
specific muscle groups. However, implanted stimulation
systems are 1nvasive and susceptible to 1nfection.
Surgery 1s required to 1implant the devices which 1is
costly and time consuming. If an infection occurs at any
of the electrodes, 1t can spread to the entire implanted
system which must then be surgically removed. Even
simple faults, such as component faillure or electrode
movements, cannot easily be rectified with this type of
systenmn.

Percutaneous electrodes provide many of the
features of fully implanted devices and do not require
the same extent of surgery. Each electrode is introduced
through the skin, to the desired stimulus site, with a
hypodermic needle. Stimulation 1is applied to find the
optimum electrode position and the needle is withdrawn,
leaving the electrode 1n place. The result of this

procedure is a network of intramuscular electrodes that



enter the body at specific junction sites and allow
simple connection to an external stimulator (Marsolalis &

Kobetic, 1986). The price paid for electrode fallure 1is
significantly less with this type of systen.
Additionally, if infection occurs at one of the
electrodes, it cannot spread to the entire 1mplanted
system because each electrode 1s separate. Finally, a
failed or 1infected electrode can be removed with
relative ease.

Marsolais & Kobetic (1983) describe a complex
walking system, for paraplegics, which controls many
channels of percutaneous muscle stimulation in the lower
limbs. The galt pattern produced 1s faster and more
natural 1looking than the simple FES walking system
described above. Despite the advantages offered by
intramuscular stimulation, however, it still suffers
from the same fundamental problems as surface techniques

which will now be considered.

1.4.3. Muscle Fatigue

Pure FES systems, 1n thelir present form, suffer
from a number of practical limitations. (The most
important of these limitations, relevant to the aims of
this thesis} 1s rapid muscle fatigue which occurs during
chronic stimulation; particularly 1if the muscles are
being used to support weight. Under normal
circumstances, individual muscle fibres receive
relatively low frequency excitation. Action potential
pulse frequencies 1n the range of 10 to 20pps, for
sustalined voluntary contractions, are typical (Edwards
et al, 1977a). Muscle contractions which are apparently
smooth are achlieved because of the asynchronous firing
of a large number of muscle fibres. These relatively low
firing frequencies are found to be optimum with regard
to fatigue resistance (Bigland-Ritchie et al, 1979).
Additionally, 1individual muscle fibres are called upon

to contract only 1in short bursts. This low active duty



cycle allows a recovery period for the individual fibres
and thus delays the onset of fatigue. The whole process
is under the control of the CNS which ensures that a
smooth contraction is maintained whilst the 1load 1s
shared between different muscle fibres at different
times. |

In most FES applications, nelther of the above
criteria are fulfilled. Due to the synchronous firing
pattern, stimulus frequencies of more than 20pps are
requlred to produce fused, tetanic contractions. At
lower frequencilies, the muscles cannot produce
contractions which are appropriate for supporting
welight. High stimulus frequencies, however, have been
shown to greatly accelerate the onset of muscle fatigue
(Benton et al, 1981; Bajd et al, 1983a; Baker et al,
1986). Rapld muscle fatigue has also been shown to occur
when stimulation is applied continuously to the same
muscles (Peckham et al, 1976). One mechanism for this 1is
constriction of blood vessels, during a continuous
contraction, which causes neuromuscular transmission

failure or "ischemic fatigue" (Edwards et al, 1982).

l.4.4. Methods to Overcome Fatigue

Edwards (1981) outlined a difference 1n fatigue
mechanisms which were 1induced by different stimulus
frequencies. High frequency FES caused fatigue which was
induced by impalrment of neuromuscular transmission or
sarcolemmal excitation and low frequency FES produced
impaired exciltation-contraction coupling. The low
frequency fatigue mechanism has been observed to proceed
much more slowly than with high frequencies. On the
other hand, fatigue 1induced by high frequency FES
recovers more qguickly. Edwards et al (1977a) observed
that complete recovery from muscle fatigue induced by
low frequency stimulation can take several hours.

Stokes & Edwards (1986) attempted to prolong

fatigue resistance of muscle by characterizing the



composition of muscle fibre types being stimulated,
evaluating the fatigue characteristics and determining
an optimum stimulus frequency. This does not provide a
practical solution because chronic stimulation 1s still
involved and fatigue will inevitably result. Bajd et al
(1983a) demonstrated that cyclic stimulation of a muscle
will greatly improve its fatigue characteristics because
it allows time for muscle recovery. In pure FES
applications, however, 1if support muscles are not
constantly belng stimulated then safe support 1is not
being provided.

Various attempts have been made to utilize cyclic
stimulation of different muscle fibre groups whilst
maintaining a constant load. This can be done either
sequentially (Peckham et al, 1969; Brindley et al, 1978;
Petrofsky, 1979; Pournezam et al, 1988) or according to
the posture at any particular time (Kralj et al, 1986).
These technigques involve complex and expensive equilpment
and may not be practical for paraplegic walking systems.
The hybrid orthosis 1s a simple alternative which
utilizes the fatigue resisting features of cyclically
stimulated muscle. This technligque 1ncorporates the use
of mechanical bracing to provide long term support of
the body weight while FES provides forward propulsion.

This will be considered later in more detail.

1.5. MECHANICAL BRACING

Another problem with pure FES systems 1s the
possibility of abnormal joint 1loading; particularly at
the ankle and knee joints. This 1is important for
subjects with no sensory 1nnervation. For example, a
turned ankle, without the subject's knowledge, may
injure the Jjolnt or cause a fall. Orthotic bracing
provides strength, reliability and safety. It does not
suffer from the time limitations imposed by muscle
fatigue and it prevents damage to Jjoints by 1limiting

their range of motion.



