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ABSTRACT

Biofeedback is a redlme training technique thahvolves measuring a physiological
function and conveying information back to the patieémthelp them learn to adjust their
performance. Biofeedback is usesliccessfullyin many areas of neuromuscular
rehabilitation and sports training. Lower limb ammseparticularly present a need for
augmented feedback. Following amputation the proprioceptive pathways required to
regulate gait are impaired. During physiotherapy patients have a limited view of their
body, andthe physidherapist may not be best physigglaced to witness gait changes.
Outside the clinic patients often adopt poor walking patterns, such as circumduction and
abduction, which can lead to lower back pain and a reduced quality of life.

This work focused on the development of a biofeedlieaking system to assist in the
reduction of habitual circumduction and abduction gait patterns seen inféraosl
amputees. Guided by a review of the literaturgaeing system was developed that uses
electrotactile sensory stimulation to provideedback ot h e p ahigh reotian Wlslst
they walk on a treadmill.

A greater understanding of the psychophysical response to dactite stimulation was
required in order tgresent discernible information in a safe and comfortable manner.
Thirteen lealthy subjects were therefore recruited into a stindy found thresholds of
perception and discomfort to stimulation around the thigh. The studyfalsa that
subjects were able to discriminate the location of stationary stimuli and the spked an
direction of moving stimuli whilst laying supine, flexing and extending the leg, and
walking on a treadmill. By correctly identifying the numbered electrode locations they
demonstrated an ability to percesgatially coded information presented to thigl using
electrical stimulation.

A camerabased motion capture systemas incorporated into the completed biofeedback
system, andsoftware was written to captufénematic datain reattime. To enable the
calculation of feedback stimuli,&dimensional biomechanical model was construetredi
thep at i e rointéangleshiverggcompared to a joint angle reference databdgeematic
event detection madepossible to deliver thelectratactile stimuli in relation to theusers
gait.

Four amputees tested thmofeedbacksystem and reported positively on the experience.
The subjects did not walk with a circumduction gait, so it was not possible to assess the
therapeutic effects of the system. However they vadile to perceive and underdtatine
feedback stimuli, relate the information to their movement, and in some cases make
positive changes to their gaBensation threshold levels and the ability to discriminate
stimuli werealsofound in the amputee group to be comparable with theangputees.

This work has potential to become integrated into prosthetic components, and can be
adapted for use with a broader range of patient groups with upper and lower limb
movement disorders. The analysis software has potentialftotherdevelopedo provide
reattime interpretation of gait patterns
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1.1 Background

Approximately 5000 new referrals are received every year in the UK for limb amputations,
as a result gbathologiesuch as bone cancer, diabetes and vascular diseases, or in cases of
trauma and intractable pa{iNational Amputee Statistical Database 200®mputees are

fitted with prosthetic limbs soon after surgery and undergo a period of intense
physiotherapy as part of theirabilitation.

Lower limb amputation not only results in reduced mobility but also a loss of the sensory
neural pathways that provide a sense of limb positioning and identity. Patients also
commonly experience neurological problems such as phantom limbfqrayears after

surgery.

Current gait reeducation techniques used with amputees focus on the use ofdmands
physiotherapy in a rehabilitation gym, with the aid of parallel bars, mirrors, and standard
gymnasium equipment. This places a heavy demangd bry si ot her api st 6s tir
t herapists have a restricted view of the pat
information to guide therapy, this makes it difficult to convey information regarding

kinemdic alterations to the patient.

Outside the clinic patients do not have access to the expert guidance of physiotherapists
and often adopt a variety of habitual and compensatory gait patterns. These can lead to
lower back pain, slower walking speeds, greater energy expense and a rqohiltgdf

life (Murdoch and Bennett Wilson 1996choppen 2002 There is therefore a need to
enhance the sensory feedback received by amputees throughout the-tgaiimg

process.

This work initially focuses on a specific gait pattern knowrciesumduction, which is a
tri-planar movement of the prosthetic leg swinging in a wider than normal lateral arc to
prevent the foot striking the floofJaegers, Arendzeet al. 1995. This compensation
strategy is used for a number of reasons, for example in people who have a limited range of

motion at the knee, by those who lack confidence using their prosthesis, or those with a leg
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length difierence. Circumduction results in an asymmetrical movement of the pelvis and
lumbar spine during walking. Excessive transverse rotation of the pelvis has been linked to

an increase in lumbar pain experienced by tfan®ral amputees.

To assist in the correction of circumduction, a training systemexploredvhich isbased

on a technique called biofeedback. Biofeedback (BFB) is a training technique that uses
instrumentation to measure a physiological process and present informatiomobthe
patient whilst they are undergoing training. Biofeedback has been used successfully in
other areas of neuromuscular rehabilitation and in gétaiging with promising results

for a range of patient grougsluang, Wolfet al. 200§. But it has not been adopted in
clinical practice m amputee gait rgraining. The use obiofeedbackmay help improve the

level of awareness of limb positing for amputees, andoethe occurrence of detrimental

gait patterns such as circumduction.

1.2  Aims, Objectives and Hypothesis

The wider ambition this work falls within is to develop the field of #t#ak biofeedback
for use witha range of patient groups during rehabtibta. This project focuseon a
specific aspect, the practicality of using eledtotile feedback to assist in the reduction of
circumduction and abduction gait patterns of tremoral amputees. The overall

hypothesisvas therefore:

Reattime electo-tactile feedback is aiable method of assisting in the reduction of

circumduction and abduction gait patterns in trefiesnoral amputees.

To provide an electrtactile stimulus suitable for gait tteaining, knowledge of the
physiological response tdeetrotactile stimulation of the thigh was required, for a range
of neuromusculastates The following additional hypotheses are also presented and are

developed further in Chapter 5.
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A nonpainful sensation range exists around the thigh betweertashtolds of perception

and discomfort, during a range of neuromuscular conditions

Subjects are able to discriminate between different elg¢attle stimulus locations

around the thigh, during a range of neuromuscular conditions

Subjects are ableotdiscriminate different speeds of eleetagtile stimulus movement,

during a range of neuromuscular conditions

Subjects are able to discriminate the direction of eletdndile stimulus movement, during

a range of neuromuscular conditions

To chalenge the overall hypothesis the following objectives were defined, and formed a

program of research for this work:

1. To review the principles and previous uses of biofeedback in neuromuscular

rehabilitation, to underpin this and future research

2. To select the most appropriate method of presenting feedback tefenamsal
amputees
3. To design andouild a biofeedback training system that can be used with-trans

femoral amputees during rehabilitation. Thias broken down into the following

specific objectives:

3a. Design andouild an eletrode array capable of delivering alectio-tactile
stimulus to lower limb amputees

3b.  Design andbuild an electrical stimulator capable of providing sensory
stimulus suitable for gait rraining

3c. Develop a physiological measurement system to provide-tineal

movement data to inform the correct application of the feedback stimulus
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3d.  Provide a user interface to the system, and feedback about system operation

and patient performance to users with a clinical background

4, To investigate the response and practicalities of using the proposed training system

with unilateral trandemoral amputees

1.3 Structure of the Thesis

Following from this introduction, Clmier 2 provides the knowledgenderpinningthis

work. The clinical problem is presented in greater detail. The current topics in biofeedback
are discussed through a thorough literature review, noting the limitations and shortfalls.
Focus then tumsito theuses of electrical stimulation as a means of presenting feedback.

Chapter 3 brings together the lessons learnt through the review and sets out the research
approach taken in this work.

Chapter 4 describes the design of a st@odie sensory electtactile stimulator and an
electrode array for sensory stimulation. The physiological sensation thresholds produced

by these devices are determined in a stufdyealthy subjects and described in Chapter 5.

Chapter 6 describes in detail how the eletadile stimulatorwas incorporated with a
motion capture system to produce a 4t#ak biofeedback training system. The Chapter
describes some of the challenges met in handling gait data-timeadnd how these were
addressed. Chapter 7 then presentdod gtiudy investigating the practicalities of using the

reattime system with a group of amputees.

Chapters 8 and 9 conclude the work Symmarisinghow the aims were satisfied, and
leading into a discussion on the limitations of this work and the potential for future

research.




Chapter 2

Background and Literatu re Review




Chapter 2: Background and Literature Review

2.1 Introduction

This Chapter briefly introduces gait and the broader aspects of sensorybddsse
presenting circumduction as the specific case example addressed in this work. Biofeedback
is then presented as a technique with the potential to assist patients who experience sensory
loss and adopt poor gait patterns. The key topics in biofeedhr@ckiscussed idepth

using a range of applications in rehabilitation, before turning attention to the application of
electrotactile biofeedback for amputee gaittraining. The issues and potential use
biofeedback in the correction of circumductiare then discussedhe purpose of this
Chapter is therefore to provide a theoretical background and understanding of the literature
in the area of research tackled in this work.

2.2 Clinical Problem

2.2.1 Normal gait

Gait is a natural method of mobility in humans and a determinant in quality of life. The
upper and lower limbs and the trunk support gait and posture, but efficient gait is primarily
the product of the synchronised action of the lower limbs. They prdtigleneans of
locomotion, shock absorptignefficient use of energy and stability. The body is often
described in terms of segments; the pelvis segment comprises the sacrum, coccyx and hip
bones which form the pelvic girdle, supports the vertebral columnpemnddes muscle
attachment points and articular surfaces for the femur. The femur, tibia and fibula form the
thigh and shank segments respectively. The patella increases mechanical advantage about
the knee joint. The foot segment provides a floor corgadce, shock absorption and a

pivot for the progressing limb. Many muscles act about each joint and serve dual or more
purposes, for example, the biceps femoris is a hip extensor and knee flexor. Lower limb
muscles are innervated by branches of the lurabd sacral plexus. Variations in anatomy

can be found across a range of normal subjects.

For the purposes of conventional clinical gait analysis the hip jomftes described as a

ball and socket joint, and the knee and ankle joints are describgid as hinge joints.
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This is a simplification because the knee joint is polycentric and the talocrurajvyich

is formed of three articular surfagehanges geometry under varying loads. Relative joint

angles between limb segments are the net redufhuscle activity, limb inertia and

external forces (such as gravity and g¢ineund reaction forge Comparison of joint angles

between normal and study groups is often made in gait analysis to aid clinical decision

making in rehabilitation medicine, on the evaluation of prosthetic and orthotic

component performance.

Gait is often described as a cycle, as showRigure 1, from one event (suchsanitial

contact) to the subsequent event by the same limb.
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Figurel Phases and events of the gait cyfiiem Perry(1992 *percentages are typical values orﬁylitial

Contact is an event, not a gait phase

Lower limb kinematic data areypically presented graphicallin three planes for the

pelvis, hip, knee and ankle joinBata are normalised to the gait cycle as a percentage and

represented on theaxis from one gait event to the subsequent event on the same foot (the

initial contact event is typically used).
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An example is shown irrigure 2 for the sagittal plane. The green tracesFigure 2

indicate the mean of a normative reference, whilst red and blue traces in this case indicate
the mean values from a patient with and without the use of a clinical intervention. The
shaded bands showXstandard deviation of the mean. Variation e data is typically

lowest in the sagittal plane, and increases in the coronal and transverse planes. This is due
to the scale of the movement and limitations of the measurement system (discussed later in
Section3.2.2).
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Figure2 Relative joint angles in the Sagittal plane normalised to gait cycle

A normative dataset is shown Figure 3, with a number of pertinent featur@s the

sagittal plane highlighted. As the foot makes contact with thidoor a controlled
plantarflexionoccurs at the anklgoroviding shock absorptiorfl). The knee then flexes
during loading response (2) as weight is transferred to the stance limb. The stagk rot
over the ankle during the single limb support phase as the contralateral limb swings
forward. A strong plantarflexion moment is produced about the anklgi@yiding the
propulsive thrust to propel the body forwards. This is followed by a rapidfldzien to

prevent the foot striking the floor, as thgp andknee swing the leg forwar(b) and @).
Movements in the coronal and transverse planes are less distinct and of a lower magnitude,
and generally arise from the limb positioning and stabilising roles of the lower body

segments.




Chapter 2: Background and Literature Review

1200

750

Degrees

300

Sagittal

300

Degrees

-30.0

R ANKLE [+ve df)

A0.0

U Gait Cycle
| plane

0.0 100.0

R ANKLE (+ve ad)

"N

0.0 500 100.0
% Gait Cycle

Coronal plane

300

Degrees

=300

R AMKLE (+ve inversion)

0.0 0.0 100.0
% Gait Cycle

Transverse plane

Degrees

-300

Pelvis

Figure3 Example of typical elativejoint angles for thgelvis, hip, knee and ankleints during overground

on

R TILT {+ve sacrum up)

—_—
00 500 100.0
% Gait Cycle

R KNEE [+ve flex)

90.0
@
e 2
o 300
[
fa
-30.0
0.0 oo 100.0
% Gait Cycle
200 R KMNEE {+ve shank abducted on thigh)
@
[+
2
o 00
[
a f\——/—\/\/«—
-30.0
00 500 100 0
% Gait Cycle
200 R KNEE (+ve int)
@
[
; /M/\
o 00
@
s}
-30.0
00 500 1000
% Gait Cycle
300 R CBLIQUITY ({+ve up)
w
@
pd
o 00
@
[a}
-30.0

00 500 100.0
% Gait Cycle

walking

a0.0 R HIP {+ve flex)
w
@
pd
o 300
@
[a}
-50.0
0.0 500 100.0
% Gait Cycle
300 R HIP {+ve ad)
@
[+
2
o 00
[+
a
-30.0
00 500 1000
% Gait Cycle
00 R HIP {+ve int}
@
(o]
2
o 00
[
s}
-30.0
00 00 100 0
% Gait Cycle
300 R ROTATION (+ve int)
@
[+
2
S 00
@
a
-20.0
00 s 100 0

% Gait Cycle

10



Chapter 2: Background and Literature Review

2.2.2 The role of somatic sensation in gait

The somatosensory system provides a sense of limb positioning (proprioception),
movement (kinesthesia) and an awareness of environmental constraints (perceived through
touch, vibration, pain and heat). Somatosensatiofadsitated by a range ofpecialist
afferent nerve fibres. For example muscle spindles, Golgi tendon organs and several types
of joint kinesthetic receptors make up the proprioception sense. Muscle spindles wrap
around intrafusal muscle fibres and feedback information about aketeiscle length.

This is used by the stretch reflex mechanism to mediate firing of aomegonist muscle

pairs to prevent muscle overstretching. Golgi tendon organs encapsulate sensory nerve
endings and collagen fibres within tendons. They detectpaotbct against excessive
tension in the tendon and associated muscle. Joint kinesthetic receptors are located within
synovial joint capsules and include lamellated corpuscles, which detect joint acceleration
and deceleration, whilst various cutaneous raaoheceptors and free nerve endings detect

pressure, touch, pain and stre(€ortora and Derrickson 2008Vindhorst 200Y.

