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Abstract

In addition to the primary eftects normally associated with spinal cord injury (which
can include a loss of volitional motor control and sensation), individuals who suffer one
are also subject to many additional health complications which affect them throughout
life. These secondary symptoms, which are fast becoming the leading cause of death
in this population, occur because of a sedentary lifestyle. The technique of inducing
paralysed muscle contraction through application of low-level electrical charges to in-
tact motor nerves, known as functional electrical stimulation (FES), can be utilised in
several different ways to return some measure of function to spinal cord injured indi-
viduals. One particular application which has the potential to improve general health

and fitness in this population through facilitating exercise is cycling.

This modality (known as FES-cycling) is the common theme linking the two main re-
search areas which this thesis describes. In the hope of more compact and user-iriendly
approaches to FES-cycling through the incorporation of modern sensor and computing
technology, two new hip-angle-based strategies (both of which utilise a limb-mounted
sensor) and a “traditional” crank-angle-based strategy have been developed and incor-
porated into a PDA-based multi-functional FES system. Through both simulation and

tricycle-based experiments, all three approaches have been shown to provide practical

stimulation activation timing.

The second research focus concerns the development of two FES-cycling systems which
are suitable for a spinal cord injured child, and methods to facilitate the intended use
of both devices. A standard child’s tricycle has been modified with appropriate in-
strumentation for FES-cycling and testing involving its target population was carried
out at a US-based paediatric research hospital. These experiments culminated in the
demonstration of FES-cycling by an untrained seven year old T4/T6 (motor complete)

subject. and the evolution of the device into one which should be able to meet the

specific needs of spinal cord injured children.




A second system with integrated motor has also been developed. As well as offering
motor assistance, this device incorporates additional instrumentation to allow investi-
gation into exercise and training capabilities. Experiments have been undertaken to

validate this equipment and it is now ready for future pilot work involving paediatric

subjects.

The two research foci in this thesis represent what are, in our opinion. important
routes that FES-cycling should take to progress into the home environment and also

allow participation of a population who have potentially the most to gain from using it.
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1 Introduction

T'he contributions presented in thesis pertain to two separate themes. both of which are
assoclated with the technique of functional electrical stimulation induced cycling for
persons with a spinal cord injury. The first concerns a novel approach to stimulation
control for cycling using a limb-mounted sensor and hand-held computer system. The
second involves the development of FES-cycling methods and equipment for the child

with a spinal cord injury. The thesis outline and contributions are as follows:

1.1 Thesis Qutline

Chapter 2

Background information on the topics of spinal cord injury and functional electrical
stimulation (FES) are given here. In addition, the concept of functional electrical
stimulation induced cycling (FES-cycling) is introduced, with a review and discussion

of associated benefits which have been reported.

Chapter 3

The main literature review, presented here, encompasses a description ot FES-cycling
systems (and accompanying technology) developed to date, an introduction to paedi-
atric spinal cord injury and the role of FES in this population thus far. In a discussion

of these topics, arguments for the work reported in subsequent chapters are formed

and presented.

Chapter 4

[nvestigations into utilising a limb-mounted sensor for control of stimulation activa-
tion timing during FES-cycling (including all methodology. results. discussion and
conclusions). and incorporation of these (and -“traditional”) approaches into a new

multi-functional PDA-based FES system are described here.



1;2 Thesis Qontribution

Chapter 5

Chapter 5 describes the development of new FES-cycling methods and equipment for
use within the paediatric spinal cord injured population. Details on a new tricycle-
based design, its evolution and testing within the target population are presented and

discussed.

Chapter 6

Following on from chapter 5, the development of a paediatric FES-cycling system
with integrated motor is described here. Experiments designed to verity additional

instrumentation and complete system operation are also discussed.

Chapter 7

The final chapter presents conclusions based on the thesis’ contributions and provides

suggestions for relevant future work.

1.2 Thesis Contribution

New Approaches to FES-cycling Stimulation Activation Control Using a
Limb-mounted Sensor (Chapter 4)

T'wo novel approaches which utilise a measured hip angle to govern muscle activation
timing for FES-cycling stimulation control strategies have been developed. Both have

been tested by employing simulated data, then verified using experimental data.

Utilising a new PDA-based FES System for FES-cycling (Chapter 4)

New hip-angle-based and “traditional” crank-angle-based FES-cycling strategies have
been implemented into a multi-functional PDA-based FES system which is capable of
both surface and implanted stimulation. We have shown that, providing there is accu-
rate sensor measurement, practical stimulation activation patterns can be produced in

realtime using each strategy.



_1.3 Publications

Development of a Tricycle-based FES-cycling System for the Child with a Spinal
Cord Injury (Chapter 5)

A standard child’s tricycle has been modified with appropriate instrumentation and
orthotic equipment for FES-cycling. Testing (carried out in collaboration with a US-
based research hospital) involving 10 paediatric spinal cord injured subjects has been
undertaken to evaluate the system’s suitability for its target population. Assessment
of participant comfort and safety whilst seated on the tricycle has resulted in further
seating, orthotic and handlebar adaptations. These experiments have led to our con-
clusion that a modular based approach with a standard device at its heart can offer a
low-cost and aesthetically pleasing route to FES-based exercise and recreation in this

population.

Demonstration of FES-cycling by an Untrained Paediatric Spinal Cord Injured
Subject (Chapter 5)

An untrained seven year old T4/T6 (motor complete) subject has successfully achieved
a significant period of unaided stationary FES-cycling using our tricycle-based system.
In addition, experiments involving a total of three spinal cord injured children have
provided the basis from which to develop appropriate methods for FES-cycling within
this population.

Development of a Motor-integrated FES-cycle Test Bed and Training Device for
the Child with a Spinal Cord Injury (Chapter 6)

A second, motorised, paediatric tricycle-based system has been developed. Including
all FES instrumentation, orthotic and safety equipment present on the non-motorised
system, this device has been further modified by way of a hub motor, torque sensor and
appropriate interface equipment for full laptop-based analysis and control. In addition
to providing assistance during training, this setup should provide a platform from
which to develop motor-integrated mobile cycling strategies and undertake detailed

investigations into the target population’s exercise capabilities.

1.3 Publications

C. G. McRae and K. J. Hunt, “Development of methods and equipment for functional
electrical stimulation induced cycling for use within the paediatric spinal cord injured
population”. in Proc. 4th Ann. Conf. IEEE EMBSS UKRI PG Biomedical Engineer-
ing and Medical Physics. (Reading. UK). pp. 7-8, July 2005.



2 Background

This chapter outlines background information in areas fundamental to the research
delineated in this thesis. Spinal cord injury shall be discussed in section 2.1 followed
by a basic description of mechanisms involved in the human nervous and muscular
system in section 2.2. An introduction to functional electrical stimulation (FES) will
be given in section 2.3 with the final topic of electrical stimulation induced cycling (or
FES-cycling) and the efficacy of this technique as an exercise and rehabilitation tool

introduced 1n section 2.4.

2.1 Spinal Cord Injury

C4

injury ., |Cervical
(quadriplegia) : (neck)
9
Cs ' Thoracic
g2 (Uuppeat
(quadnplegial wiew
T6
njury
(parapiegia) | Lumbar
| (lowert
back)
L Jl(
npry _ _
(paraplegia) ; Sacral
occygeal

Figure 2.1: The spinal cord and areas affected at various injury levels. (Adapted from
http://www.paraquad.asn.au/introduction/spinal /spinal.html)

The effects of spinal cord injury (SCI) can be detrimental to both general health and

quality of life with many serious primary symptoms as well as subsequent secondary



2.1 Spinal Cord Injury

medical complications affecting the body. Annual Incidence in the UK is around ten to
fifteen per million [1] compared with an estimated forty per million in the USA. This
equates to approximately 40,000 and 230,000-250,000 people living with a spinal cord
injury in each country respectively |2, 3|. Nearly all SCIs result from some kind of blunt
trauma and although there is evidence to suggest that the chief mechanism varies in
paediatric and adolescent age groups (4| (this will be discussed further in the sequel).
motor vehicle accidents account for the majority of injuries in the adult population.

The second and third highest proportions tend to vary, but are usually related to falls,

sport or violence.

Although this population makes up only a small proportion of the total, social and
economic costs are extremely high, thus warranting extensive research into rehabilita-

tion.

The severity and range of primary symptoms endured depend on the level of injury, as
determined by the point on the spinal cord below which tunction and sensory informa-
tion 1s impaired. This eftect and the position of these points is illustrated in figure 2.1
where each level is designated by the region in which it lies (cervical, thoracic, lumbar
or sacral) and the spinal nerve number. Below the level of a lesion both afferent and
efferent pathways (along with the information they carry) will be affected. The result
can be a loss of volitional control over muscles and sensation of areas innervated below
the lesion site, as the link between peripheral and central nervous system has been
interrupted. Additionally, autonomic control of heart rate and blood pressure, along

with regulation of bladder and bowel, may be disrupted.

Over time, these symptoms are often followed by secondary health complications, which
arise from the aforementioned eflects and consequent sedentary lifestyle forced upon
SCI persons. Following a spinal injury, circulation may be poor in the region distal to
the lesion, making the skin prone to deterioration. This, in combination with insensi-
tive skin, can result in pressure sores if the person sits or lies in one position for long
periods of time. There is also a reduction in bone mineral density post-injury, with a
possible one-third being lost in the first year |5|, leading to an increased risk of fracture.
Susceptibility to heart disease may also increase as atrophied muscles (otherwise used

to stress the cardiovascular system) are not applied to their full potential [6].