Orthoses, such as full length calipers and
reciprocal walkers, have been shown to be effective 1in
stance and locomotion functions for paraplegic subjects.
Major et al (1981) describe a Hip Guildance Orthosis
(HGO) which provides stability at the hilp, Kknee and
ankle joints. A high thoracic level paraplegic can walk
in this device, with crutches, by 1laterally shifting
welght. This clears the contralateral leg from the
ground and allows 1t to swing through under the
influence of gravity and inertia. A simillar device, with
various biliomechanical differences, 1s the Reciprocation
Gait Orthosis (RGO) described by Douglas et al (1983).
These devices provide therapeutic loading of the 1lower
limbs and allow the patient to exercise 1n an upright
position. However, some of the direct therapeutic
benefits of FES cannot be provided by mechanical

orthoses.
1.5.1. Hybrid Orthoses

A hybrid orthosis uses passive mechanical bracing
to provide 1long term support while FES provides the
overall system with active power. Tomovic et al (1972)
proposed an additional component which derives active
mechanical power from an external source. In the
interests of practicality, however, this approach has
not been adopted in this thesis. Schwirlitch & Popovic
(1984) developed a hybrid system based on a modular
orthosls which fitted like an external skeleton. FES was
used to supply a "biological actuator". Other methods
have used various standard orthotic braces, 1in
conjunction with FES, to aid 1n standing, foot clearance
and crutch assisted ambulation (Andrews & Bajd, 1984;
Petrofsky et al, 1985; Cliquet et al, 1986). The FES
component of these hybrid applications 1is reported to
reduce the upper limb effort and energy associated with
ambulation (Patrick & McClelland, 1985; Nene & Andrews,
1986; Cliquet, 1988; Marsolais & Edwards, 1988).



The hybrid system which 1is specifically dealt with
in this thesis is based on a floor reaction orthosis
(FRO) (Saltiel, 1969; Yang et al, 1986). This device can
brace the knee, under certain conditions, without any
activity required from the gquadriceps muscles. In some
positions, however, the quadriceps must be stimulated to
properly support a paralysed 1leg. The fact that the
device allows free flexion of the knee gives it certain
advantages over braces that lock the knee. In general,
the main function of the FRO in this hybrid system is to
provide enough passive mechanical support, during quilet
standing or the stance phase of gait, to reduce the duty
cycle of efferent muscle stimulation (Andrews, 1986;
Andrews et al, 1988). The implications of this will be

considered 1n chapter two.
1.5.2. Cosmeslis and Convenilience

Cosmesls and convenlence are 1mportant aspects 1n
the design of any orthotic system. Although they have no
direct bearing on function and biomechanics, they
determine whether or not an orthosis 1s accepted by the
patient. None of the benefits mentioned above can be
gained 1if the patient does not use the orthosis on a
regular basis. This will, almost certainly, be the case
if the device constitutes a nuisance to daily 1living or
is overly conspilicuous.

The most cosmetically acceptable orthotic systems
are those that look natural. For the severely disabled,
mechanical bracing does not meet thils criterion very
satisfactorily. Although devices such as calipers can be
concealed under clothing, they are still bulky and
obvious to the observer. Reciprocal walking braces are
effective for stance and gait but they are far from
natural 1n appearance. To support the weight of a
paralysed patlent, a brace must also be strong. This
often means that mechanical orthoses are heavy,

difficult to apply and remove and a hindrance to routine



activities such as transfer. FES shows a distinct
advantage here because the edquipment required 1is
lightweight and relatively easy to apply. If surface
stimulation electrodes are belng used, they conceal
easily under clothing. If the patient has had
intramuscular electrodes implanted then the system 1is
optimal with regard to cosmetic appeal and ease of
application.

The Hybrid Orthosis considered in this thesis does
not provide a complete solution to any particular aspect
of the above criteria but it does help to reduce many of
the problems associated with mechanical orthoses or FES

applied individually.

1.6. POSTURAL STABILITY

Normal postural stability has been the subject of
considerable investigation. It 1is easy to under-estimate
the complexity of postural control but a closer look at
the biomechanics of stance reveals that 1t 1s not a
simple matter. In general, normal stance 1nvolves
co-contraction of antagonistic muscles 1n the lower
limbs, plus the effect of corrective reflexes. These
reflexes are part of a complex control network which
stabilizes what would otherwlise be an unstable system.

The simplest analogy for upright posture 1is that of
an inverted pendulum which 1s hinged only at the ankles.
However, postural corrections agalnst perturbations in
the anterior-posterior (AP) plane have been shown to
involve rotations about the ankle, knee and hilp joints
(Nashner & McCollum, 1985). Electromyogram (EMG) studies
of the muscles controlling these 7Jolnts have also
indicated that the reaction agailnst an AP perturbation
starts at the ankle joint and then proceeds proximally
from the support base (Nashner, 1977; Cordo & Nashner,
1982). In these experiments, the initial latency between
the perturbation and the reaction at the ankle joint

measured about 100-120ms. Each subsequent proximal



progression to the next joint was separated by 10-20ms
which is too rapid to be an independent spinal reflex
reaction. These responses were also adaptable to the
magnitude and direction of the perturbation which

suggests the influence of preprogrammed muscle patterns
controlled by the CNS.