Somateensory feedback is thought to regulate central pattern generators (CPGs), which
are networks of spinal interneurons believed to generate the rhythmic motor neuron firing
sequences required for locomoti¢Dietz 2003. Nielser{2003) summarises three areas
where sensory feedback has a role in the control of human walkingirect input to

motor neurons without CNS involvemestinkjor et al(2000 found that when a foot with

a peroneal nerve block was suddenly plantarflexed using a mechanical platform, the
plantar flexion muscle aivity significantly reducedfollowing a short latency. This
supports the idea of a direct role for feedback without CNS involvergg@ontributing

to corrective reflexes following sudden perturbations. An example of this is the erossed
extensor reflexwhere upon reception of a pain stimulus, flexors contract to withdraw the
limb and contralateral extensors contract to support the [®)dyroviding error signals

that inform theCNS of differences between the intended movement and the movement

actuallyexecuted. This may be used for motor learning and refining future movements.

In a wider sense somatosensatads the sense of embodimgat feeling of identify a

person has through the space their body occiy@iakagher 2001
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2.2.3 Loss of somatic sensation in gait

A number of pathologies can impair the somatosensory pathways and lead to a movement
disorder. These are notably the peripheral nervous syssemddrs and neuropathies that

cause degeneration of the nervous system, either through peripheral demylination, as in the

case with GuillairBarre syndrome; through spinal nerve degeneration seentiengsa

with Friedreichos adMotonNeyrondMiskase; qr in¢he gepetice r 0 s i S
or congenital malformation of sensory pathways as with Chdvieoke-Tooth syndrome or

spina bifida respectively. Traumatic causes of sensory loss, or parasthesia, can range from

a single nerve entrapment to partwhole limb amputationRemoval of a limbclearly

causes significant impairmeta sensoryeedbackpathwayg.

Conditions leading to the removal or disarticulation of a limb are broadly grouped into
vascular and traumatic causes. Dysvacularity accouioted2% of amputations in the
United Kingdom from 2006 to 2007, predominantly as a result of diabetes and
arteriosclerosifNational Amputee Statistical Database 200®ther common causes
include trauma, infection, neoplasia, congenital limb deformities and neumllogic
disorders. In planning the surgical procedure an important aim is to amputate as distally as
possible in order to preserve the natural biomechanics and sensory pathways. This is
balanced against the likelihood of progression proximally of infectiousofmagies. The
technical challenge of providing a functional limb is also made easier if a thimungh
procedure is carried out. can therefordoe seerfrom Table1 that the majority (53%) of
amputations in the UK from 2006 to 2007 were trabisl.
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Tablel Incidence of lower limb amputations in the United Kingdom during ZDD6y level and cause
(National Amputee Statistical Datade 2009

. Total / . Total /

Level of amputation Cause of amputation
(percentage) (percentage)

Hemipelvectomy 14 (0.3) Dysvascularity 3300 (72.1)
Hip disarticulation 26 (0.6) Infection 356 (7.8)
Transfemoral 1788 (39.1) Trauma 337 (7.4)
Kneedisarticulation 57 (1.2) Other 232 (5.1)
Transtibial 2411 (52.7) No data provided 173 (3.8)
Ankle disarticulation 14 (0.3) Neoplasia 120 (2.6)
Partial foot 51 (1.1) Neurological 56 (1.2)
Lower digits 17 (0.4)
Bilateral amputation 196 (4.3) Total amputations 4574

During the amputation procedure nerves are exteridadsectedand released to retract
into the soft tissue where they serve no future purploseontrast to the management of
peripheral neuropathies where nerve growth andretestablishment of naturaensory
pathways is encouraged, the neurologg@édls for amputatioare more conservative and
include a reduction in the incidence of panmgrve entrapment and neuronf®&obinson
1991). As such eputees presentgreatr need for sensory augmentation.

2.24 Amputee gait

Gait abnormalitiescan bebroadly categorised according to primary casjssecondary
deviations and compensatory strategies. Primary causes magraisenicallyfrom bone
deformities, muscle weakness, pain, poor motor control (spasticity, hypertonicity and
clonus) or from joint contracturesPoorly fitted or aligned prosthetcomponentryis a

major primary cause of gait deviat®m amputeesSecondary deviations are subsequent
limited or excessive movements. For example, a prosthesis with too much alignment
stability or friction in the knee (a primary prosthetic cause) make it difficult for the
patient to bend the knee through swing. The patient may then adopt one or more
compensatory strategies to accommeddte limitation(Beyaert, Grumillieret al. 2008
Grumillier, Martinetet al. 2008. In this example the patient may swing the prosthesis in a
wide lateral arc to avoid floor contact during swing (a compensation known as

circumduction).
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Commonly recurring amputee gait deviations and their causes were identifieBdrger

(2002, Ham and Cottori1991), Engstrom and Catherin@985 andthroughdiscussions

with specialistamputee physiotherapiset the Douglas Bader Rehabilitation Centre,
Queen Ma r y 0 (Roehdmoptop iThe aunderlying primary causesof a non
biomechanical nature (e.g. those anatomical primary causes which may be associated with

a loss of sensation) aas follows (a broader list is includedAppendixA):

1 Inadequate lalance (primary) may result in lateral trunk bending, uneven arm swing
and step timing (sendary). The patient may move shoulders backwards in an effort to
obtain better balance (compensatory), causing excessive trunk extension (ggconda

1 Fear, insecuriy and lack of confidencewith the prosthesis (primary) may result in
uneven step timing (secondary). Accompanied by uneven timing leagheven arm
swing (secondary)

1 Fear of stubbing the togprimary) can lead to vaulting, abducted and circumduction
gait patterns (compensatory). These lead to the habitual patterns of lateral trunk bending
and excessive trunk extension, to aid progression of prosthesis in swing (compensatory).
Uneven arm swinging and medial or lateral whips of the heel avpireg may als be a
habitual consequence of propelling the finesis in a wider lateral arc

1 More power than necessarynay be being used to force the knee into flexion
(compensatory) which can letm uneven heel rise (secondary)

1 Driving the prosthesis into the walkingurface too forcefullyto assure extension of
the knee and avoid a fear of the knee buckling (compensatory) may lead to foot slap
(secondary) and consequently a higlmieal swing impact (secondary)

1 Extending the stump too vigorously at heel strileading to rotation of the prosthis

on heel strike (secondary)

These clinical observations suggest that the patients lirkited/ledge & the prosthetic

limb movement and dynamics is a common underlying cause ebinomechanical gait
deviations, e.g. limit¢ sensory feedback required to regulate balance; a poor
representation of foot position required to guide floor clearance and initial contact, and a

poor awareness tiie forces required to propel the limb through the gait cycle.
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The scientific literatureoncerninghe amputegopulationis limited compared with otr
patient groupslt is known thatenergy expenditure increases when gait kinematics deviate
from that seen in a normal populatifWaters 199% but the impactof adverse walking
patternson quality of life 8 not wellunderstoodThe progression into arnitleincidence of
poor gait patterns are netell documented, nor hawbe causesand progressionf habit

formation been investigated.

Discussios with specialistamputee physiotherapisé$ the Douglas Ba Rehabilitation
Centre highlighted that whilst poor gait and posture can be identified and corrected by
therapists in the short period of pagierative gaitre-training, established amputees
returning for threemonthly assessments have been sedmabiually revat back to poor

gait patterns.

Circumduction is a one such gaieviationthat habitually returnsn established trans
femoral amputee<Circumduction involves a wider than normal lateral arc of the prosthesis
during swing to prevent the foddtriking the floor. This results in an asymmetrical
movement of the pelvis and lumbar sp{daegers, Arendzest al. 1995 Kerrigan, Frates

et al. 2000. An increase in transverse rotation of the pelvis in tfamoral amputees is a
contributng factor to lower back paifMorgenroth, Orendurfét al. 2010, and there is a
higher prevalence of lower back pain in amputees compared to the general population
(Kulkarni, Gaineet al. 2005.

In a survey of 255 established amput&ésie (2001 found that 52% reported persistent

and bothersome back pain. Of those 25% described the pain as a severe interference to
their social, recreational, family and work activities. Prevalence rates haveepeetred as

high as 62 94% in other studie€Ephraim, Wegeneet al. 2005 Smith, Comiskeyet al.

2008. Smith et al(2008 surweyed 107 established amputees and suggested that of the
47.7% who reported back pain, the cause in 52.9%hetases was due to postural and

gait abnormalities. The locus of contrpérticularly for trandemoral amputees, g@inates

from the hip and pels. Correcting hip-related gait abnormalities such as circumduction
could thereforeresult in impoved kinematics distallyin overall gait symmetry and in a

reduction of lumbar back pain.
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2.25 Current approaches toamputee gait retraining

Amputeerehabilitation in the UK is provided in specialist centres by ndi#iciplinary
teans (MDTs), involving the patient and family,Physiotherapists, Prosthetists,
Occupational therapists, a Consultant in rehabilitation medicine ofteth Biomedical
Engineers The MDT provids continued care through the pat@npathwaystartingprior
to amputation in many cases, through to fgbstharge. As such the teasfamiliar with
the issues experienced by each patient at each stage and how those affect outcomes.

From a neurological point of viewad retraining is an ongoing process of establishing
neuronal connections and weightirigfalsband and Lange 2008/olpaw and Carp 2006
which may have important consolidation periods dusigep and other non practice times
(Song 2009 As with learning any motor task it is not currently possible to define when
learning begins and ends, mdeedif there is an endpoinfTo consider a new gait +e
training therapy iis important therefore toonsider the tasks leading up to formal gait re

training sessions, in addition to training and gtosining activities.

In the initial stagesatient instruction begins with stump care and dressing and progresses
to attachment and care of the prosthesd standing and balance traini/durdoch and

Bennett Wilson 196). It becamewidely accepted during the 196€hat inactivity through
postoperative convalescence increases stump oedema, restricts patient independence and
lowers motivation(Redhead 1983 The emphasis on managemémén changed to early
mobilisation (Robinson 1991 The Pneumatic Po#&mbulation Aid (PPAM) was
developedin Roehampton to provide greater independence to elderly pa(ieetsas

1971). It supports and cugims the stump with an dilled sleeve placed within a crutch,

and became widely used across the UK for jopstrative mobilisatiorfScott, Condieet

al. 2000. When the stump tissue has sufficient integrity devices such as the PPAM can be

used to begin physiotherapy in earnest.

Physiotherapy forms the basis for gagttraining and there are many schoofsthought
that provide a theoretical underpinning to the techniques Udexte is ongoing debate

about the relative efficacy of named physiotherapy approaches and conformance to
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different schools of thoughBut whilst there is a lack of sufficient evidee to guide the
choice of approachused(Pollock, Baeret al. 2007 Young and Faster 200fMehrholz,

Kugler et al. 2008, they do present complementary ide&s the ongoing use of

physiotherapy in gait r&raining

A variety of techniqueare often combined during amputee gaitregning, with a focus

on goaldirected functional task These tend to progress frositting to standing, to
walking on a level surface with the aid of parallel bars, then svitvalker,two sticks or
crutches, then one stick, aruhally walking unaided. To prevent contractures and
maintain joint range of motion in both the stump and good legugess are encouraged to
perform stretching exercises. Muscle tone is improved with the use of standard gymnasium
egupment such as weights, exercise balls and elastic exdyamks (as shown iRigure

4),

Standing balance can be achieved by rocking mediolaterally and anteriorposteriorly
between parallel bars, to gain a feeling for the limits of stability. This process can be aided

with the visualisation of thground reaction forcerector measured using fog plates

embedded into the floor and superimposed onto a video image of the [faaénand

Rose 1979Rowe 199). Staff at the Gait Laboratory at
feedback session to amputees and therapists, whegeaiined reaction forces displayed

in reattime. Loading symmetry and vector progression are then discussed with the patient

and herapist, an example is shownHigure4. This is a form of biofeedback that will be

discussed in more detalil later.

&~
1S 6
Figure4 Left: Resistive stretching exercise of hip extensors and adductors using an exercifedoand.

(Gailey 2008. Right: Video vectouse aQu e e n  Mspitg] @ith aleft transfemoral amputeaho is
undergoing appraisal of loading. The numbers and lines shown inindhitatethe force through each plate.
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Single limb balance can be improved by stepping up to a stool or standing on the prosthetic
limb, whilst more advanced quick stepping, jumping and ball rolling exercises can be used
to improve agility(Gailey 200§.

2.26 Limitations in amputee gait re-training

The British Association for Chartered Physiotherapists in Amputee Rehatiitati
(BACPAR) recommand the following types of goalse set with the patient according to
their needs: Getting on and aff the floor, getting in and out of a car, using public
transport, walking up and down stairs, kerbs, ramps, slopes and escalatoirsgy etk
crowded environment, carrying objectvhilst walking, walking over uneven terrain
outdoors, changing speed and direction, picking up objects from the floor and opening and
closing doorgBroomhead, Dawest al. 2003. Many of these tasks can be taught in the
controlled environment of a clinic, but not afithe situations an amputee is likely to meet

in daly life can be mimicked in this safe way, for example walking on snow or ice,
cycling, stepping on and off a moving platform such m&scalator or boabDetails of the
BACPAR recommendations for the prosthetic rehabilitation programme can be found in

AppendixB.

There is heavy demand for physiotherapy during primary amputee rehabilitation, in terms
of oneto-one contact time with a therapist and access to space and equipment. Therapy is
often undertaken in groups with fewer staff than patients, placipiggat emphasis on the
therapist to motivate patients. The therapist has to be very observant and focused to

consider the safety and individual clinical needs of a numbezagilp

Gait deviations manifest across multiple body segments, and arebeédsicrithree planes.
Spatially from the therapists perspective it can be difficult to identify the principle issues
and convey information to the patient to guide training. Even with the use of mirrors it can
be difficult for the patient to view their owgait, assimilate the guidance and act on it in
reattime. Cole(2008 questioned 48 primary amputees over a 6 month period and found

benefits of force visualisation durinfeedback training sessionfer amputees and
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therapists. This however requires access to foradegliahid are often not found in small

centres.

Established amputees often have poor functional outcomes after dis¢Gaeiee and
Lankhorst 1996 Schoppen 2002displaying asymmetry in temporgpatial parameters,
kinetics and kinematic§Jaegers, Arendzeet al. 1995 Bateni and Olney 20Q02Berger
2002. Evans found that the level of functional mobility of amputees declined after 6
months posdischarggEvans, Buttenshawt al. 2003. It remains unclear tay amputees
revert back to poor gait patterns and postures

The focus oimuch amputeeesearch has been on biomechanics and prosthetic component
development, with little or no work looking at the psychological aspedaibfetraining.