The extent to which a person's sensory and motor control is affected is described as

~complete” or “incomplete”. where a complete injury corresponds to a total loss of



2 9 Mechanisms of the Nervous and Muscular Systems

muscle control and sensation below the injury. The degree of impairment can be fur-
ther defined through the American Spinal Injury Association' (ASIA) classification

scale which uses a grading system from A to E (with A being the highest level of im-

pairment ).

When considering the effects of a spinal cord injury, it is immensely important not to
overlook the social consequences. As well as managing all the primary and secondary
health effects, the day-to-day life of an SCI person is confounded with extra challenges
such as the access, transterring and transportation involved in simple tasks whose ex-

ecution would ordinarily be taken for granted.

2.2 Mechanisms of the Nervous and Muscular Systems

To fully understand how tasks are performed in able bodied individuals, and conse-
quently how the control systems and actuators employed are affected by spinal cord

injury, the basics of the mechanisms involved should be discussed.

2.2.1 The Nervous System

L I __ I N I ___ L ____ N __ L ___ . __ . i

BRAIN

.

| CARDIAC
| SYMPATHETIC MUSCLE,

— ==
AUTONOMIC NEURONES | SMOOTH |
) PARASYMPATHETIC| i cm e

GLANDS

S

EFFEREET

SPINAL CORD

—————————— MUSCLE,

PARASYMPATHETIC| GLANDS,
» Gl TRACT

[ ENTERIC NEURONES

|
|
|
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I SYMPATHETIC SMOOTH
|
|
|
|

Figure 2.2: Divisions of the nervous system. CNS - central nervous system, PNS -
peripheral nervous system, GI - gastrointestinal.

l American Spinal Injury Association, Atlanta, GA, USA. http://www.asia-spinalinjury.org /



2.2 Mechanisms of the Nervous and Muscular Systems

Figure 2.2 illustrates the divisions of the nervous system, which can be divided into
the central nervous system (CNS); consisting of of the brain and spinal cord, and the
peripheral nervous system (PNS) [7]. Information is passed between the PNS and CNS
via afferent and efferent pathways. The former carry action potentials to the CNS from
sensory receptors while command information from the CNS to PNS is carried by the
latter. The PNS can be subdivided into the somatic, autonomic and enteric divisions
which are concerned with control of skeletal muscle, cardiac muscle, and the gastroin-
testinal tract respectively. The autonomic and enteric divisions, which have further

sympathetic and parasympathetic subdivisions, are also responsible for smooth muscle

and glands.

Voluntary motor control is achieved by action potentials being transmitted through ef-
ferent pathways from the CNS to the somatic part of the PNS. These action potentials
are propagated via motor neurones which innervate the relevant skeletal muscles. Feed-
back for this process is obtained through somatic sensory receptors passing information
to the CNS through afferent pathways. In conjunction with this, the autonomic divi-

sion regulates involuntary systems using its receptors and neurones in a similar fashion.

2.2.2 Muscle Contraction
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Figure 2.3: Diagram illustrating a motor unit.

The characteristics of muscle contractions largely depend on the motor units with
which they are identified. Motor units (figure 2.3) consist of somatic motor neurones,

their axons and the muscle fibres which they innervate |8]. There are three types of



2.2 Mechanisms of the Nervous and Muscular Svstems

these units: slow. fast fatiguable and fast fatigue resistant. The individual properties

of these, along with the proportion, dictate the behaviour of the muscle.

Slow units (S) innervate a small (relative to other unit types) number of muscle fibres.
These fibres are of small diameter and are associated with low force generation but
high fatigue resistance. The neurones of these units are relatively small. with small
diameter axons extending from them. Both conduction velocity (of an action poten-
tial) and activation threshold for artificial stimulation (depolarisation beyond this will
result in a contraction) are determined by the axon diameter with a larger diameter

corresponding to a higher conduction velocity and lower threshold.

Fast fatiguable units (FF), as the name suggests, are associated with low fatigue re-
sistance and the generation of high forces. Their neurones will be larger, with high
conduction velocity /low threshold (for artificial stimulation) axons which have synaptic
connections with large numbers of fibres. The last type of unit, fast fatigue resistant
(FR), has characteristics which lie in between the other two in that it is associated
with relatively high contraction forces and fatigue resistance. They have medium sized

neurones and axons which innervate a lower number of fibres than the fast fatiguable

type.

During volitional contractions, recruitment of motor units will generally follow a slow
to fast-fatiguable (with FR units in between) order. This allows a gradual increase in
contraction force. Stimulation of these units from the CNS may also be asynchronous.
meaning a proportion of the units in one sub-group may be fired while the remaining
recover. By selectively cycling through the recovered units in the sub-group, the effects

of fatigue may be countered

By employing a mixture of unit types within the same muscle, the fatigue resistance
(of the whole muscle) may be increased while also enabling a wider range of actions to
be carried out. Conversely, one type of unit may be predominant within the muscle it
it is consistently used for a particular task. An example of this would be those muscles
used for posture, where slow fatigue resistant units are more desirable, and thus make

up a higher proportion ot the total.
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2.3 Functional Electrical Stimulation

Functional Electrical Stimulation (FES) is a method for forcing muscle contraction
through application of an electrical charge to intact peripheral or central motor nerves.
Although it can be used for other purposes, including elimination of drop foot in stroke
victims [9] and assistance for individuals affected by cerebral palsy [10], perhaps its
most common use (and the main focus of this thesis) is in the restoration of function.

and as a method of increasing general health and fitness in spinal cord injured persons.

Afferent Pathways

Efferent Pathways

Motor Nerves

/

(a) Voluntary muscle contraction. (b) Muscle contraction with FES.

Figure 2.4: Muscle contraction through FES.

As described earlier, voluntary muscle contraction (figure 2.4(a)) is achieved while ac-
tion potentials propagate from the CNS to PNS. With spinal cord injury, a lesion in
the spinal cord interrupts this trafhc in either direction. Thus to achieve controlled

muscle contraction, an external stimulus in the form of an electrical charge may be

applied to the appropriate motor nerves (figure 2.4(b)).

This charge may take the form of a unidirectional rectangular pulse, as shown in fig-
ure 2.5. Stimulation intensity, and therefore strength of contraction/number of muscle
fibres recruited, can be controlled by varying the pulse width, amplitude or frequency.
By implementing some form of control over these pulses, strategies may be formed

whereby paralysed muscles are contracted sequentially to perform a desired action.
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Figure 2.5: Unidirectional electrical pulse. PW - pulsewidth.

Delivery of electrical pulses to the nerve is carried out using three different methods:
transcutaneously (where a charge is passed through the skin using surface electrodes),
percutaneously (using electrode needles inserted close to the nerve) or implanted (where
electrodes are surgically inserted either close to or around the nerve). Each have advan-
tages and disadvantages depending on the application. Surface electrodes, for instance,
are non-invasive, but are relatively inaccurate and use can result in the activation ot
unwanted muscles (those that might antagonise or counteract the desired motion). On
the other hand, although much more accurate, implanted electrodes involve surgery

and a risk of infection.

For FES to be possible, the lower motor neurones which are to be stimulated must
be intact. In other words, an action potential must still be able to propagate to the

muscle along the nerve from the point of external stimulation.

Bearing in mind the complex nature of the mechanisms involved in volitional control
and the crude nature of FES, it is no surprise that muscle contractions initiated through
artificial stimulation are relatively inefficient in terms of the strength of contraction and
endurance. This is chiefly because of two reasons. Firstly, motor unit recruitment pat-
tern differs from that described in section 2.2.2. The actual mechanisms involved are
debatable but one idea, which has been widely suggested, is that the recruitment order
under voluntary control is reversed during artificial stimulation conditions. More re-
cently, however, this view has been contended with the suggestion that the process is in
fact non-selective [11]. Secondly, unlike in voluntary control, where there is a measure
of selection by the central nervous system as to the proportion of units being used at

any given time, once a motor unit’s threshold has been reached it will continue to fire
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2.4 FES-Cycling - An Analysis of the Benefits

until the artificial stimulation is ceased. The effect of these tactors on FES applications
may vary with different stimulation application methods (i.e. implanted versus surface

stimulation), but generally the result is a faster onset of fatigue.

2.4 FES-Cycling - An Analysis of the Benefits

One application of FES with the potential for use as both an exercise and recreational
modality is cycling. As a well established method which has been around for over
twenty years, many studies have been performed to investigate the effects and poten-
tial benefits (health and social) it may bring to the spinal cord injured population.
This section will attempt to summarise these findings in order to present the evidence
for FES-cycling as a rehabilitative exercise training tool. A history of the technology

ivolved, along with the state of the art, is discussed in chapter 3.
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Figure 2.6: General FES-cycling setup.

Petrofsky et al. [12] developed what was probably the first FES-cycling system during
the early eighties. Since then, several variations on the theme have been introduced, in-
cluding both commercial ergometers (such as the ERGYS II* and Stimmaster Galaxy®)
and systems capable of mobile cycling [13, 14]. Although these devices differ in their

design and capabilities, there are a few themes which are common to all.

2Therapeutic Alliances Inc., USA. http:/www.musclepower.com/
3Electrologic of America, Inc., USA. http://www.stimmaster.com/
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Broadly, the system (figure 2.6) will be based around some form of ergometer or mod-
ified cycle on which the rider is seated. Usually, the position of the pedals will be
monitored in some way and this information may be used to dictate (through a control
algorithm) which muscle contractions are required to enable a continuous pedal cyvcle.
Control of the stimulation intensity (which depending on the system will either be
automatic or via the rider) corresponds to a modulation of the charge being sent to

the relevant muscle groups and consequently manipulation of pedal torque and cadence.

Following implementation of these concepts in systems which allow spinal cord injured
persons to cycle using their own muscles, many feasibility studies have been conducted
to investigate the potential medical benefits (which could counteract the secondary

health complications described in section 2.1) this modality could offer.