Further complications to the analysis of postural
control are 1introduced by perturbations 1in the
medilio-lateral (ML) plane and the effect of the head and
upper limbs on the centre of gravity. The afferent
signals avallable to the CNS are from visual, vestibular
and proprioceptive sensors. The CNS then has the
extensive task of processing this information and
coordinating appropriate muscular activity, 1in

sufficiently short time, to prevent the system from

becoming unstable.

l.6.1. Sway Measurement

The measurement of postural sway appears to be the
most widely accepted means of gquantifying postural
stability. It has 1long been known that wvariations in
sway patterns are an 1indication of neurological
disorders (Romberg, 1853; Fearing, 1924). The methods
used to measure sway, however, are the subject of some
controversy. Sway, during gquiet stance, 1s defined by
movements of the centre of gravity (CofG) 1n a plane
which 1is approximately horizontal and parallel to the
supporting base. These movements are due to small
deviations of the CofG 1line from the vertical ground
reaction vector (GRV) and their subsequent correction by
reflexive muscular action. Since the system 1is
marginally stable, these corrections must be made
constantly and the CofG 1s never actually co-linear with
the GRV for more than an 1instant.

Many researchers have studied sway by measuring the

centre of pressure (CofP) on a force platform (Murray et

al, 1975; Cybulskl & Jaeger, 1986). This amounts to



measuring the base position of the GRV which does not
necessarily correspond to movement of the CofG. Stevens

& Tomlinson (1971) recognized this and called the CofP a

"secondary consequence of swaying movements'". They
further suggested that it may not be effective 1n
measuring all the characteristics of sway. The method
that they used recorded "true sway" in the AP plane by
directly measuring the displacement of the body at the
approximate level of the CofG. A displacement transducer
was also placed over the upper thoracic region to detect
any bending of the body during stance.

The measurement of displacement, at wvarious sites
on the body, has been used by several researchers to
study sway. Boman & Jalavisto (1953) employed a photo-
graphic technique to measure movement at the head.
Sheldon (1963) used a special framework which recorded
displacement at the shoulder 1level. Fernie & Holliday
(1978) measured displacement 1n the AP and ML planes
using potentiometric transducers placed at the sacral
level of the body. Other methods have employed optical
and magnetometry technigques to measure displacement
(Koles & Castelein, 1980; Dean et al, 1986).

Koles & Castelein (1980) measured the CofP
simultaneously with displacements 1in the AP plane at the
hips, shoulders and head. This data was then used to
examine the relationship between the CofP and joint
rotations at the ankle, hip and shoulder 1levels during
normal standing. The knees were assumed to be constantly
extended, so a three-segment stick model was used for
the calculations. The results showed that the CofP was
most sensitive to rotations at the ankle joint and least
sensitive to rotations at the shoulder level.

CofP was chosen as the method of stability
analysis, in this thesis, for the following reasons:

Firstly, 1in paraplegic standing, no postural
corrections are made by muscle action at the ankles or
hip joints. All adjustments must be made at the level of

the shoulders. Under these circumstances, the body is



more closely approximated by a simple, inverted pendulum
model and the CofP movement is closer to true sway than
with normal stance.

Secondly, although CofP 1s not a direct measure of
sway, 1t can still be used as a valid measure of
relative postural stability (Maki et al, 1987).

Finally, measuring CofP with a force platform 1s a
gquick and convenient method for stability analysis.
Measurement of true sway requlres more complicated
technigues and 1s not necessarily better than CofP for

stability analysils; especially with parapleglic standing.
1.6.2. Sway Parameters

For convenience, the word '"sway" will now be used,
iln this theslis, to describe CofP as well as CofG
displacements. It should be remembered, however, that
these quantities differ in their basic definitions.

As well as variety 1n measuring techniques, there
also exlists a large variety of sway parameters. Earlier
sway studies usually concentrated on the effective area
covered by the sway path and the maximum range 1in the AP
and ML directions (Hellebrandt & Braun, 1939; Boman &
Jalavisto, 1953; Sheldon, 1963). The data available, to
these researchers, was usually a two dimensional trace
of the total sway path. Thus, the 1information content
was limited to the above parameters. Murray et al (1975)
took the analysis a step further by resolving sway 1into
the AP and ML planes using polygraph recordings. For
normal standing, they found that the average excursion
from the mean position, 1in elther direction, was
relatively small. The total cumulative excursion from
the mean position was found to be surprisingly large.

Later studies have utilized techniques to digitally
store sway data and subsequently analyse it with a
computer. This allows the extraction of much more useful
information. The sway parameters which are now most

commonly calculated are: Total sway path length, average



speed, effective area, AP and ML components, average
radius of rotation and average frequency of rotation.
Another common calculation 1is the ratio of any sway
parameter, obtained with eyes open, to that obtained
with eyes closed. This 1s sometimes Kknown as Romberg's
coefficient (Dean et al, 1986).

Due to the large variety of parameters and
techniques, it would not be sensible to compare data
obtained from different sway studies. Sway should not be
considered as a strict definition of postural stability
but, rather, as a means of comparing the stability of
different subject categories. For example, sway has been
shown to significantly 1increase when the subjects are
elderly or have thelir eyes closed (Sheldon, 1963; Dean
et al, 1986).

Cybulskl & Jaeger (1986) used sway measurement to
compare the standing performance of normal subjects with
paraplegics wearing Kknee-ankle-foot orthoses (KAFO). The
sway parameters calculated were: Total sway path,
average radilus of rotation and average frequency of
rotation. No attempt was made to compare AP and ML
components. Tests of twenty seconds duration were
performed with eyes open and closed and with hands on
and off a supporting frame. The results showed that
postural stability 1n normal stance was generally
superior to paraplegic stance with KAFO's. With eyes
open, however, KAFO stance compared more favourably with
normal stance. A further comparison was made with
paraplegic stance using billateral FES of the quadriceps
muscles to brace the legs. This proved to be less stable
than KAFO standing. Cybulskili & Jaeger (1986) suggested
that an orthosis must show stability characteristics
which are comparable to KAFO's before 1t can be
considered as a viable alternative for paraplegic
standing. For the work presented in this thesis, a
similar but more detailed analysis was used to compare
the stability of the hybrid FRO system with other

paraplegic standing aids.