Little is known about the patterns of behaviour outside the clinical setting. When does
learning and habituation take place and how does that impact on the timing of therapy
delivery? An important distinction should be made betweaming, which is an internal
process of cortical rerganisation angherformancewhich is the ability to adapt to new
tasks (Schmidt 1988 Often rehabilitation intervention studies report sherin
performance gains whilst clinical goals require skill retention and-teng learning. Only
recently with the use of functional magnetic resonance imaging havdicseain areas
been seen to show activity during motor learning téBks/on, Penhunet al. 2003 and

in gait retraining (Cho, Shiret al.2007).

Ideas in the field ophysiological feedback control, or biofeedbdbkiller 1974) may have

the potential to address some of these shortcomings in clinical practice and progress
rehabilitation science. There have been pasitindications in the application of
biofeedback to neuromuscular rehabilitation in the past few decades and a recent
resurgence of interest in biofeedbg@8asmajian 1981Schleenbker and Mainous 1993
Teasell, Bhogakt al. 2003 Huang, Wolfet al. 2006 Wilken and Darter 20Q9and the

allied field of virtual rehabilitatiorfKenyon, Leighet al. 2004 Rizzo and Kim 200p

Biofeedbackdraws on a wide range of technologies which can be employed in different

ways. The following sections willgive a detded view of the available technologies,
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approaches used and the key issues in the field. The use of -¢detieotechnology is
then explored as gotential means of providing biofeedbacto the problemof

circumduction in amputees.

2.3 Biofeedbackas a Potential Solution

2.3.1 Introduction to biofeedback

Biofeedback(BFB) is a technique that uses instrumentation to guide theeglfiation of

bodily processes. Sefegulation has roots in early meditation where the-cattrol of
breathing rateand thought processes were used to foster relaxation. It was believed that
autonomic functions could be controlled, to slow heart rate and decrease oxygen
consumption. This is only possible due to the ability of the brain to adapt and modify its
structurd organisation and function.Instrumented biofeedback emerged with
developnents in electronics in the 195@nd has since been defined as:

Afa met hod of training which enables a per s

equipment, to learn to control@hr wi se i nvoluntary bodily fun:i

(Lang 1979

Magill (2007 defines two types of feedback: Tassirinsic feedback which is provided by
the visial, auditory, proprioceptive and tactile senses whilst performing or practising a
skill; and augmented feedback (extrinsic or external feedback) which is information from

an external source complementing tagkinsic feedback. Magill furthers the detiioin as:

Afa type o f augment ed feedback t hat provic

processesthtogh t he use of instrumentationo

A BFB systemtypically comprises four major componentas shown inFigure 5. A
physiological process under traig, a measurement system tapturethe parameters of

interest anelement of data processing amdeans of preenting stimuli to the user.
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Figure5 Components of a typical biofeedback syste

Application examples will now be given to provide a br@achreness of thiiofeedback

components, their range and uses

A. Physiological processes

Physiological processesr be described in terms of measusanqmhrametes such asa
biopotential, pressure, flow, displacement, velocity, acceleration, force, impedance,
temperature or chemical concentratipifebster1998. Many and variedphysiological
parameters have bearsed in BFB systems.For example, dart rate variability and
respiratory sinus arrhythmia have been modified using ECG and respiratory frequency
BFB (Lehrer, Vaschilloet al. 2000 with applicationin the management of asthifiaehrer,
Vaschilloet al.2004.

Direct measurement of blood flow with infrad plethysmographySpeckenback and
Gerber 1999 and indirect measures of blood flow using skin surface temperature have

been fed backot patients to successfully relieve the symptoms of peripheral vascular

21



Chapter 2: Background and Literature Review

disorders, notablyor people withmi gr ai ne headaches (Kaavdas,Raynaul
Tsaiet al.2006.

B. Measurement System

A measurement system required to capture the physiological parameter of @ster
Parameters relevant to rehabilitation falbroadly into three categories:
electrophysiological, kinematic or kinetic. Electrophysiological applications were among
the first to emerge in the history of BFB developmentand include
electroencephalograptal (EEG) and electromyographical (EMG).

EEG BFB - encompasses the field akurofeedbackthe aim of which is to assist the
patient in modifying the amplitude and relative amplitude ratios of the signals arising from
central nervous activity (the alphbeta, delta, theta rhythm@pasmajian 1983Sterman

and Egner 2006 Applications with demonstrated success have been found in the
management of anxiety, attention deficit and hyperactivity disqMenastra, Monastrat

al. 2002 Monastra, Lynret al. 2005, seizuregSterman and Egner 200Q6ain(Sherman

2009, hypertension, substance abuéBokhadze, Cannoret al. 200§ and other
psychophysiological disorders that benefit from assisted relaxation techniques, such as

insomnia(Lynch, Jarviset al. 2007).

EMG BFB - EMG has also been used extensively, from the early investigations into the
control of single motor unitéBasmajian 19683to gross motor control in current clinical
applications. Cleelan@973 presented auditory BFB to successfully train the relaxation
of neck muscle spasticity. Positive findings were supported by a controlled clinical trial
with 12 patients with spasmodiorticollis (Jahanshahi, Sartoet al. 1991). Cleeland was
among the first to provide negative BFB, in the foofman electric shock to the finger
(Carroll 1984. Applications have also been demonstrated in the management df facia
palsy(Toffola, Bossiet al. 2005, temporomandibutaand neck pairtCrider, Glaro<et al.

2005 and shoulder pain and instabili(ibson, Growseet al. 2004). Lower limb work

will be reviewed in $ction 23.2. Whilst it is not a routine therapy, EMG BFB is a
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recognised option for the treatment of urinary incontinef@zer and Laia 20069,

particularly in womer{Thuroff, Abramset al. 2009.

Kinematic BFB - Kinematics is concerned witthe movement of body segmerfisint
angles, sgment positions, orientations, velocities and accelerations) without consideration
for the causes of motion. Tilt sensors have been used extensively to provide angle
thresholds for auditory BFB to improve control of head posture of children with cerebral
palsy. A typical setup follows that dfLeiper, Miller et al. 1981). Gyroscopes are
commonly integrated with head mounted displays (HMDs) to providenaoon about

head posture for virtual reality (VR) systems. Baram al(2002 used a traxial
accelerometer with a sestransparent HMD of a virtual floor to enhance environmental
visual cues. In opeloop mode the floor appears floating before the patient, irrespective of
head posture. Closing the loop, the acceleronpate the floor to the ground which is then

set to move towards the wearer at a pace determined by animdyted accelerometer.
This gait i niti atViiosnu aal s pWacltk earfo thhaes fbAeuedni ot r i
patients with &dis bkeng sade cosmertially availabée (Medi Gait
Ltd, Massachusetts USA). The team are currently testing the use of-mdogited
accelerometer to indicate step length, as an input for an auditory BFB device for patients

with Multiple Sclerosis.

Eleda r omechani cal devWREXO sdewnhelaospetthet i he l
California (USA) and fAArmeoo developed by Hc
of upper limb kinematics and provide visual feedback in the form of games and virtual

tasks. Housmaet al(2007) found an improvement in seldtedgameperformare in a

small groupof stroke patientsising the TWREX compared to a control.

Commercial devices such as theWi i 6 games console developed
Japan)wereintended for the entertainment markeit arenow being used in upper limb
motorehabi |l itation under (Ddutsch, Bortelketnal 20081 Thdha b i | i t ¢
wii remote control uses a {aixial accelerometer to determine the position and orientation
ofthedevi ce hel d i n t dpocal positoniny Systérta dedrmineathed a n

device location in space.
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Whole body position measurement using global positioning systems (&BS$nder
consideratioms a BFB device duringpmmunity ambulation antbr gait measurements
(Terrier and Schutz 2005Sanchezet al(2007 used GPS to determine and present a
desired path for users with visual impairments, the data were converted to speech and
presented audibly as clock face directions.

Kinetic BFB T Kinetics is concerned with the forces and moments causing segment
movement. Commonly used paramet@rsBFB applicationsinclude ground reaction

forces plantar pressuse joint torques and powers, and internal forces sucthedoad

through prostheticomponentsA number of devices are used to facilitate redsdisted

movement therapy of the upper lingbobkin 2003, for examgMAN:USDhe AM
(from the Latin for hand)Krebs, Volpeet al. 2007, the fiAssisted Rehab
Measur ement ( (K& )Zygranet cile 2006 and t he AMi rror |
Movement Enabl ero ( MI ME) -thessheif Pma irobat,carep or at e
electromechanical devices which provide apeedback by moving the user through a

predet er mi ned tr aj eshown nkigureGErpiys Bimilarkpononades

the lower limb, wherep joint torques are directly measured, amplified and fed back
haptically with varying degrees of stiffness according to the rehabilitation goals
(Lunenburger, Colombet al. 2004 Riener, Lunenburgest d. 2004 Riener, Lunenburger

et al.2005 Lunenburger, Wellneet al.2006.

Figure6Ai Lok omat 06 hapt i Hatoma Zuech)dd back system
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Commercially availabldimb load monitors and alarmsuch as thePedAlert (Orbital
Technologies Corporation, USAand AccuTread (Orthopaedic Technology Research
USA)utilise insole force sensing transducers to measure and feedback plantar pressure
information The SmartStepAndante Medical Devices Inc, USARs been evaated with

42 patientsvith a range of pathologies, witmaudible loading target as a BFB stimulus
(Isakov 2007. Instrumented walkip sticks, prosthetic pylon@Vest 2006 and walking

frames have been used to measure internal forces and present data to aid load symmetry

training.

Force plates have been used extensively with auditory BFB for standing balance training

and, with visual BFB of thground reaction forgdor load symmetry and tempoigpatial

symmetry training. A large number of force plate BFB studies have requirgshtgatio

reduce the deviation of the centre of pressure (COP) whilst following a predefined
trajectory, either on a fixed or moving Vi
A C A R E(Bagton, Holmet al. 2006. Santarmowet al(2006 found a small reduction in

COP corrections with auditory feedback (measured witboie pressure transducers) of

patients tracking the motion of a tilt board to a visual stimui@P trackinggames are

now commercially available ema s s wi t h t he @A Wi fito force

computer games for aerobic, balance and strength training.

C. Dataprocessing (signaprocessing analysis and stimulus preparation)

Data processing a8 been used withawing degrees of complexity to prepare the
physiological parameter for presentation as a stimulus. In addition to signal processing,
conditioning and preparation for specific stimulus modalities, the level of abstraction,
timing of delivery and the clinad goal should also be considered in designing a

biofeedback training syste(hluang, Wolfet al. 2006).

The level of abstraction must be suitable for the training task and patient, for example
unprocessegbint angle data may be suitable for one task or patient but may benefit from

conversion to a more cognitively accessible format, such as a visual anifoatieor a
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musical scale for another. Some data formats may be more comprehensible thafoothers

example avirtual body model or stick figure compared to raw EMG data.

When timing feedback delivery two terms are commonly uséke psychology literature

Knowledge of Performance (KP) and Knowledge of Results (KR). KP refers to
informatona bout the subjectds performance of the
actual and target @P trajectory. Whilst KR refers to geatiented information received

after the task. For exampléhe mumber of times a centre of pressure error trajectory

deviated outside predefined limits, or simply a game score. KP and KR can be presented in
reattime, intermittently during the task, at pdefined or userequested timegWulf

2007), or atvarious periods after the task.

Goals include tracking a moving paraere(r modifying an auditory pitch), maintenance
of a steady state target (keeping an animated car on a road), or attaining rewards within a
game (such asollectingmedals or points for sporting events withinansolegame).

Additional features refemd to in previous work, includdibraries of tasks, facility to

document and analyse lobgrm performance, feedback to therapists, report geoerat

network and multstimulusmulti-measurement system connectivity. #ual(2006 have
developed a software framework that manages

multi-modal BFB systems

D. Stimulus presentaton methods

Stimulus presentation methodseaas many and varied as the measurement methods and
cater for the senses of sight, sound, touch and proprioception. In brief, the following

modalities have found clinical application in BFB systems:

Visual - 2D flat screens angrojections are commonly used in clinical research and can be
set up at relatively little cost in movement laboratories with existing motion capture

hardware.
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Figure7 shows a typical setupf a visual feedback system, ottt was used during the

developmental work in this project.

Stimulus

presentatio -

L

Physiological
process (gait)

‘ &Standard
d | projector _
'\g‘ Motion capture
: cameras

Treadmill

Figure7 Hardware setup for typical 2D visual biofeedback system

A treadmill is surrounded by an optical motion capture system, capturing the movement of
a subject walking on a treadmill. A standard pobpr is used to project kinematic data
onto a wall in view of the subject. An additional projector can be added to produce a 3D
image with the aid of polarized glasses. Visual presentation has been extended to
caves,which are enclosed projection roomsth varying levels of immersiorfPatton,
Daweet al. 2004 and heaemounted displaysfrom an occluded fie of view to semi

transparent data presentatioNs. work was found that uses autostereoscopic displays

Bolek (2003 presented an interesting example of BFB for children with cerebral palsy, by
temminating a rewarding movie if the tibialsnterior EMG activity did not fall within
defined boundaries during treadmill walking. Positive but subjective -cavely results
were reported in the two cases studi@tlis may be more commonly recognised as an

implementation of classical conditioning.

Auditory - Freefield speakers and headphones have recently given way to visual displays

as the most commonly used means of presenting BFB data. Speaker design suited earlier
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and simpler analogue electronic BFBstems. Various mappings have been used, for
example: Varret al(2007) mapped the error angle (desiredarget agle) from a tilt
platform task to the frequency of a stimulus tone, and the angular velocity to acoustic
intensity and demonstrated the efficacy of this mapping in the tilt platform task. Wellner
(2007 mappedhetime interval between pings tbedistance to virtual obstagland tone

pitch to absolute foot height and found an increase with acoustic BFB Hpaseld
walking speed through a virtuhbptic environment with the Lokomat.

Electrical stimulation glectrotactile) - Not explicitly functional, but often referred s
functiond electrical stimulation (FES). Information is presented either through stimulation
at the skin surface, or with direct nerve stimulation using implanted or percutaneous
electrodes. This modality was chosen for use in this work, and is descunsgreater detail

in Section 2.4 and throughout the thesis.