In the majority of studies undertaken, the most commonly used muscle groups are the
quadriceps, hamstrings and gluteal muscles, |15, 16, 17, 18, 19]. These are (certainly
the quadriceps and hamstrings) the major force-producing muscles used during cycling.
Importantly, they are also some ot the largest muscles in the body, and thus are more
likely to invoke a high cardiopulmonary response when contracted. The bulk of in-
vestigations involving FES-cycling focus on these three muscle groups and, therefore,

most of the data reflecting a change in size or strength are connected to them.

In most cases the size, and isometric strength of the quadriceps and hamstrings have
been shown to increase after a period of cycling. A significant increase in thigh girth
was reported by Phillips et al. [15], Arnold et al. [16] and Sloan et al. [17] with the
latter also showing an increase in cross-sectional area of the quadriceps using CT scan-
ning techniques. In a separate eight week study, Hjeltnes et al. [18] describe combined,

stimulated muscle cross-sectional area increases of 22%.

Janssen et al. summarise this, in a review of the clinical efficacy ot FES exercise train-
ing [20], with their opinion that FES-cycling appears to reverse the disuse atrophy of
paralysed muscle, or at least retard the rate of progression. In addition, both anecdotal
and reported subjective evidence |21| by FES-cycling participants support this through

claims of improvements in bulk and appearance.
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Although in most setups only the muscle groups mentioned previously are stimulated
during cycling, given the nature of surface FES (i.e. relatively inaccurate), other muscle
groups, notably the calf, may be recruited indirectly through activation of non-targeted
motor nerves. However, in cases where the size/bulk of calf muscles have been analysed
15, 16], no significant increase has been found following an FES-cycling training pro-

granine.

One of the biggest and most well documented benefits of FES-cycling is a raised level ot
cardiopulmonary fitness. Through inclusion of the body’s largest muscle groups a high
cardiac response can be invoked and following training central physiological adapta-
tions may occur which result in an enhanced capability to transport blood and oxygen

to peripheral areas, in particular to those muscles being utilised.

Increases in relevant outcomes such as heart rate and oxygen uptake, both over the
course of a session and following extended training programmes, have been described
by many investigators, [22, 16, 23, 24, 25, 26, 27|. Post-training peak oxygen uptake
gains of 70% [18] and values as high as 1.77L/min [28] have been reported. However,
the investigation which yielded a 70% increase involved a high intensity programme
(7 sessions a week for 8 weeks) with eight tetraplegic subjects and final values of ap-
proximately 1.2L/min. The author attributes the massive gains in peak uptake to the
intensity of training and low initial endurance capacity of the leg muscles. Indeed,
the high level of injury in this particular subject population (C5-C7) and consequent
low initial peak values of oxygen uptake (approximately 0.6L/min) reflect this. Stud-
ies involving both tetraplegic and paraplegic subjects have yielded more modest gains.
Hooker et al. [23] describe peak oxygen uptake gains of 23% in theirs. In a much longer
training programme involving both tetraplegic and paraplegic subjects, Mohr et al. |25

report an almost 20% increase in maximal values.

Janssen et al. [20] put the magnitudes of oxygen uptake seen during FES-cycling
(around 1 - 2.0L/min) into perspective by remarking how these levels are akin to an
able-bodied person walking or jogging. When compared with cycling under volitional
control, cardiopulmonary responses seen during FES-cycling highlight an associated
inefficiency. In a programme involving twenty able-bodied and twenty SCI subjects.
Glaser et al. [29] showed that oxygen uptake for a given power output is significantly
higher for FES-cycling than for able-bodied cycling. Also, a smaller (with 6 subjects
in each group) investigation into cardiovascular responses during FES-cycling by Rayv-

mond et al. [26] showed a higher cardiac output for a given oxygen uptake (at equivalent
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power outputs) being displayed by SCI subjects when compared with able-bodied cy-

clists.

The influence of FES-cycling on the bone mineral density (BMD) of participants has
been examined by several groups, producing mixed results. A study by BeDell et al. [30]
where 12 SCI subjects cycled over a period of approximately 34 weeks (2 sessions per
week) showed that BMD, measured at locations in the hip and thigh did not increase
significantly. A further period of cycling undertaken by a portion of the subjects also

tailed to yield any significant increase, although a positive trend was found in measure-

ments taken at the lumbar spine.

Conversely, in a long-term study undertaken by Mohr et al. [25] where 10 (T4-C6
complete) subjects cycled three times a week for 12 months (achieving a mean power
output of approximately 10W), followed by one session a week for the following 6
months, BMD of the lumbar spine did not change significantly. However, analysis of
the proximal tibia following the initial 12-month period showed a significant 10% in-
crease. Encouragingly, Bloomfield et al. [31] also showed an increase (in this case, the
distal femur) of 17.8% from baseline data by subjects who cycled above a level of 18
Watts for at least 3 months of a 9 month training programme. Also, in a case study
involving a partial lesion subject, Perkins et al. [14] report bone density increases of

44% in the subject’s more paralysed limb.

More recently, Chen et al. [32| carried out an investigation, involving 15 SCI males.
into the eftects on BMD after 6 months of FES-cycling training (5 days a week with a
minimal resistance load) followed by a further 6 month period without. Their results
show an 11% and almost 13% increase in BMND in the distal femur and proximal tibia
respectively at the end ot the first 6 months, then interestingly a return to levels close

to baseline following the second, FES-cycle free, 6 month period.

In all of the above-mentioned investigations, the subjects were at least 2 years post-
injury. A study by Eser et al. [33] set out to examine the effect of a cycling intervention
on bone in recently injured patients. With a high level ot participation including 38
subjects (19 FES and 19 control) who were between 4 and 8 weeks post-injury, bone
density data collected from the tibial diaphysis betore and following the programme
(which involved a mean participation of 2.3 sessions per week for an average of 6 months
whilst achieving a mean power output of approximately 12.7W) showed no significant

attenuation of bone density loss.
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Accounts of FES-cycling's effect on spasticity in the modern literature are limited and
are generally based on the subject’s perspective. A questionnaire carried out by Sipski
et al. [21], which gives an insight into patient perception, shows 77% of the para-
plegic contingent who responded felt an improvement in their spasticity. However. it
is notable that over half of the tetraplegics (who made up the majority of the total
responding population) felt no difference. In a study designed to evaluate the efficacy
and satety of FES-included cycling, Arnold et al. [16] report a marked reduction in un-
controlled spasticity following the programme for all participants. Also, even though

the intensity of spasms increased through augmented muscle strength. the subjects felt

the frequency and duration were reduced.

In terms of the modality’s functional performance as both an exercise and recreational
tool, the two factors probably of most interest are the achievable workrate and how
long a practical level can be sustained. Power outputs achievable through FES-cycling
at present are generally a maximum of around 30-36 watts [31] while typical gains in

capability range between 0 and 30 watts over a 6 week to 6 month period |20].

Power output variations, for a given level of oxygen uptake, between volitional and
FES-cycling are considerable. In a study by Raymond et al. [26], the highest level
achieved by a spinal cord injured individual is approximately 21% of that reached by
the able-bodied subjects. An interesting paper by Kjaer et al. |34|, where responses to
electrically induced cycling in 8 able-bodied individuals with complete epidural anaes-
thesia (L3-L4) are studied, further emphasises this point with the workrate produced
by the FES-cyclists being approximately one third of their impaired counterparts for

a given oxygen uptake.

Regardless of maximum rates achievable, the ability to sustain a usetul level is probably
of more interest for recreation purposes. Using systems which have been designed as
mobile devices [14, 13|, complete lesion subjects have cycled up to 3km outdoors. while
training sessions of up to 1 hour have been reported. However, as described in section
2.3. fatigue is still one of the biggest enemies of FES™ ability to induce a target force from
a muscle, thus endurance during cycling suffers from this. Workrate can be extremely
variable over the course of a session (even with a constant stimulation intensity and
oxygen uptake) with subjects being unable to maintain a set level. Theisen et al. |27]
describe this behaviour over a 40 minute session in a study designed to investigate

power output during prolonged cycling.
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2.5 Discussion

2.5 Discussion

Spinal cord injury is a severe condition which afflicts a significant number of people.
The immediate and long term effects drastically alter quality of life tor those who
experience it while also posing a very serious threat to their health. With medical ad-
vancements extending the life expectancy of this population to near normal, the issues
of rehabilitation and addressing secondary health problems (which arise as a result of

a sedentary lifestyle) have become increasing prominent.

Considering the physiological mechanisms involved in what is effectively a new popu-
lation are, as yet, not fully understood, functional electrical stimulation has succeeded
relatively well in its mission to attenuate various neurological impairments. Although
it has been implemented in systems designed to return function, its biggest role in the
spinal cord injured population has increasingly become the promotion of health bene-
fits through exercise. Its capacity to be both a training and recreational method to this
end has rendered cycling one of the most popular applications ot FES. In addition, the
large number of well established stationary and mobile systems available mean there

1s much evidence to support this position.

On the whole, FES-cycling appears to increase bulk in those muscle groups stimulated.
While systems which recruit additional or alternative muscle groups do exist |35, 36, 37|.
the majority of reported size increases concern those muscles which commercially avail-

able devices tend to employ (the quadriceps, hamstrings and gluteal muscles).

Significant increases in cardiopulmonary responses over time have been shown, indi-
cating a training effect. Even though levels reported are quite low when compared to
voluntary exercise, from the perspective of a sedentary population this could be quite
beneficial [20]. Moreover, the ability for FES-cycling to induce high (compared with
volitional cycling) responses at low workrates 1s important when there is a desire to
avoid large forces being generated during exercise. Given the osteoporotic nature of

the lower limbs belonging to SCI persons, this is extremely relevant.