1l.7. MUSCLE RESPONSE TO VARYING STIMULI

High stimulus frequencies produce 1ncreased muscle
activity at the expense of rapidly 1induced fatigue
(Edwards et al, 1977a; Edwards, 1981). Baker et al
(1986) studied the fatiguabillity of healthy muscle
stimulated at 100pps. This was prompted by the finding

that higher frequencies were preferred by subjects who
could feel the stimulus (McNeal et al, 1986). The study

showed that 1in order to avoid significant fatigue, a
stimulus duty cycle of less than 10% was required. Such
a low duty cycle cannot be considered practical for
muscle bullding exercises or most FES based walking

systems. A hybrid orthosis requires only intermittent
bursts of stimulation for correct operation.

In the selection of stimulus parameters used for
the hybrid orthosis, in this thesis, more emphasis was
placed upon speed and strength of contraction than upon
fatigue reduction. Although fatigue reduction was not
disregarded completely, it was assumed that the majority
of long term support would be provided by the mechanical
bracing. Because of the compromising effect of muscle
fatigue, most FES applications use stimulus frequencies
which are just high enough to produce fused, tetanic

contractions. Thus, the majority of 1literature confines

the study of muscle responses to these relatively 1low

fregquencies.
1.7.1. Fibre Type Transformation

A notable exception to this 1s the study of muscle
fibre transformation. A number of experiments have
indicated that exercise programmes based on intermittent
high frequency stimulation transform slow-twitch
skeletal muscle fibres 1nto fast-twitch types. The

opposite effect 1s observed with low frequency

stimulation. This has been demonstrated in both

denervated muscle (Lomo et al, 1980) and innervated



muscle (Salmons & Sreter, 1976; Heillg & Pette, 1980;
Salmons & Henriksson, 1981; Stefanovska & Vodovnik,
1985). Although the transformation of muscle fibre types
would, almost certainly, have a long term effect on the
application of hybrid orthoses, 1t has not been given
detailed consideration 1n this thesis. Instead, all
comparative tests were performed on paralysed muscle
condilitioned with standard exercises based on 1low

frequency stimulation.
1.7.2. Catch Mechanism

The observation that prompted the muscle response
tests, outlined 1n this thesis, 1s known as the "catch"
mechanism. Willson & Larimer (1968) clearly demonstrated
thlis property using stimulation of crayfish claw
muscles. High frequency stimulation (100pps) caused a
raplid 1ncrease 1n the strength of contraction.
Similarly, halting the stimulus caused a rapid decrease.
However, an 1intermediate stimulus frequency (20pps),
followling a period of eilther of the above extremes, was
observed to "catch" the 1nstantaneous strength of
contraction and maintain 1t at a constant 1level. In
actual fact, the contraction strength was not constant
but the rate of decay, at the 1intermediate frequency,
was so low that the contraction appeared to be constant
over the period of a few seconds.

The catch property 1s, of course, far 1less
pronounced in mammalian skeletal muscle but still
observable (Burke et al, 1970). Whether the simillarities
observed between invertebrate and mammalian muscle are
due to the same mechanisms 1is not known. In fact, the
precise mechanlism 1is still not clearly understood for
any type of muscle. Wilson & Larimer (1968) suggested
that the property may reside 1in calcium binding
mechanisms but this does not appear to have been

established in subseguent literature.



The most useful aspect of the catch property,
relevant to the aims of this thesis, 1s the fact that a
short, high frequency burst, superimposed on a 1low
frequency stimulus, can dramatically 1improve the
transient behaviour of skeletal muscle. This opens up
the possibility of improving muscle response times

wlithout unduly accelerating fatigue mechanisms.

1.8. FLEXION WITHDRAWAL REFLEX

The flexion withdrawal reflex is a polysynaptic,
spinal reflex which 1s usually elicited by a noxious
stimulus in the region of the foot. This stimulus may be
mechanical or electrical in nature. Afferent signals,
from the stimulus site, excite contractions 1n joint
flexor muscles of the 1psilateral leg and extensor
muscles 1in the contralateral 1leg. Similarly, inhibition
of the 1psilateral extensors and contralateral flexors
can be observed. In normal 1ndividuals, afferent signals

also flow through the spinal cord to the cortex where

the stimulus 1is consciously recognized.

1.8.1. Early Investigations

Sherrington (1910) observed the receptive field for
stimulation of this reflex over the surface of the leg
and described the participating muscles. A number of
detailed investigations have taken place to identify the
neural mechanisms 1nvolved wilth this reflex; some of
which will now be considered.

From the results of early EMG studies, measuring
the 1latency of muscles 1involved in the flexion reflex,
it was generally accepted that the reflex consisted of
two components labelled "early" and "late" responses
(Lloyd, 1943; Kugelberg, 1948; Hagbarth & Finer, 1963).

Kugelberg (1948) attempted to separate A-type and
C-type afferent nerve fibre activity by studying

pathological flexion reflexes 1in humans. He attributed



the early response to myelinated A fibres and the late
response to unmyelinated C fibres. A double pain
sensation was reported where the early response produced
"sharp pain" and the late response produced "burning
pain". He proposed that the wide range of conduction
velocities in the afferent pathways was a major
contributing factor 1n the slowness observed 1n the
flexion response. Hagbarth (1960) observed reductions in
the EMG latenciles of inhibitory responses of the gluteus
maximus and vastus medialis muscles as the stimulus
source was moved proximally along the leg. From thilis he
estimated the average conduction velocity 1in the
afferent fibres to be 33-40 m/s and concluded that
sensory fibres of the delta group must be 1nvolved 1in
the early reflex.