Haptic - A number of tactile methods have been employed, including examples such as:
micro-mechanicabvibration6t act or s6 applied to the shoul der
(Wall, Weinberget al 2001); torque BFB of soleus EMG applied with a pneumatic air

muscle (Gordon and Ferris 2007 and tactile manipulation of the lower limb using
AARTHURDO and nPAMO el ect r o metreddmilh walkand mani p
(Reinkensmeyer, Wynnet al. 2002 Reinkensmeyer, Aoyagit al. 2004 Reinkensmeyer

and Housman 2007A range of haptic actuators with potential for use in BFB applications

were identified and summarised by Pasquero. They include: capacitive elements; electro

and magnetgheological fluids, piezoelectric devices, shape memory alloys, electric

motors, hydraulic and pneumatic devices, peltier elements, and those based on ultrasound

and acoustic wavd®asquero 2006

Multimodal - Combinations of stimulus modalities are increasingly being ,u$sd
example the use of haptic, visual and auditory feedback wathdkomat, and the use of
audiovisual feedback with consumer games consoles. However no research was found that
identified the relative benefits of different modalities or the principles of using

complementary modalities.
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2.3.2 Applications of biofeedbad in gait re-training

293 journal papers were identified that look at lower limb BFB from 1974 to 2012. These

included 28 reviews and mesmalyses, 40 randomised controlled trials (RCTs) and

clinical controlled trials (CCTs) an#25 case studies, aldoc studies and device designs.

59 document kinematic work, 49 kinetic and 29 EMG studid® earliest papers follow
developments in EMG biofeedback, whilst kinetic and kinematic applications have grown

to become the most common themes today. No patternsfover@ with the stimulus type

except for the increasing use of f{THeeiswor ds ¢
a large body of data on the use of force plates for sway measurement and standing balance

re-training.

A range of examples now follv that demonstrate how BFB has been used in a gait re
training context. Theyollow the progression afhe physiotherapyactivities experienced

duringgait retraining

Looking first atseated balan¢ea training system was presented by Duraf96 for

strokepat i ent s, which uses a mercury tilt switec
BFB was provided in the form cd buzzer to help patients correct their posturen

experimental group (n=24) received 30 minutesB#B training and2.5 hours of

conventional physiotherapy per day for 10 dayke number of tilt activations were

compared againghose ina control grap (n=13), who also wore the device but received

only conventional therapy. 75% of the experimental group gainddpendentseating

balance after the 10 day trial, compared to 15% of the control group. Criteria for

descriptors tegbalneéds wégeodosedefi ned.

Many standing balance systems based on force plates and visual targets have been
presented, such d€hen, Chenget al. 2002, (Rougier 1999 Rougier 200%, (Keshner,

Kenyon et al. 2004. A Cochrane Review of 7 standing balance studies concluded that
force platform balance trainers with auditory or visual BFB improved stance symmetry but
not sway in standingBarclayGoddard, Stevensoat al. 2004). This conclusion was

drawn in partfrom astanding BFB trainer by Wonegt al(1997), which incorporates two
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force plates with a standing table, and a forearm suspension system to unload the upper
body.

Mirelman (2007 studied the contribution of a VR cue in the gdmécted repetitive
training with a Stewart platform in ankle rehabilitation (the Rutgers Ankle Rehabilitation
System). The platform provides opeoop forcefeedback to each ankle in
plantddorsiflexion and inversidieversion. 18 people with hemiparesis caused as a result
of stroke participated inmRCT. Experimental and control groups were required to
undertake variougasks (warrrup, endurance, speed tests and wdown) with and
without virtual reality feedbacki he experimental group trained with the reb® system,

whilst the control group trained with the robot aloWétual tasks included manoeuvring
simulated bats or aircraft towards targets presented at various locations and times. The
control group received a metronome beat to progress through the tasks. KP and KR
feedback was also provided verbally to both groups at subgdetted intervals. Fatigue

was assssed witha Visual Analog Scale,the number of verbal commands was recorded
and instrumented gait analysis was carried out to detenvatieng speed and a range of

hip, knee and ankle kinetic parameters-f@ed postest and at an unspecified follewp

time, with and without AFOs. Mirelman reported significant increases in Kkinetic
parameters and average training times withBfB and an increase in perceived fatigue
without VR-BFB. Theresults supported the hypothesis that a VR stimulus has an engaging

effect on repetitive taskased ankle rehabilitation

To test thehypothesis that a rhythmic tone is more pleasing than an aperiodjdmagn

and Miller (2007 used abelt-mounted accelerometer to trigger a ticking sound every time
the wearer takes a step. 14 patients with multiple sclerosis Gmeadlthy subjects were
recruited in a control trial. Subjects toédur 10 m walks: with no BFB, with BFB and
post test no BFB. There was only a 10 minute break after BFB before BEBgarry

over walk test. Walking speed and stride length were reghontith 12.8% improvement in
walking speed with BFB and 1846 carryover improvement; and 8.3% increase in stride
length with BFB and 9.9% cangver increaseln discussingthe differences between

auditory and visual feedbacBaram noteshat auditory BB is markedly faster making it
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suited to stability mechanisms whilst the nature of video BFB allows prediction of higher

level information.

Montoya (1994 used a pulley system to determine the foot position of stroke patients
walking on a instrumented walkway, and employed two light bars parallel to the direction
of gait progression to provide (bilateral) feedback targets. Acoustibdek was provided

in the form of a single short tone to indicate deviation from a desired step length. The
programmed desired response was an equallestgph calculated on a stdyy-step basis
according to the previous step lengtine hemiparetic paéints in an experimental group
were required tdraverse the 6 meter walkweat a selfselected walking speed once
without BFB, thenten timeswith BFB based on the initial baseline step length, followed

by one traverse during whighostBFB measuremestwee taken. A control group of 5
hemiparetic patients carried out the same walking trials with no BFB and no placebo. Each
subject carried out eight sessionsith two sessions per week. Montoya showed a
significant difference between BFB and control growgth an increase in paretic step
length. Symmetry was not reported and data not provided to calculate symmetry. Montoya
chose step length because preliminary tests showed step frequency to be harder to modify.
The work provides some evidence to supplagtprinciple of applyingkinematic BFB for

hemiparetic patients.

A number of studies involving virtual reality are currently ongoing which use body
mounted accelerometers to control a variety of parameters, for example: Kol

uses the movement of the thigh and shank of patients carrying out steéppiage tasks
standing in front of a projected virtual body maodelead posture of patients walking
through a virtual cityscape on a treadmill with a training avatar has been used to increase
immersion(Tierney, Crouctet al.2007). Funget al. (2006 use an instrumented §glaced
treadmill to control movement through virtual scenarios, such as a street crossing,

cityscape and a park.
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2.3.3 Amputee specific biofeedback

Biofeedback and virtual reality has found use in phantom limb pain redu&roalie,

Whyte et al. 2003 Murray, Patchicket al. 2006 by -émkrodyi ngd pati ent
famously with the mirror box work by Ramachandi@996. In addition to the use of

mirrors (Erbahceci, Yigiteret al. 2001) and bathoom scales, research into amputee
biofeedback has followed a number of distinct themes, from auditory and electrical
stimulation feedback of prosthesis loading during standing and walking, treadmill work

and more recentlyith the use of virtual reality.

The Limb Load Monitor (LLM) was perhaps the first lower limb amputee feedback device,

and comprises an insole pressure sensor and audio feedback that can be presented in two
modes. I n d6mode 206 a decreasing fr&Ruency p
unt il silence is reached (KR) at the desir
calibrated load level and increasing frequency denotes increased loadin@g/\(&f)stedt

and Craik 1978Wannstedt and Herman 1978Vannsted{1978 conducted a preliminary

study of weightbearing symmetry with 40 patients who had experienced cerebrovascular
accidents d@ter a period of training Wannstedt found tisgimmetrywas retainedn 14 of

thesubjects aftel monthNot e: The presence or function of

Wannstedt(1978 then condcted a multcentre study with 44 amputees and 37 patients

with hemiplegia. Questionnaires aimed at assessing patient and therapist perceptions were
distributed to 9 participating clinics in the United States. Therapists used their judgement

to decide wheshould use the LLM and how the device should be used. The LLM was used

with a mean of 4 to 7 treatment sessions per patient (stroke and amputee respectively), for

20 to 60 minutes per session. Amputeese reported to haveenefited more. 79% of

compl eters wer e Aj udged t o have i mproved?o
comments. In 15% of the patients judged to have improved there vegomied lack of

pain 84% of amputees and 68% of stroke patients achieved their goalsolaokcess

was attributed to equipment malfunctions, lack of patient cooperation and inability to

understand stimulus. The authors conclude titatLLM was a useful tooin the clinical
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settingand the largest group who could benefit were amputeeswididoy hemiplegic

and orthopaedipatients

Gapsis(1982 used the LLM in a study with a variety of patients undergoing physiotherapy
(2 femoral and 2 Ipi fracture, 3belowknee BK) and laboveknee AK) amputeel hip
replacement and fdatient inchronic pain) and with 10 age andipalogy matched control
subjects undergoing physiotherapy alone. The device was used daily during physiotherapy.
The goal was set initially to 10% of bogalyeight and increased daily according to clinical
judgement. Time to reach lodmbaring symmetry wascorded. The study group took 7
days and the control group toolt tlays. The authors concluti¢hat the LLM could
shorten time to weighbearing goals. Progression towards symmetry was determined by
the number and size of increments at each session amgdadthe therapist, so therapist

involvement, patient motivation and pain suppression were confounding factors.

However when looking apostural swaya studywith 8 belowknee amputees Gauthier
Gagnon(1986 found that the LLM when used in conjunction with physiotherapy was no
more beneficial than physiotherapy alone. The authorednbbwever that the device

provides quantitative information about limb loadithgt wasuseful for the therapy team.

Pressure sensors at the heel and toe were used l§§988 with audio feedback provided

usingtones of decreasing frequency at heel strited increasing frequency at toe off. A
preliminary case study demonstrated the usef
and therapist in identifying gait event timirtdowever there is the possibility that patients

would not wish to use a deeicdn the community that produces audible tones and thus

singling then out.

Cullen (1989 developed a device that usedceambination of prosthesis load and hip
extension angldeedbackto assist abov&nee amputees garonfidence swinging their
prosthesisThe device used movel radiegoniometer developed to measure hip angiel
feedback was provided as either a simple beep when a threshold had been read#d, or
varying tone with a pitch proportional to the paster being measuredr{angle or load).

Flowerset al. (1986 gave the device tavie amputeeso useover a four month period.
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From observation and discussion with therapsfter the studyFlowers descrile a
number of technical improvements, drawing a distinction between performance evaluation
and user issues.eHcommered that the ideal biofeedback device should be ubiquitous,
wireless, employ remote sensors and provide greater control of the parameters to
therapists, in order to increase the chances of clinical acceptance

Load through the prosthesis is a coonmfeedback parameter in amputee work and a
number of instrumented pylons have been employed in various a&dices with
amputeegKing, Gerhardt J&t al. 1972 Moore AJ and Byers JL 1978&Vest 2008, such

as that shan in Figure8. This combination of technologyay have an important role to
play in theprotection of the residual limb, which is of particular importafurepatiens
with osseointegrated compone(®ullivan, Uderet al.2003 Lee, Lin et al.2007%.

Figure8 A unilateral trandemoral amputee undergoing traininging audio and visual biofeedback of the
load through the prosthegl#/est 2008

Chow and Cheng2000 attached two single axis strain gauges to the longitudinal axis of
the shank tube perpendicular to eadheo. A tone sounded when a preset loading
threshold was reached. Six unilateral amputees were asked to stand and load their
prosthesis and to walk with and without feedback, with an increasing loading regime for

five days postoperatively. Without feedbaskbjects significantly exceeded the prescribed
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targets for the first two days, loading fell below target when feedback was used. Variation

in load bearing was also greater without feedback over the five day period.

Previous pressure and force sensirggning systems, with the exception of West (2006),
have used audionly feedback. This has practical justification for patients focusing on
training in a clinic where the auditory stimulus does not distract the user from hazards. But
there is little evidece for choosing to augment or replace a distal cutaneous sensation from
an ascending pathway, with tones and beeps perceived through a central nervous system
and a descending pathway. Zamarbi€tD98 describes a device that presents an
information subset from plantar pressure trajectories to patients visually with a computer
monitor, audibly through desktop loudspeakers and haptitaltg four vibrators placed

on the thigh segment. Unfortunately no further details have been reported.

The devices described so far are badyn. Dingwell and Davig1996 demonstrated the
feasibility of using an instrumented treadmill and +&ak visual feedback for gait
symmetry training with amputees.&stablished unilateral amputees and 6 cosikere

asked to walk for four minutes without feedback. Bmeputeegroup werethen asked to

walk for four minutes each with and without three different videB presentations: A

COP trajectory,and bar graph with text showingpercentage stance times and relative
push off force. Subjects receiving feedback were asked to achieve symmetry. Significant
differences in symmetry were noted between the normal and amputee groups in percentage
stance time, single supp time and push off force, which is in agreement with previous
authors. Significant improvements were also seen with each of the feedback parameters.
The authors note that it is not known if the amputees would maintain a decreased
asymmetry without visdabiofeedback, or what effects the biofeedback would have on
long-term retention and learnindt is interesting to note that the choice of feedback
presentation modes used by Dingwell and Davis bears little spatial relationship to the task.
This is discused further in Chapters 3 and 4 when considering the application of a BFB

stimulus.

A recent research strand centres on a commercially available eteetimanical device
called the Computer Assisted Rehabilitation Environment (CAREN, Motek Medical,
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Amsterdam). CAREN comprises a force sensing treadmill on a Stewart platform which
permits walking and postural movements in a 6 degfdeeedom space. The system is
used in conjunction with an optical motion capture system and a projector Sessgn

be configured to allow audiovisual biofeedback of whole body kinematics, EMG or kinetic

parameters.

A CAREN installed in the Walter Reed Army Medical Center (WRAMC) in Washington
DC is being used with amputee service persoriteiger et al(2009 repored a case of

one bilateral patient (right knee disarticulation, left treb&l) who trained using a
CAREN with audiovisual biofeedback 16.5 mosthfter surgery. Gait analysis was
conducted at 5.5 months, 18 and 23.5 months post suagdrinprovements were noted

in walking speed, cadence, step length, step width and support times. The patient also
progressed through a number of game parameigh, as difficulty level and task speed.
Virtual environments are designed using proprietary software that acquires inputs, sets
game flow and drives outputs that are fed back to the palieahe environment the user
steers a boat by shifting bodyweigbtavoid buoysn the water and reach targets. Another
environment requires patients teach and gip virtual objectswhilst walking through

various scenic environmentsuch as country roads and cityscapes).

Darter and Wilken(2009 report two early case studies of amputees training with the
CAREN at the WRAMC, showing improvements in energy expense and trunk posture with
training. The authors comment dmetneed to understand the optimisationheffeedback

fidose required to achieve and sustain performance gains. Applications with the CAREN
system are in their infancy, so thene aurrently no controlledtudies that enable the
effects of the CAREN todd separated from the natur al
pathology. However the adaptability of the system (both hardware and software) present
the CAREN as a promising device to enable a range of biofeedback training regimes
Electrical stimulation hasden used as a means of delivering biofeedbtickas many
advantages overther methods and potential to address some of the limitations in previous
work. Before discussing those, the principle of operation and uses of ekedil®

stimulation with amptees will now be discussed.
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2.4  Electrical Stimulation Feedback
2.4.1 Principles of electrical stimulation

Motor and sensory nerve fibres can be artificially stimulated by the application of an
external electrical current, to produce a physiological response. In functional electrical
stimulation (FES) for examplemotor fibres are stimulated to cause muscle contractions
that have a functional or practical use for the patient. Sensory fibres can be stimulated to
disrupt or mask adverse neural activity (as in the case of pain or seizure management) or to
produce a useful pisiological sensation, for the presentation of biofeedback information

for example.