Influence on bone mineral density has been contested by investigators. however one
possible explanation for this may lie in the variation of measurement and training
approaches used. Reported significant increases in BMD appear to be, tor the most
part, in areas around the knee joint and with subjects whose BMD had stabilised

prior to beginning the study. Intensity and frequency ot sessions pertormed during a
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cycling program appear to have the most impact on these site-specific increases. Re-
ported significant improvements have involved either a high power output (over 18\W
approximately twice a week) or larger frequency of sessions at a lower power output
(approximately 10W). There is also evidence to suggest this must be sustained to avoid

a subsequent reduction.

As well as these three main outcomes, additional benefits such as a reduced incidence
of pressure sores and improvement in spasticity and range of motion might be possible.
Positive psychological effects from using this modality (in particular recreationally)
may also occur. A majority verdict of improved perceived self-image and appearance

reported by long-term users in a questionnaire designed to evaluate these factors [21]

indicates this.

Pertormance capabilities reported indicate a maximum attainable power output of
around 36 watts (higher values have been claimed [38], however in this instance the
methodology used to reach them is not clear) and sustainable levels sufficient to pro-
pel a tricycle substantial distances. That said, the main limiting factor in improving
on these achievements would seem to be the alternative, often inefficient, mechanisms
involved in FES muscle contraction, chiefly the resulting fatigue. Thus, increasing
endurance (at a range of workrates) is of particular importance if FES-cycling is to
improve its performance (and hopefully health benefits for those who utilise it) as an

exercise modality and turther establish itselt as a practical method for recreation.

In addition, it should ultimately be available to as many people as possible, particularly
those who stand to benefit the most from using it. Until now, the target population
of most FES applications has consisted mainly of adults, with the needs of spinal cord
injured children receiving less attention. The reasons for this, along with the state of

the art of FES-cycling technology shall be discussed in the sequel.
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3 Literature Review

In the previous chapter, the concept of FES-cycling was introduced. while the evidence
showing its potential as a rehabilitation, mobility and exercise tool within the spinal
cord injured population was given. Leading on from this, the following chapter will
focus on the background and reasoning for the main contributions in this thesis. In
Section 3.1, the design of, and technology involved in FES-cycling systems during the
last 23 years will be reviewed. Section 3.2 will introduce the topic of paediatric spinal
cord injury, as well as delineating some of the unique issues involved and the role FES
has played in this population. Finally, a discussion on these topics in section 3.4 will
form the argument for the main contributions in this thesis; the implementation of a
new sensor and multi-functional FES device in an FES-cycling system and the devel-

opment of two novel FES-cycling systems for the spinal cord injured child.

3.1 FES-cycling - A Review of Design and Technology

As discussed previously, FES-cycling is an established technique used to promote health
and fitness in the spinal cord injured population. Since the inception of this method
over two decades ago, several different configurations and variations on the basic themes
have been developed. This section will review the designs and technology incorporated
into FES-cycling systems up to this point, giving the background necessary to argue
the case for the introduction of a smaller control and sensor arrangement, as well as

those design considerations which may be transferable to a system suitable for children.

3.1.1 System Design and Function

All FES-cycling systems can broadly be categorised into two main types which describe
their layout: stationary ergometers and mobile devices. In addition, some may have
an arm-cranking function (hybrids) or a motor to give assistance. Table 3.1 shows the

configuration of selected systems over the past twenty three vears.
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Year | 83 84 - - 89 93 98 01 04 - - 05 -

Ergo < v Y v v oV v
Mobile | v v v v v v
Hybrid v v v
Motor v v v v v v

Table 3.1: Configuration of selected FES-cycling systems. Ergo - stationary ergometer,
E - REGYS/ERGYS and Stimmaster '™ Orion, B - Berkel bike!. R - RTI

RT300-5.

Studies carried out by Petrofsky et al. |12, 39] in the early eighties describe what
are probably the first cycle systems to utilise FES. Both are based on standard de-
vices which are then modified with sensor, orthotic and stimulation equipment. In the
case of |39], a standard stationary ergometer was altered through the addition of a
continuous-turn potentiometer linked to the crank shaft and pedal replacements with
Velcro™foot inserts (which enabled the rider’s feet to be fixed). The other system
developed by Petrofsky et al. around this time [12] is a tricycle based system capable
of locomotion. Like its stationary counterpart, a potentiometer is linked to the crank
shatt. Additionally, a second potentiometer connected to one of the brake levers al-
lows the rider control over stimulation intensity. Chosen for its stability, low cost and
available storage space (for stimulation control equipment), this tricycle was further
modified using a high-back replacement seat (with waist and shoulder straps) more

suited for paraplegic and tetraplegic riders.

These early prototypes were followed by the introduction of the REGYS system, which
signalled the dawn of commercially available leg-cycling ergometers. A stationary de-
sign which incorporated the now proven FES-cycle technology, REGYS and its suc-
cessors, ERGYS I and II, were used in several of the studies discussed in the previous
chapter. In addition to this, a second, similar system, developed by Electrologic of

America, called the Stimmaster ™ Orion (predecessor to the more recent Galaxy) was

also introduced.

Some of the shortcomings of the earlier mobile system (instability during turns and a
lack of assistance) were addressed by Petrofsky and Smith several years later with a

second mobile device [46]. A two-person arrangement (side by side) offered superior

IBerkelBike BV, Nijmegen, Netherlands. http:/www.berkelbike.nl/
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stability. while a second. able-bodied rider could ofter assistance tollowing fatigue. Un-

wanted adduction or abduction of the legs was restrained using stabiliser bars, that

followed movement of the knees, and toe straps on the pedals.

A few vears earlier, Pons et al. [35] developed a four-wheel system called the Para-
cycle. This device was also capable of locomotion and included several advancements
from Petrofsky’s designs. A more recumbent seat-back position was chosen to offer
further stability while ankle braces on the pedals would restrict movement of the legs
to one plane. Perhaps the most notable inclusion is that of a motor to drive the ped-
als, thus enabling passive exercise and assistance during stimulation-induced cycling.
Instrumentation on this device included a potentiometer, to control the motor speed,
a separate lever for stimulation control and braking, and optical shaft encoder to mea-

sure crank position (chosen for its reliability).

During the nineties, Gfohler et al. |42] introduced a tricycle system which also included
an auxiliary motor. Rider position was upright, so several features were implemented
to ensure stability while cornering and easy transfer. A specially designed rear axle, in
the form of an articulated parallelogram, allowed inclination of the rear wheels. Also. a
hydraulic saddle (which could incline), capable of easy height adjustment by the rider.
allowed for independent transter from a wheelchair. Around this time, another mobile
design based around a standard wheelchair was introduced by Angeli et al. [47]. This
system incorporates a quick-release attachment which contains a third wheel along with
the equipment necessary for FES. As with previous devices, ankle braces, a crank-shaft
position-reading sensor and motor are present. A coupler between each pedal and crank
arm was added, resulting in a new cycling path which could improve efficiency through

an optimised transter of power from the legs.

In addition to “traditional type’ cycling devices, a number of leg propelled wheelchair
systems (which incorporate FES technology) also exist. Glaser et al. |48] modified a
standard wheelchair with a ratchet drive system which incorporated two reciprocating
footplates coupled to the wheels. Thus. forward motion could be achieved with the
rider’s feet attached to the footplates and raising the lower leg through contraction of
the quadriceps only (with gravity lowering the leg). The wheelchair-based approach
was developed further by Stein et al. {49] who utilised both knee flexion and extension
for forward driving torque through a two-way clutch gearbox (on Glaser's design only

knee extension contributed to this).
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Until this point, prototype systems were mostly restricted to laboratory use while those
commercially available were expensive, generally only certified to be used in the USA
and limited to stationary cycling. In an effort to move FES-cycling into the home,
with the hope of increased and more frequent use, Perkins et al. [14| describe the de-
velopment of a modified recumbent tricycle for this purpose. The standard tricycle
(chosen for its stability and low seating pressure) was altered by means of a 7-bit shaft
encoder on the crank shaft, ankle/foot orthoses., throttle potentiometer for stimulation
intensity control and compact stimulator (with internal cycling control software, which
could be started and stopped from handlebar switches). Furthermore, as well as hav-
ing mobile capabilities, the tricycle could be easily connected to a standard resistance

trainer, thus converting it into an indoor stationary ergometer.

In an investigation into the design of motor-assistance control strategies for both exer-
cise testing and approaches to recreational mobile cycling, Hunt et al. [43| developed
the tricycle-based system even further. The two major additions were in the form of
an auxiliary motor (positioned behind the seat and connected to both the drive wheel
and pedals) and torque sensor (mounted on the crank shaft). In this configuration.
control of the stimulator (and therefore, leg power) and motor were carried out via
a laptop computer that contained software designed to distribute the contribution of
both to the total power output at the pedals, such that the reference level (set by the

throttle potentiometer) of a desired variable (eg. cadence) could be maintained.

In a separate study, with the design objective of creating a system capable of cycling
over a large range of cadences, Fornusek et al. |45] utilised a commercially available
ercometer which contained an in-built motor and was designed specifically for low
intensity, passive cycling by SCI persons. The only major mechanical modification in-
volved attaching a chair with passive leg braces (the standard ergometer was designed
to allow a wheelchair to roll up to it). With data from the original system’s crank shait

and motor readily available, the stationary FES system was completed with laptop-

controlled stimulator hardware.

The effort to move FES-cycling into the home was explored further by Chen et al. [14].
who describe the development of an inexpensive hybrid system with a design criterion
and process based on interaction and feedback with both therapists and users. 'The
system is based around an ergometer. which includes a shaft encoder. leg braces, hys-
teresis brake, and can be operated from the user s wheelchair. Stimulation was again

computer-controlled. However. in this case the technology is miniaturised somewhat
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with the use of a pocket personal computer. A hand crank coupled to the leg-cycling

pedals enabled assistance and/or independent upper-body voluntary exercise.