In a later study by Hagbarth & Finer (1963), 1t was
concluded that the late reflex response was a
"conditioned cerebral reaction" because 1t showed
learning capability and was adaptable to both the
magnitude and direction of a noxious stimulus as well as
to the position of the leg. The early component did not
show such directional adaptability but did show signs of
supraspinal 1ntensity control such as habituation and
dependence on the state of attention of the subjects.
This component was conslidered to be a spinal reflex
mechanism.

For thilis reason, several studies of the flexion
wlthdrawal reflex were concentrated only on the early
component with minimal latency (Hagbarth, 1960;
Dimitrijevic & Nathan, 1968). However, Shahani & Young
(1971) observed that patients with chronic spinal cord
lesions had a very pronounced late reflex component with
normal latency and that the early response was absent or
reduced. This observation was also made for normal
subjects whilst asleep. They suggested that the early
component may somehow regulate inhibition of the 1late
component such that when the early component is absent,

the late component 1s not controlled.



An apparent exception to this observation was that

patients with Friedreich's ataxia displayed normal early
responses but exaggerated late responses; agaln with
normal latencies. Shahani & Young (1971) attributed this
to higher CNS mechanisms. The explanation offered by
Horstink et al (1975) 1s that 1inhibition of the late
response depends on large afferent alpha fibres which
are lost in Friedreich's ataxia and that the early
response depends on smaller afferent delta fibres which
are preserved. This agrees with the original
observations made by Kugelberg (1948) and Hagbarth
(1960) and casts doubt on the proposal that the late

response 1s under complete cerebral control.
1.8.2. Use of the Reflex for Gait

Stimulation of the peroneal nerve to correct
footdrop 1n hemipleglic patients has been well reported
(Liberson et al, 1961; Takebe et al, 1975; Waters et al,
1975). This 1s an example of the application of direct
efferent stimulation of the dorsiflexors of the foot.
More recent applications have utilized the flexion
withdrawal reflex to aid 1n the swing phase of gailt for
hemiplegic patients (Lee & Johnston, 1976) and
paraplegic patients (Kralj] et al, 1981; Bajd et al,
1983b). These studies 1investigated several alternative
sites to stimulate the reflex but the peroneal nerve was
most commonly used. The 1nduction of the withdrawal
reflex, by stimulation at a single motor point, 1s a
convenient alternative to directly stimulating a large
number of muscles 1n the leg, 1n correct sequence, in
order to take a step. However, the complexity of the

reflex leads to a number of drawbacks.



1.8.3. Problems with the Reflex

One problem with using this reflex 1s variability.
The responsiveness of the reflex, to stimulation, can
differ significantly from one subject to another and
even with the same subject on different occasions.
Another problem with the reflex, when using it for
practical walking, 1s speed. Some patients exhibit very
long latencies between the onset of stimulation and limb
withdrawal; the reflex can also take time to die away
after the removal of the stimulus. Again, a great deal
of variability exists for this.

Problems 1ntroduced by habituation of the flexion
response have been well 1nvestigated (Dimitrijevic &
Nathan, 1970; Fuhrer, 1976; Kralj et al, 1981).
Dishabituation of the reflex has also been shown to
occur when a sudden change 1n the stimulus is introduced
(Hagbarth & Finer, 1963; Dimitrijevic & Nathan, 1971;
Fuhrer, 1973). With electrical stimulation this could be
a single, high 1intensity pulse or a high frequency
burst.

In general, 1t appears that characterization of the
flexion reflex 1in humans, with respect to its response
to various stimulus parameters and controllability, has
not been investigated very thoroughly in the 1literature.
Lee & Johnston (1976) applied several variations of
pulse 1ntensity, frequency and train duration and
observed the time for which the foot was clear of the
floor. They found that an 1ncrease 1n any of these
parameters produced a corresponding increase in stepping
time. No information, however, was derived about the
latency of the response or the kinematics of the leg.
One of the aims of this thesis is to study this aspect
of the flexion reflex and explore the possibility of
using variable stimulus parameters to improve the speed

and reliability of flexion for paraplegic gait.



1.9. PROJECT AIMS

The remainder of this thesis wil1ll be centred around the

following hypotheses and assoclated project aims:

1)

Alms:

Alns:

Alms:

Ainms:

Can the floor reaction orthosis form a basis for
a feasible, laboratory based system for stance

and reciprocal steppling 1in paraplegics?

a) Develop a closed loop, hybrid FES walking
system which 1ncorporates artificial extension
reflexes, feedback of hip angle to control swing
phase and use of crutch and foot pressure

lnformation to detect stepping intention.

Does the hybrid FRO system offer any advantages

over other stance and walking aids?

a) Evaluate the system with respect to stability

and fatigue resistance.

Can muscle dynamics be 1mproved for standing with
the hybrid FRO system?

a) Characterize muscle dynamics according to
stimulation parameters.
b) Determine an optimum stimulus pattern for use

with the artificial knee extension reflex.

Can the control of flexion withdrawal be improved
during the swing phase of galt with the hybrid
FRO system?

a) Characterize the flexion withdrawal reflex
according to stimulation parameters.
b) Determine an optimum stimulus pattern for

control of reciprocal stepping.