Nerve cells typically have a resting potential-@0 mV across the cell membrane. To
generate an action potential, the cell is depolarised by raising the membrangapote
passed a threshold of approximately 30 mV. This can be achieved by delivering a localised
electric field to the tissuaypically via two electrodes. Electrodasedin biofeedback are

often surface electrodgas shown irFigure9), percutaneous or implante@ihe resulting

action potentials propagate both orthodromically and antidromically, as such the response
is norrphysiological.

anode cathode
zzzé_(///// 2252 "I OTIRTIF SISV Skin

\V/

nerve
fiber

Figure9 Nerve fibrerecruitmenthrough the application of electrical stimulatidfromBajd (2006)

Skin is formed of a number of cell strata, which can be broadly divided into two layers.
The outemost is the pidermal layer, the first 0.03 to 0.13 mm of which contains
metabolically inactive and dry keratinocytes that form the high impedance stratum

corneum. The deeper dermal laymmtains the broad spectrum of sensory receptors as
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shown inFigure10. The dermis and subcutaneous layeeslower impedance and behave
as pure resistance volume conducig®sller 200§. As such the depth of applied current is
a function of electrode spacinghe closer together the electrodes are, the more superficial

the stimulation.
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Figure10 Sensory receptors and skin layers, frighfikibooks 2009

A numkber of inhomogeneouteatures exist at the electrodkin interface and across the
stratum corneum that can cause high localised current densities and subsequently
discomfort.Higher currents exist at the edge of electrodes that can cause skin burning in
high current applications such as defibrillat@ikeller 200§. Theseedge effectare not
problematic in lower current sensory stimulation applicatibhigh current densities have

been measured in anatomical features sctbe stratum corneum (g8weat glands, hair
follicles and othemppendageal pathwaysThese higher conductivity pathways can cause

an inhomogeneous current distribution and subsequent discorf@rizmadzhev,
Indenbomet al. 1998. These issues can be somewhat mitigated with the appticat a

higher impedance layer between the electrodes and the skin, hydrogel buffers are often
used. The effect is to increase the impedance of all possible current pathways resulting in
smaller impedance variations across the contact surface. Abradistyatum corneum can

also help to reduce impedance variations. It is important to note that variations exist in

tissue thicknesses and impedances according to age, gender, body region, blood content,
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skin type and smoking hahtsolbrook and Odland 1974andbyMoller, Poulseret al.

2003.

There are a wide variety of sensory receptors within the skin that respond to very specific
environmental factors, as can be seeifiable2. They reside in 0.5 mm of tissue and are
superficial to the somatosensory receptors describe®eiction 2.2.2. Activation of

combined receptor types produces the vast array of human towepise

Table2 Sensory receptors in the skin layers

Adaptation
Layer Receptor Type Sensory parameter rate (F)ast /
(S)low
Epidermis | Thermal receptors Temperature 10 40 degrees C (cold) F
Dermis Merkel cellstlisks Finetouch and pressure S
Meisnner corpuscles | Fine touch, pressure and low f. vibration | F
Thermal receptors Temperature 32 48 degrees C (hot) F
Free nerve endings | ltch and tickle Fand S
Hair root plexus Crude touch F
Ruffini corpuscles Pressurestretching of skin S
Superficial noiceptors,| Fast pain (millisecond response time) acy S
mylinated sharp, pricking pain
Deep noiceptors, Slow pain (second response time) chroni¢ S
unmylinated burning, aching, throbbing pain
Lamellated Pacinian | Pressure, tickling, high frequency vibratio| F
corpuscles

The adaptation rate refers to a neuronal response to a stimulus over tilostrased in

Figure 11. The train of action potentials produced by fast adapting neusuth as
Meissner corpuscles, is generated when a change in the stimulus occurs. The neuron adapts
to the stimulus and thedin diminishes when the stimulus remains unchanged. Likewise a

slowly adapting neuron changes very little or does not adapt at all to a change in stimulus.

Fast Slow

Neural spike train ~H|H—|— ~HH|—|—|—|—|—H—|—|—
Stimulus / /

Figurell Neural adaptation

This provides a mechanism to distinguish between changing and constant environmental

factors, and prevents the CNS becoming overloaded with sensory information.

39



Chapter 2: Background and Literature Review

In the case of electrical stimuli, the presence and rate of adaptation depends of the types of
receptors recruited, but also the waveform characteristics of the applied stimulus.
Kaczmarek(2000 looked at the effect of adaptation to a 350 Hz biphakctretactile
stimulus to the surface of the abdomen of 7 healthy individuals. Participants were asked to
determine their threshold of perception using an automgtdra every 5 20 seconds for

30 minutes before, in the presence of, and after the use of a conditioning stimulus.
Kaczmarek reported that full adaptation occurs after 15 minutes. This was followed up by
Buma et al. (2007 who determined that adaptation can be reduced by the use of
intermittent stimulation with @ second intervals between bursts. Bahal. also reported

that adaptation rate is reduced if stimulation is delivered at a high (80%) level of the full
dynamic sensory range.

Another important conceptand one that maguide the determination of dfeedback
resolution is that of receptive field. The receptive field is the area of skin that a neuron
responds to, as illustrated Figure 12. The field size is inversely proportional to the
density of receptors and can be determined using thg@dwb touch discrimination testa

pair of callipers are pressed against the skohthe subject is asked to determine if one or
two points are felt. The distance between calliper legiedseasedintil only one point is
perceived. This distance is known as the -peint touch threshold (TPTT) and is an

indication of tactile acuity.

Figurel2lllustration of the receptive field of receptors in the hand, fkandel (2000
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The receptive field of skin is largest at @edf (at approximately 48 mm acrossherethe
large area of skis served by relatively feweceptos (Weinstein 1968 Converselythe
TPTT of the firstfingertipis 2 mm. The surface of the thigh has a TPTT of 46 mm. Other

regional TPTTFgwelzare shown 1in
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Figure13Two point touch discrimination thresholds for males for different areas of the body (note that
female areas follow a similar pattern), frgiiveinstein 1968

When a number of receptive fields are stimulated at the same thndring rate of
neuronsthat respondo receptive fields furthest from the point of contastdiminished

This is a process calledtéral inhibition and serves to sharpen tactile acuity.

Whilst the application of electrical stimulation is a wide research field, the principles of
sensoryadaptation andeceptive fieldare specifically highlighted since they have a

bearing on the development of electrodes for biofeedback applications
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2.4.2 Application of sensory electrical stimulation (SES)

Muscular stimulationhas been used extendiein rehabilitation andin the gait re
education of patients with neurological impairmersisch asthose with cerebral gisy
(Durham, Eveet al. 2004 and stroke(Burridge, Tayloret al. 1998, and has been
incorporated withvarioussensordo time thedelivery of stimuli (Ghoussayni, Steveret

al. 2004). In contrast sensory stimulation is a much less understood field. Yet there have
been diverse applications.

Stimulation of ensoryfibres has been used to disrupt adverse nervous system activity, for
examplein deep brain stimulation fot he management of seizures
depression. In spinal cord stimulation, sensory fibres are stimulated to cause a change in

the local neurochemistry with beneficial effects in the management of chronic pain. A

major area of sensory stimulatiain rehabilitation, in the use of prosthetics and sensory
substitution(Bachy-Rita and Kercel 2003

Electrotactile displays (ETDs) emplayanscutaneouSES in posthetic devicet present
informationto wearersData can be presented spatially in 2 edi®ensional arrays of
electrodes; or temporally using pairs of electrodes or afiegszmarek, Webster J.@t

al. 1991). Kajimotoetal.(200dd evel oped a system cal l4dd A Smar
4 array of 1.0 mm diameter stainless steellectrodes in a 10 mm square device.
Phototransistors placed on the underside of the device detect black and atterasp
drawn on a page. The user moves the device along the surface of the page withaadinger
the fingertip is stimulated according to the detected pattern, allowing the user to perceive
the graphical pattern. The device delivér®i 3.0 mA (100 to 300 V) for 0.2 ms By
adjusting the current level and polarity to adjacent electrodes, the device can be operated in
three modes to selectively stimulate Merkel cells (which convey pressure information),
Miessnercorpuscles (low frequency vibration) andciPgan corpuscles (high frequency
vibration). Stimulating combinations of receptor type causes a range of different

sensations. Kajimotet al. (1999 likened this approach to mixing primary colours.
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A similar spatial resolution was explored Byng (2009 Liu and Shim (2006, who
developed three 4 x 8 ETD arrays containing 75 pm, 700 pm and 1.55 mm diameter
nickelelectroplated electrodes. The intdectrode spacing ranged fralrb mm to 5 mm.

A monophasic square waveform was used (with 3 bursts p$ Ptilses at 200 Hz) and the
sensory thresholds and spatial discrimination of lines of stimuli delivered to the lips were
evaluated in 12 healthy individuals. They found the pédmeepthreshold levels
significantly reduced with the increasing electrode diameters studied; and high levels (80

90%) of line discriminated with no significant difference in electrode diameter

Whilst the work of Kajimoto and of Tandescribedabove demmstrate the potential
utility of electrotactile stimuli to convey information, the results are limited to body
region, and in these cases regions of relatively high receptor density. In the wBuknly

et al. (2007 to determine the influence of current level on adaptation rates (previously
described), larger electrodes were used to stimulateéukal side othethigh abovethe

knee Theintended application iso convey information about knee joint angle to trans
femoral amputees usingdimersional spatial encoding. The electrodes contained a central
20 mm diameter cathode, and an outer oval ané8enMmx 39 mm) separated by & mm
inter-electrode gapGuidance on the development of suitable electrodes is spssse.
Kaczmarek notes, the dynamic rangeleictrotactile stimulation is a function of electrode
size, interelectrode spacing, material and placement, as well as parameters of the
stimulation waveform. All of which are poorly studied and rarely repdifadzmarek and
Bachy-Rita 1995.

There are mantechnicalchoicesin the development ddlectratactile devices.In terms of
motor learniig, it is important to note thatlectrotactile stimulation conveys information

in a nonphysiological mannerAs with manyof the biofeedback applications deged in

this Chapter, there is potential fepatial disparity between the nature of the information
conveyed, and theerceptionpathway. For example a visual presentation of ground
reaction force data, bares no spatial relationship to the movement being undértaken.
raises many fascinating quiesis about how to map nephysiological information to
movement taskdn practical terms a number of SES applications have been investigated

with amputees, which will be examined in the next section.
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2.43 SES feedback with amputees

The first uses of lectrical stimulation to augment sensatiamputees appeared in the
196Gsin the development of hand prosthe@hildress 198f for example Beekeet al.

(1967 used 5 mm diameter electrodes to stimulate the upper limbawltkHz sinewave

with an adjustable amplitude. This produced a pricking sensation on the skin that
corresponded with pressure measured at the prosthetic ti@lippinger (1982 later
applied sensory stimulatiatirectly to the sciatic nerve with an implanted stimulatod3
amputees (2 right and 3 left hip disamations, 5 right and 2 left above knesnd 1
bilateral below knee patient). 100 ms pulses of stimulation were delivered at 100 Hz on
detection of heel contact by a piezoelectric transduceipulse repetitiorfrequency then
correspondedo the prosthsis bending moment measured with a strain gauge on the tibial
shaft tube. Stimulation was used from 3 to 12 hours per day for an average of 8 months
post fitting, although one patient continued to use the stimulation for 6 years. The
immediate reported benefit was a reduction in pain, followed by a greater confidence using
the prosthesis, attributed to a greater sense of the centre of gravity. A reduction in postural
sway wa also noticed. It is difficult in these cases to attribute changes to patient
confidence to stimulation, rather than maturation. Immediatequestative pain reduction

is also difficult to separate out from maturation and history effects. Neverthelke sgath

an ambitious and promising piece of work that has not been replicated.

Sabolich (1994 and Ortega(1995integrated surface stimulation electrodes into the

sockets of above and below knee amputees, providing sensory stimulation to the anterior

and posterior aspects of the residual limb, according to signals from amtedigposterior
plantar pressure sensor s. The O6sendimal of f eel
and 12 trandemoral amputees. Baseline testing followed by walking trials with BFB and
postintervention testing was conducted within the samg tdeight bearing symmetry

was found toincreasesignificantly Stance time symmetry in the traflesnoral group

increased by 2%, but not significantly. Mean stance time was greater on the sound limb
throughout, as is commonly seen in amputé@ateni and Olney 2002 Steplength

symmetry increased from 69.5% to 80.3%. The authors acknowl¢dgeoutcomes may

relate to performance changes rather than motor learning andkithaetention was not
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addressed. Stimulation parameters and electrode placenertnat discussed. It is
possible to stimulate a large range of deep and superficial nerves in the lower limb which
differ for transfemoral and transibial subjects. Itis therefore unclear if the study takes
into account the effect of stimulation to different nerve branches. Each may contain
different receptor types with different functions, adaptation rates and have origins mediated
by conscious and neconscious pathwas. However, in a personal communication with

the author Appendix Q, Sabolich noted that some patients said they experienced
sensatiorof their prosthetic heel compressing at heel strike and toes bending at push off.
Whilst the sensory information presed does not permit this perception, this does
suggests the nervous system adapted to the new sensory pathway.-a@risodegment
process is not uncommon in amputees and is known as extended physiological

proprioception (EPP(Giummarra, Gibsoet al.2008.

A novel approach was taken by Les al. (2006 who used stochastic resonance
stimulation (SRS) to provide sensory feedback to the residual limb. Stochastic oesonan
occurs when a weak periodic signal in a #ioear system is enhanced by an increase in
system noise. The result is an increased signal to noise ratio. This counterintuitive
phenomenon particularly applies to systems with a signal input threshold such a
peripheral nerves, where a weak input signal is raised sufficiently to trigger an action
potential. As such the technique has found use in neurophysiological appli¢Mussa,

Ward L.M. et al. 2009). Leeet al. applied a susensory signal to the sound limb using a
function generator. Two trasitbial subjects were asked to stand quietly for as long as
possible with and without stdensoy stimulation. Leet al. reported improvements across

a range of postural sway parameters, and suggests thaemssdry stimulation enhances
somatosensation. In a parallel study leteal. (2006 presented foot contact data to the
same two amputees walking on a treadmill. The experimental protocol is unclear, however
Leeet al. report improvements ia range of temporalpatial parameterd.his work hints

at the intriguing possibility of applying corrective feedback information to amputees

without their conscious involvement.