More recently, two new commercially available systems have been introduced. The first
is a tricycle device called the Berkel bike [50]. Based around a wheelchair, this hybrid
design is capable of both arm and leg cycling and may be used for mobile cycling. US-
based company Restorative Therapies® have developed an FES stationary ergometer
called the RT300-S. This device is based upon a Medica Thera Vital? motorised (for

passive cycling only) ergometer which has been modified with a six channel stimulator
and touch screen interface unit. Interestingly, the system is available in both adult and

paediatric versions.

3.1.2 Stimulation Technology and Control Approaches
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Figure 3.1: Simplified diagram illustrating stimulation control in FES-cycling.

The basic principles of FES-cycling control can be represented by the most basic,
open-loop (from the rider’s perspective) case as depicted in figure 3.1. In this setup,
the status of the lower limbs/crank-shaft geometry is monitored in some way and ted
into a control algorithm. This position data is compared with reference parameters (es-
sentially a predefined pattern of stimulation activation times dependent on the position

of the lower-limbs) in order to calculate which muscle group requires to be contracted

2Restorative Therapies Inc, Baltimore, USA. http://www.restorative-therapies.com/
3Medica Medizintechnik GmbH, Hochdorf, Germany. http://www.medica-medizin.de/
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to continue the cycle. The generation of a new stimulation pattern is completed with
a user-defined intensity level set to obtain a desired muscle-contraction strength (and

hence torque at the pedals).

Although most of these basics hold true for all systems, approaches to data acquisi-
tion, stimulation intensity control, stimulation application and the origin of reference

parameters may differ.

As motion is restricted by the pedals (and ankle orthoses) during cycling and is also
symmetrical, the geometry of both lower-limbs may be defined by one angle (usually
that of the crank) which, when measured, gives the position data required for control of
stimulation. Typically, this has been achieved through the use of either a continuous-
turn potentiometer |12, 39, 46| or optical shaft encoder 35, 41, 14| coupled to the crank
shaft. In addition to the position of the crank, its rotational velocity is sometimes also
recorded (or derived from the angle) {14, 42] and used as an extra timing parameter
to allow for a fixed time delay (created by action potential propagation velocities and

the mechanical speed of muscles) between stimulation and muscle contraction.

Figure 3.2: Example of a reference stimulation pattern. ¢ - Crank Position, QR -
quadriceps right, QL - quadriceps left, HR - hamstrings right, HL - ham-
strings left, GR - gluteal right, GL - gluteal left.

Reference timing parameters (that constitute what is essentially a “static” stimula-
tion pattern, such as that shown in figure 3.2) have been generated in several different
ways, primarily due to the varying bio-mechanical layouts of each system. Many studies
have based them on surface electromyography (EMG) measurements from the muscles
of able-bodied cyclists [35, 46, 41], although Pons et al. [35] note that the final sequence
used for FES-cycling correlated poorly with that determined using able-bodied EMG
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measurements. Other approaches have included indentification through modelling the
rider-trike system [51. 52|, and simply monitoring the crank angles through which a

positive torque is produced for each muscle group [53. 43].

Aside from contracting the appropriate muscle group at the correct time. an FES-
cycling system’s ability to obtain or maintain a desired power output or cadence de-
pends, in part, on the control of stimulation intensity. In the setup illustrated in
figure 3.1, this is set by the rider. This open-loop (from the point of view of the
rider) approach has been adopted by many systems (mostly mobile-capable) where
reterence intensity is set from either a throttle potentiometer [12, 46, 42, 14, 13, 43].
lever [35] or computer based paddle buttons [39].

In stationary, commercially available systems and those orientated around develop-
ment or exercise testing, direct control of the stimulation intensity is taken away from
the rider and governed internally. In this scenario, the stimulation control algorithm
1s usually designed to maintain a target cadence (typically 50rpm) and will therefore

modulate intensity appropriately to achieve this.

The ERGYS II and Stimmaster MGalaxy systems appear to implement a strategy
whereby intensity is ramped up to a maximum over time in order to counter fatigue
and maintain a target of 50rpm. When this can no longer be held and the cadence drops
below 35rpm, stimulation is terminated |45]. Chen et al. [54] designed a proportional
plus integral plus derivative (PID) controller for FES-induced free-swing movement of
the lower leg, then subsequently applied it to their cycling system for cadence control.
This approach was succeeded later by the introduction of a model-free, fuzzy logic

controller to improve cycling smoothness [55].

As discussed in the previous chapter, muscle fatigue is one of the largest problems
facing FES-cycling. The resulting low (when compared to able-bodied persons) capa-
bility for endurance (as well as a possible, impractical muscle force production during
the early stages of training) limits both the practical nature of mobile systems and
precise function of exercise test-beds. To compensate, a few devices designed for those

purposes include an auxiliary motor [40, 35, 42, 45, 43].

In addition to cadence control, the objective here may alternatively be to maintain a
target power output with the contribution from motor and stimulated muscle being

varied according to level of fatigue. In most cases. torque at the pedals is monitored
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in some way (usually with appropriate sensors mounted on the pedals or crank shaft)
and fed back into the stimulation control algorithm along with position and velocitv

data.

Source Stimulation Application || Muscle Groups/Nerves Employed
48] Surface Q
112] Surface Q. G
39| Surface Q, I
40, 41, 49, 44| Surface Q, H
35 Surface Q, G, Gas
146, 42, 13, 45 Surface Q, H. G
ERGYS 11 Surtace Q, H, G
Stimmaster ' ¥ Galaxy Surtace Q, H, G
Berkel Bike Surtace Q, H. G
RTI RT300-S Surface Q, H. G
47] Surface Q, H. G, Per
36, 14] Surface Q. H, G, Ta, Gas
53] Implanted Roots - L2, L3, L4, L5, S1, S2

Table 3.2: Stimulation application approaches and muscle groups/nerves employed by
selected systems. () - quadriceps, H - hamstrings. G - gluteus maximus. I -
iliacus, Ta - tibialis anterior, Gas - gastrocnemius, Per - peroneal nerve.

Table 3.2 shows the stimulation application technique and muscle groups/nerves em-
ployed by varjous systems. In nearly all reported studies, stimulation is applied tran-
scutaneously using adhesive electrodes. Usually, two electrodes (active and passive)
are assigned to each muscle group. however some studies such as Petrofsky et al. |39]
include a second active electrode in order to alternate stimulation across the muscle in

the hope of improving fatigue characteristics.

Although incurring the disadvantages discussed in section 1.3, the benefits of increased
accuracy and substantially decreased time for donning and doffing of equipment mean
stimulation through use of implanted electrodes is an exciting option for FES-cycling.
In a case study reported by Perkins et al. [53], a complete T9 lesion subject was able to
propel a tricycle for up to 1.2km at a time through use of an implanted anterior spinal
nerve root stimulator. In this system, stimulation commands are transmitted to an R.F.
coupled. multiplexed receiver located in the right costal margin of the subject. From

there. subcutaneous wires lead to intradural cuft electrodes attached to the nerve roots.
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3.2 Paediatric Spinal Cord Injury

3.2 Paediatric Spinal Cord Injury

Although only making up a small percentage of the total spinal cord injured popu-
lation, when compared to adults the paediatric contingent represent a group that is
unique, not only anatomically, but also in terms of the required approaches to care and
rehabilitation. This section shall review some of the pertinent background information

concerning this population and the specific needs involved in their care and rehabilita-

tion.

3.2.1 Demographics and Etiology

Spinal cord injury in the general paediatric population is, thankfully. a rare event (al-
though some researchers note that the reported low frequency may be due in part to a
high mortality rate in this group (4. 56]). Data on incidence is varied, not always age-
group specific, based on admittance to the author’s particular institution and mainly
from US sources. In general though, approximately 3-5% of total annual SCI cases
will be children under the age of fifteen with a further 15-17% vyounger than twenty
years old (57, 2]. Males tend to make up a larger proportion of the total and this trend

becomes more pronounced as age increases [57, 4].

Several authors report that, as with adults, motor vehicle accidents are responsible for
perhaps the largest proportion of injuries |58, 57, 2|. However, when the distribution
of causes across different age groups is analysed, the more prevalent injury mechanisms
vary. For example, in toddlers and school age children, falls are one of the main causes

while sports-related trauma tends to make up the biggest proportion in adolescents.

The majority (as high as 80%) of spinal injuries (across all ages) in this population
occur in the cervical region |4, 59, 60|, a fact that is even more pronounced in the
younger age groups |56|. Data on the distribution of injury levels in children who go
on to suffer some form of motor or sensory depravation suggests, however, that this
trend does not apply to those with paraplegia and tetraplegia. Both Triolo et al. [5§]
and Vogel et al. [57] found that while the youngest children (infants and toddlers) still
suffered the majority of the highest cervical-level lesions (C1-3), and are also most
likely to be complete, thoracic and lumbar lesions were significantly more prominent
in those children between one and ten years old while lower cervical cord injuries were
more prevalent in older children (above age ten). Data reported by Cirak et al. (4] indi-

cate that cervical level injures account for the majority across all age groups. However.
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the proportion of the sample studied with a neurological deficit (as oppose to vertebral

injury alone) is unclear.