CHAPTER 2. SYSTEM DEVELOPMENT

2.1 Introduction
2.2 Floor Reaction Orthosis

2.2.1 Brace Component
2.2.2 Supracondylar Component
2.2.3 FES Component
2.2.4 Ankle Joint

2.3 Sensors
2.3.1 Force Measurement
2.3.2 Angle Measurement

2.4 Computer Controlled Stimulator
2.4.1 Hardware Design
2.4.2 Output Driver Unit
2.4.3 Safety Factors
2.4.4 Software
2.4.5 Application

2.5 Control System Software
2.5.1 Artificial Reflexes
2.5.2 Control of Stepping
2.5.3 Finite State Model

2.6 Postural Evaluation System
2.6.1 Data Collection
2.6.2 Sway Path Length
2.6.3 Radius of Rotation

2.6.4 Directional Analyses



CHAPTER 2. SYSTEM DEVELOPMENT

2.1. INTRODUCTION

The work for this project involved a considerable
amount of hardware and software development. This
chapter will outline the design and development of the

followling system components:

a) Floor reaction orthosis

b) Sensors

c) Computer controlled stimulator
d) Control system software

e) Postural evaluation system

Additionally, during the development stages of the
project, a number of preliminary tests were conducted.
The results of these tests played a significant role in
the progressive design of the orthosis. Thus, it was
considered appropriate to include some of them in this

chapter.

2.2. FLOOR REACTION ORTHOSIS

In chapter one, 1t was specified that the
combination of FES with mechanical bracing should reduce
some of the problems associliated with the application of
either technique alone. This will now be considered in
detail for the hybrid FRO systemn.

Paraplegics, when using FES to walk, expend more
energy, per unit time and distance, than able bodied
individuals walking normally. In fact, FES walking is
quite a strenuous exercise (Marsolals & Edwards, 1988).
Much of this exertion comes from the use of the upper
limbs to stabilize the body and carry some of its weight
during ambulation. Another source of energy consumption
is FES induced activity 1in the paralysed, lower 1limb

musculature.



Consequently, during prolonged use, it 1s to be
expected that the subject will need to stop periodically
and rest. With a pure FES walking system, the subject
must sit down and switch off the stimulation 1if he
wishes to recover from the physical exertion and allow
the stimulated muscles to recover from fatigue.

If mechanical bracing can be used to support the
welght of the subject without the aid of FES then
recovery can be achieved whilst maintaining an upright
posture. Thilis offers a significant practical advantage
because 1t reduces the subject's dependence on a
wheelchalr (or an eguivalent device) beling nearby. The
hybrid FRO system not only allows the subject to stand
quletly with no stimulation, it also delays the onset of
fatigue, during ambulation, by reducing the effective
duty cycle of efferent stimulation. Another advantage
offered by the brace component 1s protection of the knee
and ankle 3joints. If the subject has 1lost sensory
innervation at these Jjoilnts then 1t 1s 1important that
they be constrained. This helps to avoid injuries which
could be incurred if a leg was 1improperly positioned
whilst attempting to bear weight on it.

On the other hand, the presence of FES 1n the
system offers a number of advantages over the use of
conventional mechanical bracing on 1its own. Apart from
the direct therapeutic and psychological benefits,
described 1in chapter one, significant improvements are
obtained in cosmetic appeal and practicality.

Firstly, instead of using the upper limbs to shift
weight and progress each 1leg, FES can be used to
actively flex the leg and take a step forward. This 1is
not only cosmetically acceptable but also reduces upper
limb exertion. Secondly, although reduced in duty cycle,
stimulation of support muscles 1is still sufficient to
eliminate the need for mechanical knee locks on the FRO
brace component. The free knee facility allows for a
more natural looking galt pattern and simplifies

standing and sitting procedures.



2.2.1. Brace Component

The initial brace design, illustrated 1n figure
2.1, is based on a concept introduced by Saltiel (1969).
The main functional component is a rigid ankle joint and
foot plate which extends the ground reaction vector
(GRV) to the end of the foot when the subject leans
slightly forward (ie. © > 0 ). When the direction of the
GRV 1lies anterior to the centre of the knee 7joint, it
has the effect of passively stabilizing the 3joint by
creating an extending moment. This has been used
successfully with patients suffering from quadriceps
weakness (Yang et al, 1986). It has not, however, been
previously considered for use with total leg paralysis
because 1t reguires a finite amount of qgquadriceps
activity. In the hybrid FRO system, this activity 1is
provided by the FES component.

The vector diagram 1in figure 2.1 1llustrates the
effective forces which are exerted on the brace. Namely,
the GRV, the 1load borne through the 1leg (L) and the
resultant of the pressure exerted below the patella
tendon (P). This assumes that the system 1s 1n steady
state and that the GRV 1is vertical. In the initial FRO
system, the quantity "P" was used as an 1indicator for
passive Knee stability.

This brace functioned well in the majority of
circumstances and was used to obtalin some of the
preliminary results in this thesis. However, two
significant problems were identified:

1) Due to the increased anterior position of the
GRV, the brace exerts a greater than normal extending
moment at the knee joint and thus 1increases stress on
the knee ligaments. If applied reqularly, over a 1long
period of time, the risk of genu recurvatum 1s present.

2) The patellar pressure 1s not a direct measure of
knee extending moment and cannot be considered reliable
in all cases. The importance of accurately measuring the

knee extension moment will be detailed later.
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Figure 2.1

Initial FRO design. The vector diagram illustrates
the effective forces on the brace.



2.2.2. Supracondylar Component

The problems identified in the previous section can
be solved by extending the brace slightly above the
knee. This idea is based on an orthosis developed by
Lehneis (1972) for controlling genu recurvatum. Figure
2.2 1llustrates the essential components of a supra-
condylar knee-ankle-foot orthosis (SKAFO) which replaces
the original version described 1n the previous section.
The main biomechanical differences with this brace are
the placement of the force "P" above the patella and the
presence of the posterior counteracting force (F)
applied in the popliteal area. The action of these two
forces prevents hyperextension of the knee joint.