A wide range of applications and principles of biofeedback were appardt literature.

However there are equally a number of limitations that impede wider clinical acceptance,
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and may diminish the potential gains from efficient application. So before looking at how
biofeedback was applied in the context of this work, somiemost evident limitations

are now discussed. The major issues highlighted in the literature are then pulled together at
the end of this Chapter.

25 Limitations in Previous Biofeedback Research

25.1 Heterogeneityin BFB applications

The applicatn of biofeedback to gait #teaining is multivariate. There is large variation

in the choice of measurement parameter @.@und reaction forgelantar pressure, COG

trajectory, kinematic parameters and so on), stimulus modality (audio, visual,, haptic
electrical stimulation, mukmodal feedback) and in the temporal and qualitative
determnants of the feedback stimulus;hi ch are in turn deter mine
goal, the motor task, the segments of interest and the nature of the pathologyisalser

high heterogeneity in existing metho{#/olf 1983, in the causes and progression of
pathologies and outcome measup@®odford and Price 200y7in study designs and in the

effects evaluate@Glanz, Klawanskt al. 1997).

Heterogeneity is apparent by the halting contilmwmaof research strandgor example,
despite positive prel i mi wak gn implanted Isénsory f r o m
stimulation (Clippinger, Seaberet al. 1982 an d Sabolichos wor k
stimulatior{Sabolichand Ortega 1994 neither have been followed @nd developed into

clinical applications Simple ambulatory measurement of prosthesis loading has only
recently found commercial application in BFB thirty years after the appearance of the
Limb Load Monibr, with devices such as the Smart Pyramid (Orthocare Innovations,
Washington DC).

|t is worth considering biofeedback wvariabi
seeking to determine what barriers there are to climice¢ptancelf current BFBdevices
were employed on a routine basis in a |ower

contain an impractical array of devices for patients with varying levels of mobility, for hip,
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knee and ankle joints, for different pathologies and for datimg, treadmill and
wheelchair usersThere are no guidelines informing the choice of BFB equipniéeitv
rehabilitation systems such as the Lokomat (Hocoma AG, Zurich) and CAREN (Motek
Medical BV, Amsterdam) attempt to address the heterogeneity issiredimic use, but

they are large systems currently too costly for district rehabilitation clinics.

25.2 Conflicting and limited evidence

Heterogeneity makes it difficult to pool and compare evidence. Despite the number and
range of applications reported in scientific journals there are only published guidelines
from two healthcare bodies in the UK. The Royal College of Physicians (RCP) ecisnme

on BFB for use with stroke patients, recommending that biofeedback systems should not
be used on a routine basgistercollegiate Stroke Working Party. 2012

The Chartered Society of Physiotherapy (CSP) reiterates the position statesl REPh
noting hat:

ABi ofeedback is a way of providing the pat
muscle activity or joint position. It is usually based on electromyography
(EMG). Its role in stroke has been subject to a number of systematic reviews
with conflicting conclusions reflecting different study select{®foreland and
Thomson 1994 (Schleenbaker and Mainous 199@pper limb (Moreland,
Thomsonet al. 1998 lower limb. It seems that biofeedback is unlikely to
provide a substantive clinical bengf@uncan 1996
(Forster and Young 2002

The above guidance is basenly on EMG BFB, highlighted intwo metaanalyses by
Moreland for the upper and lower limb(Moreland and Thomson 199Moreland,
Thomsonet al. 1998; a metaaralysis by Schleenbakefwho reported statistically
significant results in favour MG BFB), a metaanalysis of upper and lower linteMG

work by Glanz(1995, and a review by Duncai997) of 7 upper and lower EMG papers.
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Considering the evidence for th@wver limb, Glanz compared the workf 6 studies from

1975 to 1990 usingpint range of motion of a paretic limb as a pooled eff&scluding

one outlier(Hurd, Pegranet al. 1980, four of the six studies showed individual effect

means favouring EMG BEBThe sixth studyMulder, Hulstijnet al. 1986 did not include

sufficient variance datsso Glanz used data froBasmajian, Kukulkaet al. 1975 and

when pooled this study favoured the control. The trials were randomised and controlled
with a total of 1 Jdéthgt EVMA BFA is 80t efficatioypeszed dn conc | u
the combined upper and lower limkiork. Glanzdid notethe possibilitythattype Il erros

could hideclinically significant results.

In the lower limb metanalysis by Morelanet al. (1998, 8 studiesrom 1975 to 1994
were compared, including treame studies usday Glanz (1995. Howevertwo studies
with statistically significant studiesupported EMGBFB were excludedThe work by
Mandel (1990 failed a sensitivity analysisand there was insufficient datavailable in
(Hurd, Pegranet al. 1980 for comparison.

Moreland compared ankle dorsiflexion strength, gait quality (based on a foot contact
pattern scoring measure by Bagian), ankle range of motion, ankle angle during gait,
stride length and gait speed and found a statistically significant improvement in only ankle
muscle strength. This was measured with a dynamometer by Bas(i&jighand against

the Ashworth Scale by Burnsid&982. Therapy delivery across the 8 studies ranged from

8 to 40 sessions over 4 to 8 weeks, an average of 16 training sessions over 5 weeks, and

generally required the patient to reach an acoustic target.

Finally whilst discussing various therapies for motmcovery following stroke,
Duncarf1997 summarised 7 lower limb EMG BFB papers from 1982 to 1990, of which 4
wereincluded inprevious metanalysesDuncan noted the conflict between the negative
conclusion ofGlanz and positive conclusion of Schleenbaker in the EMG BFB. All papers
reported above were for studied stroke patientsand were limited to the English
language. None discussed the nature of the biofeedback used (the sensory modality, task or

measurerant).
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In addition to metanalyses, the RCP evidence also inctudd RCTs and 1 controlled
clinical trial (CCT) from 1976 to 2002. 13 are EMG studies (6 of which were reported in
the previousmetaanalysis), 7 standing posture training studies, 1 venseénsion and 1
eye movement study. Only one study considered by the RCP looks éWigatbya R.,
Dupui P.et al. 1994, described in §2.2.

Not all of work identified in the literature revieweport the level of ability of thpatient
Treadmiltbased systemsuch ashe Lokomatusebody weight support for patients with
severe impairments bought about through spinad aguries and traumatic brain injuries.
No work was identified that usebiofeedbackon a treadmill for less severe gait
disturbancesyr for ambulatory or home use, or systemghatcombinefeedback fronthe

care team.

25.3 Additional limitations

There aremany limitations in the application of different types of biofeedback with
different patient groups, and in the measurement technologies, that are not addressed in
this review. For example otion sickness is a recognised problem for head mounted
displayuserg(Costello 199Y. As such, patients with brainjuriesor balance disorderare

excluded

Commercial game devices such as the Wii (Nintendo, Kyoto Japan) and Playstation 3
(Sony, Tokyo Japan) incorporate inetbiased motion sensolnd enable the user to
interact with games through movemerase sidies areemerging (Sugarman and
WesiselEichler 2009 but no games have been writtepecifically to elicit therapeutic
movements or aim towards clinical goals. Semantidhkitydistinction betweegameand
individualisedtherapy taskcould be lost, particularly with the use of game consoles in
group work. Unrestricted use of game consoles could lead to unrealistic movement patterns

expected by the patient and potential injury.

Sugarman andVesiselEichler express caution against egjiive strain injuries that can

come about through overuse of the Wii Fit. The tewiiss, wii kneeandnintendinitisare
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increasingly being used to describe these injuf@sehm and Pugh 20D9The motor
patterns required to progress through commercial games have not been aaalysbdre

has been no work to assessy possible damotivating effects experienced by individuals
playing team games. If the game or hardware is to be adaptetinfoal use a sufficient

level of programming expertise would be required to produce virtual rehabilitation

scenarios.

2.54 Consideration of the individual in the biofeedback loop

None of the work reviewed in this Chapter comments on the psychaloic
neuropsychological) state of the patient within the feedback M#mn considering gait
re-training it is important to recognise that gainist onlya product of biomechanicbut
alsothe organisatiomand actiorof neurons regulating movementukh of the focus in gait
rehabilitation has historically been on the biomechanics of gait, through research into the
action of body segments and prosthetic components, gait classification, fall prevention, and
through clinical management informed by theemsment of gait biomechanics. This focus

on biomechanics is perhaps understandable given the complexity of the nervous system.
Whilst clinicians are aware of the importance of psychological factors asahotivation
(Alfano and Finlayson 1987the underlying newpsychologicalchanges are poorly
understood. Consequently the optimum conditions required for neuroplasticity to take

place with the greatest effect, are not known.

This lack of understanding is a limitation to the successful application of biofeedback
Biofeedback is a learning process facilitated by instrumentation, simaply an
electranechanicalintervention The majority of reported evidence for biofeedback is
conflicting, andthis may be due to the subtle characteristics of each learning process at the
neuropsychological level, the perceptual performance and the influence of the pathology in

response to the various stimulus modalities that have been applied.

Therefae o implement a biofeedback training regime efficiently, it is important to
understand howa trainingregime could potentially enhance the motor learning protess.

is not currently possible to directly measure learnbegauset is a reorganisatiorof the
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central nervous system. Performance change is an outward appearance that learning has
taken place, savithin the field of psychologyperformance indicatsr(such as error rates

or game scores) are used to quantify learnifigey are ofterpresentedagainst trial
numbers to produce performance cur(@shmidt 1983

To inform the design and developmeita biofeedback training system, the key principles
in the psychology of motor learning will therefore tewiewed

2.6 Psychology of Motor Learning

2.6.1 Models of motor learning

There are many theories that attempt to explain the psychology of teatning. Some

are based on discrete stages, suc(hittsard Fitts
Posner 196) Fitts and Posmesuggest that learners gather information and feedback

during the firstcognitive stagend attempt to form an overall understanding of the motor

skill. Movements are jerky and inconsistent. There is a high level of trial and error and low
confidence. Later during thessociative stagerrors are reduced, new strategies fine tune

the motor Kill and the subject learns to anticipate and become aware of subtle
environmental irregularities. In the finaltonomous stagthe errors are further reduced,

stability is increased and the cognitive demand is lowered, allowing the learner to perform

thetask autonomously. Performance gains are slower to achieve as a plateau is reached.

Gentile (1972 suggests the first stage involves explicit processes in which the learner
mat ches t he bodyods mor phology to environme
affordancesLater during the less conscious stage of learning, finer control is achieved by
improving intrinsic processes. The memory of the skill becomes more robust to external

influence in a process called consolidation.

The rules governing when consolidatioctars are not currently known. Some work points
toward the value of either sleep or wake cycles for consolidating specific motor skills
(Macquet, Schwartet al. 2003 Walker, Brakefieldet al. 2003.
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Newell describes three interacting facterisich operate when a task is being learnt: The
subject(or patien}, the environmentand the task. They are presented in what is known as
Newel | 6 $Shumway@oolkgahdeWoollacott 2007

Environment

PerceptiopAction Temporalspatial
characteristics

Patient < » Task

Practice conditions
(BFB regime)

Figurel4Newel | 6s Tri angl e

The interaction between the patient and the environment can be describeaffasdamce
according to GAdims ahearys(Gibsoa na7e Affoidances such as
climbability, walkability, passability catchability or graspability are relationships that
emerge from the combination of geometrical properties of the environment and the patient.
This is a useful conge in fields such robot navigatiqMurphy 1999, where a robot may
navigate through an environment with a diverse range of affordances that require different
control strategies. It may be interesting to explore thigher for environment
classification in the case of patients walking in unstructured community environments, but
perhaps not wholly beneficial to understand the gait of patients walking in controlled

clinical environments.

2.6.2 Practice conditions andfeedback delivery

The interaction between the patient and the task can be understood in terms of how the task
is approached, how practice is organised and how feedback is used. This is a vast subject
area of interest to sports coaches, teachers and pilses§Schmidt 1988 ShumwayCook

and Woollacott 2007Schmidt and Wrisberg 20D80nly key aspects will be highlighted

here to gain an appreciation of the range of considerations required when developing an

efficient training programme.
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A number of prepractice factes impact on the effectiveness of learning before the task is
approached. Patient motivation is one that can be increased using goal setting and
encouragement from the therapy team.-friactice instruction can convey to the patient
what is required and heby establishing a frame of reference that can later be experienced
and recognised when it is achieved. Instruction can be presented through modelling the
task and practical demonstration, or through verbal instructions aided with graphics or text.
Knowledge of the mechanical principles involved in the task may also aid the patient.

For efficient learning to take place the practice conditions must be suited to the specific
motor task(Schmidt and Wrisberg 20D8Furthermore, in order to ensure transfer ahg
experienced in the clinj¢o practical use in the community, the practice conditions should
be bas €ahsfeearp pfi opr i at €Morpst Bransfardetead. 4977). These
processes are practice conditions that promote a particular type of processing during
acquisition trials that facilitats greatertransfer duringransfer trial{Lee, Swansoeet al.

1991). Put simply, if the practice conditions are similar to the enactment conditions,

transfer will be more effective.

The need to transfer skills from the clinic to the comityucould be reduced or avoided

with the use of emerging bodyorn ambulatory gait training devices, such asahdio

visual walkerbiofeedback devicéBaram 2009 which would enable patients to learn in

the environments where the skills are required. (1€88 furthered the idea of transfe
appropriate processing by suggesting positive transfer also occurs when practicing
cognitively similar skills even when the physical training environment is not the same as
the enactment environment. This may underpin the learning processes takingupiage

virtual rehabilitation, where the enactment environment is simulated within the clinic.

Structuring the practice session was touched on brieflgention2.3.1 in terms of
stimulus delivery timing, with the introduction of the concepts Knowlamfgeesults (KR)

and Knowledge of Performance (KP). KRoisgoinginstructive guidance whilst KR refers

to theendresult compared to a goal. One method of controlling the timing of feedback
delivery is to provide KR and KP at set intervals throughout etipeasession, as shown in

Figure 15. The time between the subject response to a tagk gl the delivery of
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feedback is known as the KdRelay inteval, the Post KRdelay interval refers to the time

between the feedback presentation and the next trial.

R1 KRl Rz KR2

P »la »
< >

KR Delay Post KR

A
y

Inter-trial interval

Figure15Timing of KR events

It is clear that this choice of feedback timing closely relates to the tempora¢ rdtthre

task being undertaken, and taske described a®ither discrete, continuous or serial. A
serial task is one containing a series of discrete elements that form &@nasponse,

with the order of elements being important. Gait could be viewed in a number of ways. The
cycle can be broken into functional events, making it a serial task. But it is not possible to
retain dynamic stability whilst attempting to walk thgbudiscrete events, so unobstructed
gait could therefore be considered a continuous task. If the environment is highly
unstructured requiring greater cognitive involvement thenrgajtbecome serial or even a
group ofdisconnectedliscrete taskaNo work was identified that defines gait using these

concepts.