The disparity of predisposition to certain injury levels and injury mechanisms across
different age groups may be attributed, in part. to the unique anatomical make up of a
child and how this changes during growth. Factors such as a disproportionate head to
body ratio and under-developed muscles in the neck are the main contributing factor
to the high cervical-level injury incidence in the youngest age groups (4, 59, 60|. In ad-
dition, an under-developed skeletal structure which has an increased cartilage to bone
ratio in the spine means that children are more susceptible to spinal injury in general.
A disproportionately large head in pre-school children, which results in a higher centre
of gravity, coupled with relatively poor coordination may explain why this age group
is more prone to talls. On the other hand, it is the behavioural characteristics of ado-
lescents that most likely account for the high proportion of sports related injuries in

their sub-group.

3.2.2 Medical Issues

There are several anatomical and biomechanical features that are either unique to,
or are more pronounced in, the paediatric spinal cord injured population and lead to
additional or confounded problems in comparison to their adult counterparts. Many of

the medical issues encountered arise because a child may be skeletally immature at the
time of injury. This means that as they grow (without use of the affected limbs). the

natural development of what is now a substantially weakened frame will itself create

problems.

As discussed in the previous chapter, there is a significant reduction in bone mineral
density in the limbs of adults who suffer a spinal cord injury and this is no different for
children. There is little data on this subject pertaining to the paediatric population but
in one study by Moynahan et al. [61], where bone mineral density was compared in 51
children at areas around the hip. losses in those greater than one year post-injury were
comparable to data reported for adults (approximately 35-457%). However, although
the percentage of reduction may be similar to adults. because their bones are often
not fully developed at the time of injury (and do not develop properly in the time

following), there is an increased risk of bone fracture [62. 63|.
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3.2 Paediatric Spinal Cord Injurv

Another common problem is hip joint instability. to which this population are more
susceptible, due to the more cartilaginous nature of their joints. Spasticity of the mus-
cles around the hip joint can aid in the formation contractures (a usually permanent
shortening of the muscle, it is another ailment to which this group is predisposed) and
ultimately, over time, dislocation. Even without the presence of spasticity. dislocation
of the hip often occurs as the lack of muscle force impairs joint development. Incidence
appears to be predominately in those with thoracic level injuries. Based on a review
of 72 patients, Miller et al. |64 found that the latter were twice as likely to develop

hip instabilities than those with cervical or lumbar level injuries.

Skeletal immaturity at the time of injury can also greatly increase the risk of spinal
deformities, chiefly scoliosis, throughout growth. Other than issues concerning the frac-
ture or surgery induced problems, the main catalyst is a lack of muscle force combined

with growth forces [65].

3.2.3 Care and Rehabilitation

Special consideration should be given to the rehabilitation process of a child/adolescent
as the approach must differ from that of the adult [66]. As the child grows cognitively.
emotionally and socially, the approach must be modified appropriately with each per-

son in the rehabilitation team aware of the special needs at every level of development.

Yarkony et al. [67] suggest that the fact that children learn through play means that

including play in the rehabilitation process will be more productive than a regimented
exercise programme alone. Participation in sport, in this population in particular. is
important. Johnson et al. [68] state that children of all abilities should be exposed to
as many different types of sport as possible and that the physical wellbeing and sense

of accomplishment from this can help alleviate the depression that accompanies spinal

cord Injury.

As mentioned, spinal cord injured children have a high risk of developing spinal defor-
mities and muscle contractures. This can interfere greatly with seating systems and
orthoses. In an evaluation of wheelchairs and seating systems, Gonzalez et al. [69] note
that all seating systems must support any deformity in such a way that any turther
deterioration is minimised. They also describe seat belts and/or harnesses. in com-

bination with a head rest. as being important additions in combatting the effects ot

spasms and poor trunk control.
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3.3 FES in the Paediatric Spinal Cord Injured Population

From experience of using FES in this population, Smith et al. [70] explain that the
presence of contractures, deformities and poor bone mineral density can compromise
the safety of a subject while using a rehabilitation system, therefore careful evaluation
must take place. Where older children, particularly adolescents. are concerned. appear-

ance is a high priority so any equipment or system used as part of the rehabilitation

process should take this into account.

3.3 FES in the Paediatric Spinal Cord Injured

Population

Research dedicated solely to the rehabilitation of spinal cord injured children, partic-
ularly that which includes FES, is comparatively rare. As discussed, this population
makes up a small portion of people who have what is already a relatively uncommon
condition. This, coupled with the unique medical issues and associated complications

within this group, means that the vast majority of resources are channelled into fully
developed children and adults [71].

To date, almost all FES-orientated studies in this population have focussed on return-
ing function, rather than on exercise. As a result, development and use of devices
for activities such as hand grasping, standing or ambulating has been most promi-
nent. Several investigations have reported successful implementation of such FES
systems (using surface, percutaneous and implanted simulation technology) for chil-
dren |72, 63, 73, 70, 74, 75|, though mostly in older age groups. In a study which
describes an approach to stimulate. directly, the denervated muscles of children who
suffer from flaccid paralysis (caused by a range of diseases), Eichhorn et al. [40] demon-

strated FES-cycling in one child, who had a lesion of the spinal cord.

Data on health benefits, although scarce, appears to follow the trends seen in the adult
population. In a two-year study where the quadriceps of four subjects (aged between
three and twelve) were stimulated initially for training and ultimately standing, Popovic
et al. [72] found an increase in trabecular bone density of the tibia of 6.6% (although
were not able to conclude if stimulation was soley responsible). along with gains in
mass, strength and fatigue resistance of the quadriceps. Betz et al. |63] found that
subjects who participated in 6-month FES standing or walking programmes. which
included monitoring of bone densities around the hip and femur, showed a site-specific

increase in bone density of the distal femur.
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3.4 Discussion

Robinson et al. {76] investigated and compared maximal physiological responses of arm
cranking exercise. FES of the lower limbs and a combination of the two. Participants
were aged fifteen to seventeen years with injury levels between T5 and T7. In this
study, stimulation of the quadriceps and gluteal muscle groups provided a large car-
diopulmonary stress, when compared to rest, but less than arm cranking alone. The

hybrid system which involved both types of exercise showed the highest physiological

responses.

3.4 Discussion

FES-cycling has given rise to a succession of systems that encompass a range of ap-
proaches to design and stimulation control. Although, clearly, there is still a require-
ment to improve aspects such as efficiency, there is also scope for the inclusion of more
modern sensor and control technology in an effort to reduce bulk and increase accu-
racy. In addition, the health and recreational benefits that cycling offers are, arguably.

even more pertinent to the spinal cord injured child. Thus, it would seem logical to

investigate the transter of this technology to the younger population.

3.4.1 FES-cycling: Moving out of the Laboratory

Broadly speaking, FES-cycle systems tend to be designed for either research devel-
opment, or training/recreation. In the case of the latter, design goals shift towards
practicality and ease of use, therefore with a view to moving this technique out of the

laboratory and into both the clinical and home setting, those issues should take priority.

When considering the layout of FES-cycle systems, those capable of being both sta-
tionary and mobile devices appear to offer the most benefits. Although commercial
systems such as the ERGYS II seem to be fairly reliable and easy to use, they do not
offer the attraction of outdoor cycling, are rather bulky and are still very expensive.
Those capable of locomotion highlight separate issues, of course. Stability must be en-
sured at all times and although approaches that maintain an upright rider position have
been successful [42], the necessary mechanical adjustments made a significant weight
increase. A more supine, and lower to the ground. position for the rider also offers
increased stability, therefore modification of standard recumbent tricveles [46. 14, 13|
provides a low-cost option in achieving this. Utilising standard devices in an FES

system has other advantages. too. The final device will look more akin to one which
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3.4 Discussion

an able-bodied person would use. possibly making it more appealing. A wider range
of replacement parts, standard cycle trainers and sensor equipment can also be easily

connected to it.

Assistance in some form is clearly needed during the early stages of training and to
allow recreational FES-cycling to be practical. The inclusion of an auxiliary motor and
its required control is the logical option, and most popular. but necessitates further
instrumentation and increased weight. Inclusion of arm cranking, such as in hvbrids.
1S an attractive alternative but does not offer the same accuracy as a motor and relies
on the subject having sufficient energy to propel the device with their upper limbs

(something that is not an option for those with tetraplegia).

Control of stimulation has evolved from using desktop computers [39] to devices that
contain both stimulator and control software [14]. Intensity modulation is governed
automatically in some systems. Although this approach is suitable for stationary er-
gometry (and does simplify operation for the user), on a mobile device, control over
what will ultimately be forward velocity must remain with the rider. Moreover, it may
be desirable to always (with the exception of exercise testing, where a higher precision
is needed) give control of stimulation intensity to the rider. It is, perhaps, arguable
that in relinquishing this to software, the rider could become decreasingly motivated as
they become a less active participant in what should, at least partly, be a recreational

activity.

In the short term at least, surface stimulation appears to be the best way to apply
stimulation for this modality. Although it requires time-consuming donning/doffing
of electrodes and cables, it still allows an effective and non-invasive route. Cycling
using implanted electrodes has been successtully demonstrated, and does allow for a
“neater”’. potentially more eflicient system. However, it also requires surgery and thus

may be an unattractive option for many potential users.

Optical shaft encoders have traditionally been used for pedal position measurement
because of their accuracy and durability. However, as limb motion is restricted by the
pedals during cycling, any angle within the lower-limb/pedal geometry may be used
as the reference position data required for stimulation control. Measurement. and use.
of limb position could offer an alternative source that would allow for a reduction in
tricycle instrumentation and thus be a step closer to a self-contained syvstem which

could be transferred to anv cycle device. Moveover. analysis of the literature indicates
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3.4 Discussion

that such an approach has not been attempted thus far in FES-cycling control. In ad-
dition. the inclusion of modern and small computational devices, like palm-tops. could

further miniaturise equipment needed and increase ease of use through improved user

Interfaces.