Note that the main objective of the brace 1is still
achieved. Namely, to keep the GRV anterior to the Kknee
joint. With the SKAFO version, however, the resulting
knee extension moment 1s taken by the brace 1itself and
not the knee ligaments. This serves to protect the knee
joint and allows the knee extending moment to be
measured more directly by instrumenting the brace.

The latest version of the SKAFO 1is pictured 1n
figure 2.3. Although the appearance 1is different to that
of the basic diagram 1in figure 2.2, its biomechanical
features are essentially the same. The additional straps
and joints are useful for various practical reasons but
they play 1little or no part in the basic theoretical
function. Figure 2.4 1llustrates the extra features on
the upper portion of the brace:

Two semicircular, metal bands (B; and B,)
connect the medial and lateral uprights. These do not
come in contact with the leg; their function 1s simply
to provide the brace with rigidity about the knee. The
dotted lines represent elastic straps which are designed
to keep the brace in alignment with the leg and prevent
relative movement. During stable stance, the forces
exerted by these straps, on the 1leg, are minimal

compared with the forces over the suprapatellar and
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Basic SKAFO design.
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Figure 2.3

Latest version of SKAFO.
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Figure 2.4

Upper portion of SKAFO. The quantity "M" represents
the bending moment at the mechanical knee jolint when
the leg 1s fully extended.



popliteal areas (P and F). Both uprights are fitted with
standard knee joints which allow free flexion and stop
extension. Although these are not essential to the basic
operation of the brace, they serve two useful purposes:

1) Preventing the suprapatellar aspect of the brace
from protruding outwards when the knee 1is flexed.

2) Providing a convenient mounting point for
electro-goniometers which can be used to measure the
Knee joint angle.

An additional advantage of the supracondylar
component 1is the provision of ML stability at the knee
joint. This provides further protection against injury
and simplifies the control problem by 1limiting the

degrees of freedomn.
2.2.3. FES Component

The SKAFO provides a passive, knee extending moment
when the GRV 1lies anterior to the Kknee Jjoint.
Conversely, if the direction of the GRV falls behind the
knee joint, a flexing moment will occur. Since the knee
joint of the SKAFO 1s free in flexion, the latter
condition will cause the knee to collapse unless
corrective action 1is taken. In the hybrid FRO systen,
this corrective action takes the form of rapid
quadriceps contraction induced by FES.

Figure 2.5 illustrates what 1s sometimes known as
the "C" posture for stable stance. In this posture, the
subject leans slightly forward to utilize the floor
reaction function of the SKAFO. The GRV lies 1n front of
the knee joint and behind the hip joint such that both
remain in full extension. This 1s the 1deal "rest"
posture which requires no FES 1nput.

It is tempting to conclude that guadriceps
stimulation acts only as an emergency backup for the
brace to prevent the leg from collapsing. However, this

is not really the case. It 1s a common and 1indeed

natural occurrence for the GRV to shift behind the knee



Figure 2.5

The "C" posture for stable stance.
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joint during stance and gait. Figure 2.6 1illustrates
three basic mechanisms which can cause the GRV to shift
during quiet stance:

a) If the subject leans backwards by a few degrees
from the stable position, the floor reaction function is
lost and the base of the GRV shifts to the heel.

b) The direction of the GRV can be significantly
affected by shear forces on the floor induced by
postural corrections.

c) Leaning too far forward can place the knee joint
directly over or anterior to the GRV. This has the
effect of creating a knee flexing moment.

Figure 2.7 illustrates the action of the GRV during
the stance phase of gait. In the 1initial stages, it
falls behind the knee joint. As the CofG progresses
forward, however, the GRV shifts towards the anterior
edge of the foot plate and provides passive Knee
extension for the rest of the stance period. This means
that qgquadriceps stimulation 1s essential 1in the stance
phase of gait but only for a relatively brief period of
time. The basic philosophy behind the hybrid FRO system
is not the elimination of efferent stimulation but the
reduction of 1it. Thus, i1nstead of acting as an emergency
backup, FES should be considered as an 1integral part of

the overall systenmn.

In addition to the control of knee extension, FES
is used for extra postural support at the hips and the
induction of the flexion withdrawal reflex during
stepping. Although the data presented 1n this thesis are
based on trials conducted with surface stimulation, the
control techniques are equally valid with i1intramuscular
electrodes. The detaills of stimulus parameters and

control will be considered 1n later sections.



Figure 2.6

Basic mechanisms for movement of the GRV
behind the knee joint. a) Leaning backwards
b) Shear forces c) Overreaching.

Figure 2.7

Motion of GRV during the stance phase of gait.

a) Early stance with an overall knee flexing moment
and eccentric contraction of quadriceps. b) Mid stance
and c) Late stance with overall knee extension moment.



2.2.4. Ankle Joint

The rigid ankle joint in a standard FRO compensates
for the lack of active plantar flexion 1n paralysed
limbs and prevents footdrop during the swing phase of
gait. On the other hand, this same feature produces
complications, during the stance phase of gait, from
both a cosmetic and biomechanical point of view.

A plantar flexion stop substitutes for the lack of
foot dorsiflexor action. At heel strike, however,
instead of the foot slowly flattening, via eccentric
contraction of dorsiflexors, the patient must rock over
the heel until the foot 1is flat; after which the floor
reaction function takes over. Additionally, as mentioned
previously, a flexing moment occurs at the knee 1in the
early stance phase of galt which must be overcome by
quadriceps action (figure 2.7). Lehmann et al (1982)
found that this 1initial flexing moment was greater with
a plantar flexion stop than with normal dorsiflexor
action. Since the primary objective of the hybrid
orthosis 1s the reduction of muscle fatigue, it 1is
highly desirable that this 1initial flexion moment be
reduced to a minimum.