Activity carried out within either KR delay interval can have a detrimental impact on the
effectiveness of learning, so there has been research into the optimum delay intervals for
specific motor tass. Short KRdelay intervals and instantaneous KR are known to have a
detrimental effect on learning and retention, due to a consciougaligrce on feedback
(Swinnen, Nicholsoret al. 1990. The amount of feedback delivered during the practice
session can also be governed by alteringatisluteandrelative frequencyf KR during

the practice session. These are also parameters of interest in motor learning research
known to affect learning and retentigchmidt 1988 Winstein 199). An alternative
method of controlling the timing of feedback delivery is knowrbasdwidth feedbacgk
whereby a stimulus is praesed if a performance response deviates outside preset limits.
However results are sparse and there has been no published work into feedback timing for

gait re-training or amputee rehabilitation.
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2.6.3 Environment and task

Finally the interaction betwedhe environment and the task can be described in terms of
the temporabkpatial consistency of the environment and the task between trials. An
environment is spatially consistent if the size and location of the objects within the
environment are seen to b&tionary, an example of which may be the controlled space of
the Action Research Arm Tesiwvhich is a test of upper limb function involving the
movement of objects within a fixed workspaed)ere the only moving objects are those
directly interacting wh the subject. If the motion of a treadmill belt is unobtrusive,
treadmill locomotion may also be considered spatially consistent. In contrast community
ambulation takes place in a highly spatially inconsistent environment, where objects such
as trees, @aa and other people move and may be perceived as changing shape. An
environment is temporally consistent if it is physically stationary between trials, such as
experienced on a treadmill or Stewart platfdBoian, Bouzitet al. 2005. Walking within

the community or clinic is considered to be carried out within a temporally inconsistent
environment, where the effects of optic flow come into glpmura, Mulavareet al.

2005.

Gentile (1987 defines a taxonomy of 16 types of tadkiglre 16), which has two
dimensions: 1) The environmental contekicludes consideration for the regulatory
conditions and intetrial variability, and 2) the task action, which includes consitien

for body orientation and object manipulation. The simplest task is 1A and task complexity
increases through the taxonomy as shown inTag taxonomy can be used to guide how
biofeedback is used with a therapy programm@ace the clinical goal hdseen defined

and identified on the taxonomy, the therapist can structure practice and training to progress

from the simpler task to the goal via changes to environmental or task conditions.
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2.7  Summary and Discussion

A range of topics was introduced in the literattereiew and a number of important points
were raised. The importance of gait was recognised as a determinant of quality of life. The
regulatory input provided by the somatosensory system was desarilSedtion 2.2.2 as
providinga sense of limb positiongthat enables efficient movement of the limbs, without
which habitual and adverse gait patterns can develop. Limb amputation results in a loss of
somatosensation. Amputees majlgarn a symmetrical gait during rehabilitation, but after
discharge often delop asymmetrical use of the pelvis through vaulting, hip hiking and
circumduction movements. The increased transverse rotation of the pelvis in these
movements is a contributory factor in lower back pain, which is prevalent infaamsal

amputees.

Enhancing the feedback received by amputees during gaéining and in the community

may prevent the emergence of habitual gait patterns, and lower the incidence of back pain
in the amputee population. A number of issues with the gaianmgng proces werealso
discussed iSection 2.2.6. Bbfeedback was presented as a technology wimak prove
beneficial in the reduction of adverse gait patterns, and for the clinical team during the re
training process. Focusing on pelvedated issues may also &s$sn correcting more distal

gait and posture asymmetries.

Biofeedback was reviewed ar®93 journal articleswere identified that looked at lower

limb applications with a range of patient groups, from 1974 to 2012. Biofeedback is a very
broad science, nderpinning fields such as neurofeedback, virtual rehabilitation, sensory
augmentation, motor leamg and humain-thelloop systemdesign. In neuromuscular
rehabilitation biofeedback work has predominantly incorporated the use of kinematic,
kinetic and EMG measurement systems interfaced to visual, auditory and haptic means of
presenting stimuli. In some cases data are fed back to the patient in raw format, in others
signal processing is used to produce highly context specific guidance. Hémtt®
dispays (ETDs) were presented Bection 2.4 as one potential means of presenting
feedback information. ETDs have been used in a small number of biofeedback applications

with promising results.
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Whilst biofeedbackis generally recognised as a beneficial thgren a range of clinical
areas, there is insufficient evidence to warrant organisations such as the National Institute
for Health and Clinical Excellence (NIHCE) recommending use of biofeedback on a
routine clinical basis. This may be in part due to tligcdlties of collecting comparable

data from such a highly multivariate therapy

The majority of work reviewed documented technical aspects of developing biofeedback
training devices, or the clinical application and outcome of biofeedback in caselamt co
studies. Few touched on the central most important component of the biofeedback loop, the
patientds neurology. Whi | st understanding
the scope of this work and may elude our best efforts for years to Sent@n 2.6 set out

to review the current psychological theories, to see what lessons have been learnt and what
should be considered when developing a biofeedback therapy. Thredampmmcepts

were highlighted:

1. Transferappropriate processes at®ms$e where th@ractice conditions are similar to
enactment conditionand allow more efficientransferof learning to take place. This
concept supports the use of both ambulatory biofeedback devices for community use
and inclinic virtual rehabilitationas methods of transferring-tearnt movement skills
into daily life.

2. Knowledge of results and knowledge of performance (and the distinction between
learning and performance)ene introduced inSection2.6.3 Theses feedback delivery
parameters, in tation to the temporadpatial nature of the task, may have a role in
improving the gains in gait +&aining.

3. Gait can be described as a continuous or discrete series of tasks. As such it is important

to consider the learning context when providing feedback.

The literature review raised mamyuestionssurrounding the efficient application of
biofeedback. Some @stions highlight the technical challenges of developing ambulatory
devices for gait research, whilst others point at limitations in our basic understanding of the
science of neuromotor control. The answers to many are beyond the reach of this work and

remain of philosophical interest, whist others informed the decisions made during this
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research. All will be briefly outlined now, to provide a sense of the challenges faced in

approachinghework outline presented in Chapter 3.

For gait modification to & possible, biofeedback requires neuroplasticity, and scope for
functional <c¢change within the constraints
this raises the question dbw far can poorgait patterns be attributed to prosthesis
alignment, to anatomical variation (such as the presence of contractures, muscle

strength) orto poor neurological control (through lack of motivation or impaired

of

proprioception)or a combinatioAl t i s not currently possible

thepros hesi s and e x a mthegait cycla. ¢t may td tee casd thaesaroeh i
amputees walk with poorly understood optimum kinematic solution that is better suited
to their altered physiologyf that is the cases training tobring their gait ser to a non

amputee meapossible orlppropriate?

Biofeedback seeks to provide new sensory information or augment existing pathways. But
it is not known which of the existinghysiological feedback mechanisms plays the most
significant role in differenfunctional aspects dhe gaitcycle How much redundancy is
there within the feedback pathway@/ich stimuli arepatients in most need of, that can

be sufficiently augmented to improve clinical outcomes? Whilst the basic functional
anatomy is understalp thecomparative significance of external stimulirglaton to gait

cycle eventss not, particularlyin the presence afnpaired pathwayand cortical changes

To follow on from thatwhich level of conscious involvemernis required to producthe

best outcomes Is it more beneficial to deliver febdck consciously subliminally, or

through ascending or descending neural pathways? Are learning and retention gains best
achieved through cognitively demanding or s@msory processing® gait modificaion

can be achieved without conscidngolvement, as was raised ir@&ion 2.4.3, what scope

is thereembedding biofeedback infiyosthetic oorthoticdevices?

Looking at the choice and provision of feedback information, a range of questions femain
which stimulus modalitieg¢visual, auditory, vibrabn or electrical stimulationare better

suited to specific tasksHow can multiple stimuli, data sources and pathways be
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effectively integrated? Cagreatergains be made by augmenting data with realitg a
making transitions between virtual and real environments? For exabyphltering the

level of immersion dynamically during a training task with a semmersive head
mounted displayWhat stimulus specifiparameters elicit the greategins in learimg

and retention followinggait retraining? Is there a role for the use @fscending and
descending tones, music, key signatures, consonance and dissonance, rhythm, proportional
feedback, negative feedback, use of visual imagery, ®Isbapes angeometrie® The

list goes on

How adaptable is the nervous system to informatieceived fromnon-physiological

sourcesor coded in a nophysiological format2Vhat guidance can be employed when
mappingextrinsic information such agaction force®r kinematic parameter®r use by

intrinsic feedback mechanisms® there a limit to the quantity and natweinformation

that can beassimilaed? A | i nk has been suggested between
depression in the general populatigtlingberg 2009, whi ch mi ght suggest
information providedduring biofeedback trainingequires careful consideratiera point

that wasraised by Darter and colleagues in relation to their work with a CAREN system

(Section2.3.3). Inview of this, howcan feedbackformation bequantified?

Looking then at how bédo provide biofeedback within a rehabilitation programirae

what stageof rehabilitation is a patient most receptive to gaittregning? What
environment would elicit the greatest gairrédearning and retention when training with a
biofeedback sysim?What activitiesand tasksare best suited to corranj different gait
deviations?What impact do the psychological aspects of rehabilitation have on overall
patient outcomes? For example: What is the impagradp therapy, goaletting, mixed

pathobgy training sessions or mixed age training sessions on outcomes?

Looking at the timing of feedback deliverwhat are the relationships faptimum
stimulus timing for gait rdraining in terms ofrelative frequency of KR, KRielay and
post KRdelay inervals and the bandwidth of KRdow best can feedback stimuli be timed
to gait cycle events? When should KP be usEdéYe is an argument to suggest learning

diminishes when subjects are presented with continuous feedback inforraatiamesult
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on overreliance and disengageme(®chmidt and Wrisberg 20D8whilst selfpaced

learning may produce greater retentjgvulf 2007).

Much of the research into the psychology of motor learning has historically been carried
out in the uppetimb, where it is easier to control experimental desigaw applicable
therefore is thecurrent understanding of motor learnitmy the lower limb? Particularly
since gait can be defined in a number of ways.

There is clearly wide scope for muttisciplinary research in the basic science of
biofeedback, and in the application to rehabilitationthe following Chaptesome of the

issues raised here are considered and help form a programme of research which is
presented to test the hypothesis statedhap@er 1.
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3.1 Introduction

This Chaptedescribeghe choices andnderlying reasoning thateseconsidered to arrive
at a programme of work taddress the problem of circumduction in amputédse

hypothesis beindested isthat reatltime electretactile feedback is aiable method of
assisting in the reduction of cinculuction and abdtion gait patterns irtransfemoral

amputeesas stated in&tion 1.2

Whilst the key aim of this work was to test the hypothesis, it was important to ensure the
output from the project had practiadility and relevance, given thesiges and limitations

of biofeedback raised in Chapter 2. These issues ranged from engineering challenges (in
the particular case of electtactile stimulation), the clinical adoption, application and
outcome in a range of pathologies, to more focusedtignesabout the interaction of the
patient withn a biofeedbacKkoop. As such broader utilitarian goals were kept in mind
when formulating this programme of research. For example, it was desirable from the
outset that any methods or devices developed :wdneically relevant, in terms of
adopting comparable data quality or protocols to those used in clinical practice; that they
presented future potential to improve heterogeneity in the application of biofeedback,
through greater clinical versatility; anldat obstructions in the potential pathway for future
consumer use were limited.ift important to note that accommodatthgsegoals did not

undermine the scientific approach taken to test the hypothesis.

There are currently no biofeedback deviagailable for use that focus on the reduction of
circumductionor abduction gait patterns. Design andvelepment of a training system

was thereforerequired for this work before the hypothesisilt be tested.

The system design choices are discussetemext section. Thehysiological parameters
most usefulfor feeding backo amputeesndthe most appropriatsmeasurement system
are identified Thetraining environmenin which thesystemwasto be used inandthe
broader considerations for operatiwithin a physiotherapy contesre discussed.ifally

thefeedback signal processiagd stimulus presentatisaquirementsre addressed.
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3.2  Decisions leading to theApproach Taken

3.21 Choiceof physiologicalparameter

The first consideratiomakenwas whether the gait deviation or pathology of interest is a
primary, secondary or compensatory mechanism. démred gaitchanges, within the
scope of the pathology, can then be determined. There are a wider number of options
available when correiclg gait deviations more distal in the kinematic chain. For example
the correction of stefength asymmetry may be achieved by focusing on the direct
measurement of stdpngth, the dynamics of more proximal segments (the hips, knees and
ankles), or the meement of the trunk and heaut in the case ofircumduction,whilst

there may be some benefit in focusing on foot placement for example, a more direct
approactwould be to feedback higelated information. This work therefore focused on the
habitual anccompensatory movement of the fhich arises from sensory loss, by feeding
back hiprelated information.

The next consideration ag the physiological parameters available to measurement with
current technology, and the relevance of that informatiopetforming the required gait
charge. In the case of hip movement there are many parameters open to measurement, but
the activity of muscles acting around the hip and pelvis segments (outlifiedl#3) and

hip segment kinematics were considered the most pertinent.

Basing feedback on the knowledge of muscle activity has two main advantages. Fine
resolution can be achieved by recording fraine individual motor compoents that
combine to form gross movement patterns. A biofeedback systemtbeuldheoretically

be enabled to discriminate the relative involvement and timing of individual muscles
through the gait cycle. At a finer level individual motor units coulddmorded with the

use of fine wire electrodes, to provide further detail. This indeed was the focus of the early
EMG BFB work by Basmajian and othgiBasmajian 1968 The second advantage is the
mor e i mmedi at e relationshinp bet ween 't he
myography, compared to the measurement of limb movemerntharslibsequent dynamic

effects. Basmajian demonstrated the ability to learn control of individual motor units. This
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suggests the potential fomore physiologically relevant and immediate formseasfdback
with the wuse of direct afferent ner ve

interpretation of feedback data.