In an effort to research these possibilities, we propose an investigation into using both a
limb-mounted sensor and new multi-functional, PDA-based FES system to implement
FES-cycling. This work will be described in chapter 4.

3.4.2 Child Proof?

Paediatric spinal cord injury is a relatively rare event. A lowered motivation for re-
search in light of the size and variation of this population, along with difficulties in
seeking ethical approval, mean that both the condition itself, and rehabilitation of
those affected, has received comparatively little attention. Although it is unfortunate
(bearing in mind the circumstances of this population) that the impetus for more fo-
cused research in this area should be, in part, financially driven. modern life expectancy
of an injured child is near-normal and thus the cost of care and rehabilitation during
this time comes into question. Thus, with the advent of new exercise and assistive
techniques (such as FES) which have been shown to improve the health of adults, a

concerted effort is now being placed on transterring these technologies to children.

Until now, FES in this population has been used almost exclusively for standing, am-
bulation and hand-grasping. There is one reported exception to this [40], however
little information is presented on the subject or subsequent effects. Also, a new pae-
diatric FES-cycling ergometer has recently become available (Restorative Therapies’
RT300-S), but as yet there are no published data concerning its use. Given that the
health-promoting and recreational attributes of cycling, in addition to its smooth dy-
namic nature, appear to suit the particular needs of spinal cord injured children very

well, this application may, potentially, have the most to offer them.

The health gains to be had from taking part in an exercise programme are clear. How-
ever, persuading children (especially the youngest) to commit. both initially and in
the long term, is not straightforward, as long-term welfare and health are not in the
forefront of their minds. Instead. play and engaging in social activities are often a
much higher prioritv. Indeed, some adults who sustained their injury while children

have expressed dissatisfaction with the lack of opportunities for social activity when
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growing up [77]. Thus, the recreational aspects of cycling may encourage increased

participation.

Cycling could also offer promise to those with substantially weak bones (and who there-
fore are at the highest risk of fracture), who, as a result. may have been precluded from
other F'ES research programmes. With the smooth, repetitive motion (and compara-
tively low force generation) involved, motor assisted systems might offer a lower-risk

technique for building bone mineral density.

When choosing the design criteria for a child-orientated FES-cycling system, the pre-
viously discussed specific needs of the child who has a spinal cord injury must be taken
into account. It should be sate, flexible, simple to use, allow for anatomical deforma-
tions such as contractures and scoliosis, while still being aesthetically attractive. The
equipment involved in many systems originally designed for adults are bulky and not
cosmetically pleasing from the child’s perspective (something that has been speculated
on, by those who have enrolled children in FES-research programmes [58|. as being a
major factor in the reluctance to participate). Moreover, it is particularly desirable
tor the system to resemble, more closely, those used for exercise and activity by able-

bodied peers, thus enhancing the psychological benefits.

Although extra challenges must be faced in order to address the unique issues pre-
sented by this population, the range and success of FES-cycling approaches in adults
suggest that this technology can, and should, be applied to children. To this end, we
propose the development of FES-cycle systems which can be used within the paediatric
spinal cord injured population for both stationary and mobile cycling. This work will

be described in chapters 5 and 6.
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4 Implementation of FES-cycling
Using a Multi-functional FES

System and Limb-mounted Sensors

In this chapter, we describe the development of FES-cycling stimulation control strate-
gies which employ new approaches for obtaining crank position data (used as a stimula-
tion activation reference) using a limb-mounted sensor. These strategies, in addition to
a “traditional”’ approach which employs a shaft encoder, have been implemented into
a new PDA-based, multi-functional, FES-system which can be used for either surface

or implanted stimulation. The work 1s divided into three main stages:
(i) Testing and validation of the limb mounted sensor pack (section 4.2).
(ii) The creation and testing of an angle-conversion algorithm (section 4.3).

(iii) Incorporation of this algorithm and an FES-cycling strategy within the PDA-

controller (section 4.4).

Before this, a description of the new equipment that will be utilised i1s given 1n sec-

tion 4.1 in order to explain its layout and capabilities. Conclusions drawn from this

chapter’s findings are given in section 4.5.

4.1 The Neopraxis Multi-functional FES System

The implementation of a new multi-functional FES system into an existing FES-cvcle

setup has been investigated. For background purposes. the following section will de-

scribe the layout, capabilities and use of this system in international research up to

this point.
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4.1 The Neopraxis Multi-functional FES System

4.1.1 Overview

A small, portable FES system has been developed by Neopraxis Pty Ltd!. It contains a
palm top controller called the navigator, which can implement FES strategies through
either an eight channel surface stimulator, called the Exostim, or a 22 channel im-

planted stimulator. The system also contains small limb-mounted sensor packs, which

can measure orientation and acceleration data.
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(a) Navigator (b) Sensor pack

Figure 4.1: The Neopraxis Navigator and sensor pack.

The Navigator (155mm x 85mm x 40mm), shown in figure 4.1(a), is a small, portable
device which consists of a hand-held PC that has been modified with a custom-designed
compact flash (CF) card to provide a serial peripheral interface (SPI) to the remaining
components of the entire system. Internal software, called “Clinix”, allows user-friendly
access through the Navigator’'s touch screen to a range of pre-designed stimulation
strategies (muscle strengthening, standing etc.) that may be implemented using either
of the stimulators. In addition, a clinician or researcher may assign different stimu-
lation parameters (frequency, pulsewidth and amplitude limits) to individual muscles
oroups or nerves and create simple strategies. More complicated sequences can be in-
corporated through use of a Matlab/Simulink® interface, which allows Simulink models

to be compiled and downloaded into Clinix.

lFormerly a subsidiary of Cochlear Ltd, Lane Cove, Australia. http://www.cochlear.com/. Neo-
praxis Pty Ltd ceased operation in 2003.
2The MathWorks Inc., http//www.mathworks.com/



4.1 The Neopraxis Multi-functional FES System

Orientation and acceleration data for use in closed-loop control strategies are obtained
from small limb-mounted sensor packs (65mm x 34mm x 12mm). These devices (Fig-
ure 4.1(b)), which consist of two two-dimensional accelerometers, a miniature rate
gyroscope and a micro controller, are powered from, and communicate with, the nav-
igator through its CF card [78]. Multiple sensor packs may be used concurrently.
with information from each (and therefore feedback from several different limbs) being
monitored in realtime by the Navigator. An additional feature is the inclusion of three

analogue inputs that allow acquisition of data from external hardware, such as switches.

4.1.2 Surface Stimulation

Stimulation
Communication

Ports

IIIIIIII

Figure 4.2: The Exostim surtace stimulator.

Surface stimulation is carried out using an eight channel, belt-worn device (weighing
approximately 500g) called the Exostim (Figure 4.2). Like the sensor packs, commu-

nication with the navigator is carried out via the CF card. However, as the card has
only three SPI ports, the Exostim also acts as a thoroughtfare for sensor pack data
(using additional ports located on its side) when feedback from multiple limbs is re-
quired [79]. Stimulation parameter ranges are shown in table 4.1. When using this
device, frequency and charge pulsewidth remain constant while intensity is governed
by modulation of the amplitude between threshold (the minimum level that produces a
visible or palpable response) and saturation (the level above which no increase in force

is achieved) current levels. All values are set for individual channels using the navigator.
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Table 4.1: Stimulation parameter ranges for the Exostim and FES-24B stimulators.
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Figure 4.3: Location of the FES-24B stimulator and its electrodes. (Adapted from
http://www.ifess.org/cdrom_target /ViennaOl /Posters/Davis.htm)

The navigator and sensor packs can also be connected to a 22-channel implanted stim-
ulator, called the FES-24B, forming the “Praxis” system. The stimulator, which is
based on the Nucleus 22 cochlear implant [80], is placed in the lower right intercostal
margin and connected to electrodes via subcutaneous, stretchable, conducting leads

(figure 4.3). Communication between the navigator and the stimulator is achieved by
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4.1 The Neopraxis Multi-functional FES Svstem

an RF-linked antenna which holds on to the skin because of a magnet in the stimu-

lator. Two techniques for implanted stimulation are demonstrated with this svstem:

peripheral nerve stimulation and direct nerve root stimulation.

18 channels are designated for lower-limb muscle contraction. The individual nerves or

branches (and the corresponding muscle contracted) to which each channel is assigned

are shown in Table 4.2. The electrodes themselves are either “Flexi-Cuff’ electrodes.

which encircle the nerve, or platinum button electrodes, which are sutured to adjacent

connective tissue [81].

Channel/ Nerve Innervation Muscle Action
Electrode Level Contracted
1,10 Obturator [.2,.1.3,L.4,1.5,S1 Adductor Adducts and
Sciatic magnus extends thigh
at hip
2,11 Sclatic L5,51,52,53 Biceps Extends thigh
I femoris at hip
3,12 Inferior Gluteal L4,1.5,51,52 Gluteus Extends and
maximus laterally rotates
thigh at hip
4,13 Lumbar Plexus L2.1.3.1L.4 Psoas Flexes thigh
at hip
0,14 Femoral L2,1.3,1.4 Vastus Extends leg
lateralis at knee
0,15 Femoral L2,1.3.L4 Vastus Extends leg
medialis knee
7,16 Super Gluteal L.4,1.5,51 Gluteus Abducts thigh
medius at hip
8,17 Peroneal L4.1.5.51 Tibialis Dorsiflexes ftoot
anterior
0,18 Tibial L5,51 (Gastrocnemius || Plantarflexes foot

and flexes leg
at knee

Table 1.2: Position of implanted electrodes for lower limb movement.