The ankle joint used for the SKAFO was designed to
optimize the above constraints and still preserve the
basic floor reaction function. A standard, metallic
ankle joint was used which 1s stopped 1n dorsiflexion
and allows spring resisted plantar flexion. In this
case, the spring replaces natural dorsiflexor action by
allowing the foot to slowly flatten after heel strike.
This 1s gulte cosmetically acceptable and helps to
reduce the knee flexing moment in the early stance phase
of gait (Lehmann et al, 1982). Another feature provided
by the spring 1s the prevention of footdrop when the leg
is lifted from the ground.

The dorsiflexion stop angle and plantar flexion
spring stiffness are adjustable. Since these parameters

can make a significant difference to the gait pattern,



it is important that this facility exists so that they
can be optimized for individual subjects. The version of
the SKAFO considered in this theslis was constructed
chiefly from standard, metallic components. This allowed
for easy modification during the developmental stages of
design. For future generations of this device, more
emphasis could be placed on welght optimization and
cosmetic appeal. The work for this thesis, however, is
more concerned with the development of function and
control.

One means of reducing weight in the present design
was to remove the lower portion of the medial upright.
The foot plate was fabricated from carbon fibre,
composite plastic which proved to be rigid enough to
support a single, lateral upright. Extra care was needed
to provide rigidity at the knee and ankle joints but, 1n
general, the single upright brace proved to be lighter
and less bulky than the double upright version.

2.3. SENSORS

The control systems associated with the hybrid FRO
require the measurement of a number of analogue
quantities. The purpose of this section 1s to outline
some of the techniques used to make these measurements.

Throughout the course of this thesis, reference

will be made to the following quantities:

- Knee extension moment
- Patellar pressure

- Crutch loading

- Foot loadilng

- Inclination

- Knee angle

- Hip angle

These can be subdivided into two broad categories:

Force measurement and Angle measurement.
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2.3.1. Force Measurement

The resultant force exerted below the patella
tendon was used as an indicator of stance stability 1in
the original FRO design described 1in section 2.2.1. The
tension (T), developed in the cable connecting the
patellar pad to the brace uprights, was proportional to
the localized patellar pressure. In the preliminary
tests, described 1in this thesis, 1n-line ring dynamo-
meters were used to measure this tension (figure 2.8).
More detail about these dynamometers and their
assoclated amplifiers can be found in appendix A.

Although dynamometers can provide accurate force
measurements, the necessity for power amplification
tends to reduce their practicality. Consequently, it was
decided that a simpler means of force estimation should
be used.

The best alternative was found to be force sensing
resistors (FSR); manufactured by Interlink Electronics
Inc., USA. These consist of two layers of conductive
material which contact each other over a specific
surface area (figure 2.9). One layer contains two
interleaving, low-impedance conductors which are printed
onto a thin, flexible substrate. Thilis contacts another
thin layer of resistive material which creates a current
path between the low-impedance conductors. The effective
resistance bears a non-linear, inverse relationshilp to
the pressure forcing the layers together. The circuit 1n
figure 2.10 produces an output voltage which varies with
force applied to the FSR. This method 1s highly
non-linear and lacks precision but 1t 1s easy to
implement and requires no amplification.

In the SKAFO, FSR's were used to measure the Kkhnee
extension moment. In figure 2.4, the forces "P" and "F"
represent the reaction forces required to prevent the
knee from hyperextending. It can, therefore, be inferred
that the extension moment (M) 1is proportional to these

quantities. For the SKAFO trials, reported in this
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Figure 2.8

Ri1ng dynamometer used to measure the
tension (T) i1n the patellar pad cable.



Figure 2.9

Structure of FSR. a) Two 1nterleaving conductors b) A
layer of resistive material contacts both conductors.

Figure 2.10

Application of FSR. As pressure 1s 1ncreased,
resistance of FSR decreases and V, increases.



thesis, the force "F" was measured by mounting FSR's
inside the popliteal pad. Due to thelr dependence on
physical configuration, no attempt was made to calibrate
the FSR's in terms of actual forces and moments. All
measurements were made relative to empirically derived
thresholds. In the complete hybrid control system, FSR's
were used for all force related measurements.

Crutch loading was monitored by mounting FSR's on
the hand grips as shown 1n figure 2.11. The output
signal responds to pressure applied by the hand when
welght 1s supported by the crutch. Figure 2.12 pictures
an 1nsole sensor for measuring pressure under the foot
(Kirkwood & Andrews, 1988). In this device, FSR's are
separately positioned under the heel, medial and lateral
metatarsals and the bilg toe. These sensors have the
potential for controlling complex galt patterns (Andrews
et al, 1989). However, for the tests described 1in this
thesis, their function was somewhat simplified to that

of a single channel which indicates overall leg loading.
2.3.2. Angle Measurement

Hip angle was used as an 1indicator for the
effectiveness of stepping. Whether induced by reflexive
action or direct stimulation, active hip flexion 1s an
important factor in determining how well the foot clears
the ground and progresses forward. Thus, hilp angle was
used as a control signal for stimulation of the flexion

withdrawal reflex.

During quiet stance, the subject must adopt the "C"
posture as outlined 1in section 2.2.3. Due to abdominal
spasticity or contractions of the rectus femoris, some
paraplegic patients experience difficulty 1in achieving
full hip extension. This prob<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>