Three further channels are connected to linear para-radicular electrodes. which are

inserted into the external sacral foramina for bladder control, and sexual tunction in

males. This eliminates the need for a posterior sacral rhizotomy, which was one of
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the goals of the Praxis system. A posterior sacral rhizotomy (which involves a sacral
laminectomy) is carried out when fitting cuff electrodes to the anterior sacral roots
for use with existing bladder stimulation systems. The drawback to this procedure
is that it prevents future reflex erections in males. The final channel (connected to
an epidural, spinal-cord-stimulating electrode) is assigned for modulation of spastic
bladder and bowel reflexes. In addition to the 22 stimulation channels. the front and
back of the stimulator case act as two return channels. Like the Exostim, charge pulse
amplitude is modulated to control stimulation intensity and individual parameters are

set using the navigator. Ranges for these parameters are shown in table 4.1.

4.2 Sensor Pack Testing and Validation

Initial experience with the sensor pack indicated the existence of a drift in orientation
data. Therefore, before using it within an FES-cycle setup, experiments were carried

out to test and validate the signals. The following details this work.

4.2.1 Methods

Aims and Objectives

The aim is to investigate further a possible drift in orientation data, recorded by the
sensor pack, that was found previously. To achieve this, orientation, velocity and raw
voltage signals would be recorded under both static and dynamic conditions, similar

to those found in cycling, while any observed drift in the data would be quantified.

Static

Experiments were set up as as shown in figure 4.4. The sensor pack was attached to
a wooden rod which can be held in position by a clutch system. A potentiometer was
placed on a second pole and directly coupled to the rod so that an equivalent voltage

could be used for position comparison. The rod was placed at five difterent angles:

0°, 45°. 90°. 135° and 180° (an inclinometer was used to confirm both these and the

equivalent potentiometer voltage).
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Figure 4.4: Experimental setup. Rod is rotated around point A and held in place with
the clutch system.

At each position, three experiments were conducted in which the purpose was for the
rod and sensor pack to remain static over a period of four minutes. A Matlab sequence
which samples (at a rate of 20Hz) and logs information from the sensor pack during
this period was created, compiled and downloaded for use on the navigator. Four
variables were recorded directly from the sensor pack (Table 4.3). The potentiometer
output voltage was converted to be within the limits of the sensor pack’s analogue
input by a custom voltage modifier, supplied to the sensor pack and recorded as “Ana-

logue input 1 voltage”. All data were uploaded from the navigator and analysed offline.

Variable Source
Time (s) . Sensor pack
Sagittal angle (deg) Sensor pack
Sagittal velocity (deg/s) Sensor pack
Gyroscope voltage (V) Sensor pack
Analogue input 1 voltage (V) | Potentiometer

Table 4.3: Variables recorded for sensor pack validation experiments.
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4.2 Sensor Pack Testing and Validation

Further experiments were carried out to investigate the drift under dynamic condi-

tions. The setup was the same as for the static experiments. However, here the rod

was oscillated over a range of approximately 12°. Experiments were carried out using

both a constant and varying oscillation frequency.

4.2.2 Results

Static

Sagittal angle, velocity and the raw voltage output from the sensor pack are plotted

in figure 4.5. Each subplot shows data logged over a period of four minutes from three

consecutive experiments carried out at a rod position of 45°. In each case, there is a

clear drift in the measured variable during the first 50 to 100 seconds, corresponding

to approximately 0.9 - 2°, 2 - 6.6°/s and 8 - 24mV respectively. This behaviour was

displayed at every measured rod position, in all experiments, and with drift ranges

consistent with those shown above found in each case. The average drift, found over

all 15 experiments, is shown in table 4.4.
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Figure 4.5: Sagittal angle, sagittal velocity and gyroscope voltage during three experi-

ments at a rod position of 45°.
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 ——

R Vc-r/("—?lal;le Average Drift

= ==

Sagittal angle (deg) 1.281 + 0.57
Sagittal velocity (deg/s) || 4.408 + 2.58
Gyroscope voltage (V) | 0.02 £ 0.024

Table 4.4: Average drift (+ standard deviation) in recorded data over 15 static exper-
1ments.

For comparison, sagittal angle data from the sensor pack are plotted against the equiv-
alent potentiometer angle (obtained from its output voltage) at a rod position of 89°
(figure 4.6). A similar drift to that displayed in figure 4.5 can be seen in the sensor

pack data whilst the potentiometer angle remains almost constant throughout.
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Figure 4.6: Sensor pack sagittal angle versus equivalent potentiometer angle at 89°.

Dynamic

Angle data from both potentiometer and sensor pack during the variable oscillation
experiment are shown in figure 4.7. A drift in the sensor pack data is apparent over
both the whole period, and sections with a constant oscillation frequency. The latter
was verified in the constant frequency experiments. Moreover, the amplitude of the
sensor pack angle data appears to vary with the oscillation frequency. This is high-
lichted in figure 4.8, where the sensor pack error (with respect to the potentiometer

angle) appears to closely follow the frequency behaviour.
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Figure 4.7: Sensor pack sagittal angle versus equivalent potentiometer angle during
variable oscillation frequency experiment.
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Figure 4.8: Rod oscillation frequency and sensor pack sagittal angle error during vari-
able oscillation frequency experiment.
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4.2.3 Discussion

Experiments were carried out which were designed to test the performance of the sen-
sor pack. Orientation data were observed under both static and dynamic conditions
with any error quantified. It should be noted that the manufacturer of the sensor pack

ceased operation around the time of these experiments so it was not possible to obtain

replacement parts or further assistance.

In a recent study, carried out by those who designed the device, Simcox et al. 78| detail
the control algorithm used to estimate orientation by the sensor pack and investigate
its pertormance using a 3D motion analysis system. To estimate sagittal angle. the
sagittal velocity (obtained from the gyroscope) is integrated, then compared with the
accelerometer signals and passed through a nonlinear filter in order to remove any drift
(caused by integration of small errors and noise in the gyroscope). Our static experi-
ments showed a drift in orientation data over the first 50 to 100 seconds in all data sets.
After this time period, however, the estimated angle does remain relatively constant
with a reasonably small offset. Moreover, the magnitude of the error (1.281 + 0.57°)
appears to be within acceptable limits illustrated by similar sensors. Luinge et al. [82],
who adopt a similar sensor fusion approach in their device, showed a maximum error

of approximately 1.5° over a period of 140s.

During the dynamic experiments, however, this error not only increased significantly
(up to 3.69°, at an oscillation frequency of 0.289Hz) but did so in conjunction with the
osclillation frequency of the rod. Orientation data shown by Simcox et al. |78| during sit
to stand and walking experiments show a fairly close correlation between a sensor pack
and 3D analysis system. However, our findings may not be comparable as the dynamic
behaviour of the their experiments is different to ours and data are only shown over

the first three to four seconds.

Although the static performance of the sensor pack, shown in these experiments. is
impressive (considering its size and weight), the dynamic behaviour observed has con-
sequences for its planned use as a source of orientation data for cycling. The sinusoidal
behaviour of the oscillating rod resembles that of the thigh during recumbent cycling,
therefore the fact that the sensor pack’s estimated angle moves outwith the geometrical
constraints, displayed by the potentiometer (figure 4.7). means control which incorpo-

rates this device must somehow compensate.
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4.3 Angle Conversion

4.3 Angle Conversion

Following testing of the sensor pack, an approach was decided upon which would make
use of the orientation data in such a way that crank position could be calculated di-
rectly from limb position, therefore allowing existing stimulation timing patterns to be
used. For this, a conversion algorithm would be created that converted a measured
hip angle to an estimated crank angle whilst taking into consideration the drift issues

found in section 4.2.

4.3.1 Methods

Aims and Objectives

Intensity Reference

Throttle

Stimulation
- : Pattern
Stlm.ulatlop Control >
Algorithm

Senéor Pack

Estimated Crank Angle Conversion
Algorithm

Figure 4.9: Schematic showing incorporation of sensor pack into FES-cycling system.

The aim is to incorporate the limb-mounted sensor pack into an existing FES-cycling
strategy (as shown in figure 4.9) by using a measured hip orientation to calculate an
estimated crank angle. There are three stages involved in this.

(i) Creation of an algorithm which converts a hip angle to corresponding crank angle.

(i1) Validation of the algorithm through simulation.

(iii) Validation of the algorithm using real data.
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4.3 Angle Conversion

Geometric Approach

Two approaches were used to estimate crank position based on the angle of a subject's

hip to the horizontal. The first is carried out using the geometric relationship shown
below [51].

-

Crank centre

Figure 4.10: Hip to crank centre geometric relationship.

[f a, b, c and d are the thigh length, lower leg length, crank arm length and length from
hip joint to crank centre (baseline) respectively (figure 4.10), e (the distance from knee

joint to crank centre) can be calculated from the hip angle («) as follows:

e = Va? + d? — 2adcos (4.1)

Using e and assuming the feet are fixed to the pedals, 6, and 6, can then be calculated

and added together to obtain a crank angle (6¢) via the following relationships:

72 4 o2 _ g2
f; = cos™! (— +_2€_de a,_) (4.2)
2 4 2 _ 2
fy = cos™" (?__‘_ZCbe - ) (4.3)
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4.3 Angle Conversion

Oc = 0 + 05 (4.4)

An algorithm, which incorporates this relationship, was created using Matlab. Bio-
mechanical measurements, a, b, ¢ and d (which will vary with different subjects and
trikes) are measured beforehand and defined as constants within the algorithm. The

sampled hip angle («) is the input variable and estimated crank angle (6) the output.

Conversion Issues
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Figure 4.11: Comparison of measured hip angle over time versus theoretical maximum
and minimum hip angles.

As the experiments described in section 4.2 showed, orientation data calculated by
the sensor pack are subject to significant drift during oscillatory conditions. Also, in
reality, the distance between hip joint and crank centre may not be constant during a
period of cycling<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>