Table3 Muscles contributing to movement of the thigh. Those affected by-teamsral amputation sgery
are highlighted imed ®denotestie major contributory muscfer eachaction.From (Standring 200pand
(Malawer and Sugarbaker 2001

Action Compartment (group) Muscle

lliacus
psoas majérand minor
Rectus femoris

Deep anterior (iliapsoas)

Anterior

Sartorius
Flexors .
Pectineus
Medial Adductor longus and brevis
Gracilis
Posterior (gluteal) Tensor fasciae latae
Posterior (gluteal) Gluteus maximus

Biceps femoris
Semitendinosus
Semimembranosus
Gluteus maximusmediug and minimu8
Tensor fasciae latae
Anterior Sartorius
Adductors longu$ brevis$ and magnus
Pectinius
Gracilis
Obturator externus
Piriformis
Medial Gemellus internus and inferior
Rotators . Obturator internus and externus
Posterior ;
Quadratus femoris

Extensors Posterior(hamstrings)

Abductors Posterior (gluteal)

Anterior

Adductors
Medial

Anterior (gluteal)

There are however a number of drawbacks with the use of electromyogpayptigilarly

st

with amputees. During amputation surgery the surrounding muscles are attached to the

bone (in a myodesis) or to each other (in a myoplasty) to form a pad around the stump.

Few hip muscles are unaffected by the trfemsoral procedureTable 3). Hip muscle
atrophy tasbeenreported in 40" 60 % of the cleaved muscles amp to 30 % of intact

musclesrom a study ofL2 traumatic tranéemoral amputeely Jaegeret al. (1995. This

reduction in muscle mass may translate into limited tissue activation. Reduced EMG

amplitudes and differences in the EMG profiléip muscles have been reported in trans

femoral amputeesompared to healthy individud#Rantall, Durhanet al. 2011). Any such
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training device would therefore bery user specific or require complex signal processing

to accommodate patient variability.

Practically it can be difficult to repeatedly placerfaase EMG electrodes. This is
particularly the case over deep hip flex@vkeGill, Jukeret al. 1996 andpossiblymore so

for patients at home. The electrodes may also cause discomfort and introduce signal
reliance problems over loAgrm use. These issues greatly restrict the usefulness of
electomyography for hip muscle biofeedback outside a research context.

Kinematics refers to segmentovement as outlined inSection2.2.1. \Whilst kinematic
measures do not stand apart in ways uniquely suited to biofeedbaekistim® notable

loss of beefit in comparison tadhe advantages noted for EMG (the movement resolution
and the immediacy between volitional control and action). There are however a number of
practical advantage¥inematic measures araore readily understood by clinicianand

have spatial meaning in their raw formahich may be more accessible to patient
understandingThere exists a wide range of instrumented systems capable of providing
measures of joint anglghich include electrogoniometry, inertlaased sensors, videodan
stereophotogrammetry systeml of which have the advantage of being less invasive
than EMG. As with EMG, kinematic measurement systems are transferrable to other body
regions, and there is equal potential to embed the devices into prosthetic cosponent

Kinematic measures of the hip joint were chosen for this work.

3.22 Choice of measurement system

The relative angle between two body segments can be measured in a number of ways, the
advantages and drawbackstbfee of the most commonly usedhethods will briefly be
discussedeforeoutlining the methodchosenfor this work Electrogoniometers use rigid

levers connected by a potentiometer that aedd against each limb segment, fjbet
anglecan bedeterminedlirectly from a voltage acrossé potentiometemwith an accuracy

of approximatelyt 2 degreegBiometrics n.d. They are simpléo don and doff andre
bodyworn which permitscommunity ambulation, et they suffer from poor alignment

againsthe anatomicaktentre of rotation
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Stereophotogrammetry motion captaracks the movement gfassive or active infreed
markers In passive systemeeflective markersare placed on anatomical landmarks to
define a kinematic modetheir movement i€aptured using an arrangement of high speed
video camerasA 3D reconstruction takes plaead he relative joint angles can then be
calculated The positional accuracy demknon a number of factors, including the marker
diameter and coverage quality within the capture volgwieich can vary for different
planes and body segment€hiari et al(2005reported that absolute error in positional
accuracy ranged from 0.5 to 11.6 mm from studies looking at a range of active and passive
camera systems. Angular accuracy varies @&rtmotably with kinematicmodelling
options andsoft tissueartefacts. In a study compariggint anglesfrom skinbased and
bonefixated markers Cappozzet al(2005reported that soft tissuartefactcan account

for inaccuracies in the order of %) 20% and 100% for knee flexion/extension,
abduction/adduction and internal/external rotation range of motion respectimiyever
stereophotogrammetmgmainsthe most commialy used method oéapturingkinematics

in clinical gait analysis, and sometimes useds a reference standard.

Inertiazbased sensomuch as the MTw unit by Xsens (Enschede, The Netherlarsgsa
combination of solid state accelerometegroscopesand magnetometers tetermine
body segment orientation and relatij@nt angles.They are ypically matchboxsized
transducers which are strapped to each segrbana are then transmitted wirelesstya
separate unit and logged. Théyave the advantage being bodyworn and simple to use,
and the units have no line of sight or occlusion isghas areexperienced byassive
camera systemaNVhilst relatively new and not yet adopted clinically, the devices have
been validated against camdrased motiorcapture systemwith high correlationFerrari

et al(2010.

All systemscould potentially be incorporated into a biofeedback system and enable the
hypothesisto be testedThey all pemit access to redlme data streams, and aadl
capable of providing clinically relevant data of hip joint kinematlkcing measumg
instruments across the hip and pelvis can be problematic, particularly with overweight
patients where tissue thickess can prevent clear registration with bony anatomy. This

may be more problematiwith electrogmiometry compared to the placement of small
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markers or transducers, and more so in the case offgamsal amputeesvith high

sockets.

Camerabased motioncapture provides the greatest versatility of the theshniques

described because the hardware and software dosmoply provideapr escr i-pti ve i
theshel f0 solution to a particular measur emen
selection can bacusedfor specific clinical issues and as such a bigtegree of accuracy

can potentially be achievedThe equipment is howevesostly, and operatiorrequires

expertise and dedicated space that could prevent wider use in rehabilitation kclinost
circumstancetheir use is restricted to laboratory or clinic usecéntrastinertia sensing

and electrogoniometry have the advant#gg they output joint angle data without the

need for additional processing owdelling The equipment is alselatvelyeasy to da

without the expertise required for marker placemesichcould make inertia sensing and

electrogoniometrynore suitable fouse in a physiotherapy environment.

The training environment and context in which the biofeedback system Wweuided was
the deciding factoin the choice of measurement instrument. A car@sed motion
capture system was chosen. The reasons for which will be addressed éxitlseation,

with regard to the training environment

3.23 Justification for laboratory testing and use of areadmill

There are a number of technical challenges to using RT kinematic biofeedback in the
community.A comparisons requiredt o be made bet ween andhae pati e
normal reference dataset order to determine n fAerr or 06 signal to dri
reference dataset would need to accommodate the many different modes of walking the
patient may undertake in theommunity, such adurning corners, ascending and
descending slopes, steps and cuflli®e piecewise ature of gait in the community was

highlighted byOrendurff(200@whous ed a st ep counter to study
in 10 healthy office workers. Step length data were collected continuously over a 14 day
periodand awalking bout was defined as one-86cond period in which steps occurred.

Orendurff reported thad40% of allwalking bouts were less than 12 steps in a row. 75%
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were less than 40 steps and ankute walk accounted for only 1% of all walking.
biofeedbackalgorithm would be required to discriminate between the strategies employed
for different terrains and determine if is normal or pathologicalThat is a very
challenging technical taskt Wwould also be requiredto identify nearby slopes and objects
that the patient may be trying to avp@nd predict what impact theseay have on the

currentmovement strategy being adopted by the patient.

In addition to this substantial signal processthgllenge it became cleafrom the review
summarised inChapte 2 that there are alsoa number ofunknownssurrounding how
biofeedbaclkcan be applied to optimisdinical gains. Issues such as the timing of delivery,
the most appropriate choice sénsory modality, level of immersion and so dhes were
summarisedn Section 2.7.These more fundamental questionsuld benefit fromfurther
investigation before biofeedbackn beusedeffectivelyin the community.

An alternative considered wasapproach the problem the more controlled environment
of a running tack. However itwas consideredpractically advantageous to develop a
biofeedback training systefor initial usein a laboratoryto test the hypothesibut ensure
there isscopeto migrate to a bodyworn device for community usa a later stageThis
enabled the benefits of using a motion capture camera sgstemd a treadmillvithin a

controlledlaboratoryenvironment

To enablethe outputfrom this work to beextendednto a communityapplication the gait
dynamics undertaken by amputessa treadmill must be similar to thatt gait enacted in
the community. Given the poor understanding of community fyaity the quantification
issues raised above, references are commonly adopted from straight line overground gait.
This is a widely accdpd limitationthat is acknowledgetbr the practical purposesf this

work.

A number of studies have compared treadmill and overgroundrgpibrting small and
conflicting differences in joint range of motioRiley et al. (2007 found a decreasén
peak hip and knee flexiogxtension with treadmill gaih healthy subjects, whilglton et
al. (1998 and Walland Charterig1981) reportedincreass in hip range of motionThe
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absolute magnitude of the diffeim@s was small however (less than 1.6 degrees) and
considered to be within the range of kinematic measurement varigBRllgy, Paoliniet
al. 2007.

Wall and Charteris looked at the habituation of 18 healthy adult male subjects to the
treadmill, requiring them to walk for two Ifdinute sessions per week for 12 weeks. They
reported annitial rapid accommodatioat the start of each sessjdallowed by a longer

and more gradual habituatiofihey suggestd that where measurements are made of gait
patterns using treadmillsubjects should be habituated in distributed practice sessions for
1 hour, and then not measured within the firsmiutes of performance(Wall and
Charteris 198)L In a later study Matsg2000 usedshorter habituation times and reported
that kneekinematics and temporabatialgait parameters becantaghly correlatedwith
overgroundwvalking afteronly 6 minutesof treadmillgait.

These studies looked at healthy individudls. assess the gait pattern of amputees on the
treadmill compared to overground gatutton (2010 asked 3 male trartshial amputees

to walk at theirselfselectedwalking speed andt an enforcedspeed They reported that
maximum rangefor the hip and kneanglesdiffered between conditions (b9.2 to 3.8
degreels The reason was unclear but treyggestresearchwith amputees walking on a

treadmillshould banterpreted with cautian

In summarythere iskinematicsimilarity between treadmill and overground gait in healthy
subjects. However it has been advised to adopt a habituation petreddmill studieof

at least6 minutes prior to data collectipmo reduce treadmiielated gait variability.
Dingwell and Davis (1996 have previously demonstrated the feasiltyli of using an
instrumented treadmill and retaine biofeedback training with amputeeass described in
Section 2.3.3Conducting biofeedback training ontr@admillis advantageoydecause it
enable the patient to enact a higher number of cycles thanbsaachieved withithe
community or during overground gait in lEboratory.The use of a treadmithinimises
external stimuli, allowingpatients to focus safely on rehabilitatidhalso enables clinical
staff a better opportunity to observe and support pati@stsuch areadmillwas used for

this work, with an optical motion capture system.
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3.24 Choice of stimulus modality

The methods considered includetsualand virtualreality, haptic auditory, vibrationand

electrd tactile stimulation Each mode has been used in gaitraging with mixed
successas described in Chapter Phe efficacyof each isnot assesseldere because it is
difficult to make a comparative asseent The choice made wasssentiallya practical

one with a number of questions considered: Whinobdality would be the safest and
easiest for a patient to ysand be transferable from treadmill to community training
environments? Which method would pide scope for investigation into the timing and
delivery issues raised in Section 2.7, and scope for use with other patient groups and body

segments?

To narrow down the optionshé first distinction made was in the neurological pathways
through which he perceived information reaches the central nervous sy$tsmal and
auditory feedbaclare perceived through cranial nerves (Il and VIII respectiveihgctly

into the respective cortical areas. Higher cognitive processes are engaged in interpreting
the information, then forming and refining the required movement strategy. In contrast to
this, vibratory, haptic aneklectrd tactile stimulationare perceived through the peripheral
somatosensory pathways at different levels into the spinocerebellarftthetspinal cord,
before connection is made to the cerebellum where information is processed
unconsciously.There has beemo work comparing the role of the two pathways
(descending vs. ascendin@) biofeedback Yet given the involvement of spinal cord
structures in the regulation of gaitjs possiblethat conscious engagement witart orall

of the feedback informatiomay not berequired for gait modification to take place. This is

an interesting questiospen for future research.

On a practical level its possiblehat presenting information visually or acoustically could
hinder or block the patientbés ability +to
community. Whilst heaanounted displayechnobgy is emerging in the consumer market,

with for examplet he A Googl e Gl asso project -timeGoogl e
visual feedback maglsopresent a higher risk of falls in the community for patients with

pre-existing mobility issues.
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Throughdiscussion with amputees a8pecialistAmputeePhysiotherapists at the Douglas
Bader Rehabilitation Centre ( Qusaggesteddar y o s
acoustic tones and signals that are audible to the wider society, would be unwelcome to
patients in daily life.

Theseidescendi ng nherdfardruled autentavouref the possibility of more
physiologically compatible information perception through the peripheral nervous system.
In addition to being less of a hindrance to thagua, raptic, vibratoryandelectio-tactile

stimulation elementsay bemore suited to being embedded in prosthetic components.

Haptic technology broadly refers to devices tpatsically opposebody segmentgo
produce movement andactile sensationslt includes vibratory and electtactile
stimulators.Haptic technology that causes gross movement of body segmentsilecs

out for two pragmatic reasons: a high degree of engineering complexity would be required
to move the thigh through the gait cyclehis would effectively involve the development

of a bodyworn exoskeleton, whicltould have a disproportionate cedsenefit for the
clinical problem and potentially produce a limited epdoduct. Haptic treadmillbased
devices, such as the Lokomat désed in Chapter Zhave a place in rehabilitatiomith

high levels of impairment, but they are limited to the clinical setting. Ambulatory
exoskel et onsL esquscoh (afsr otnih eBefrek el ey Bi oni cs,
(from Honda, Tokyo, Japan) arercently in development and may help patients transfer

between clinical and community gaittr@ining environments future

Vibro-tactile (VT) and electretactile (ET) stimulation have many advantages over the
modalities described so fadnlike visual and auditory stimuli, ET and VT can spatially
code the feedback information by applying localised sensations, and therefore have the
potential to intuitively engage the patient with the movement task. Unambiguous feedback
which is less cogtively demanding may permit patients greater freedom in normal daily
living. Electrodes and vibration motors can be applied to many areas of the skin surface
and the controlling software could be-agenfigured for a range of clinical issues, thus

making vbration and electrical stimulation more versatile forms of delivering feedback.
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The technology is also portable and has the potential to be less encumbering, particularly

when built into prosthetic components. Both modalities presented equal merit.

Eledrical stimulation is an established technologytta University ofSurrey, butVT
stimulation has yet to achieve the same degree of famili#&gysuchtwo prototype VT
devices were constructed and briefly investigatedjain a better understanding 6T

stimulation

Investigation with vibp-tactile belt

The investigatiorwas a familiarisation exercise experience the sensat®produced by
VT stimulation and determine tifie technology would Imefit from further development to

providefeedbackior the targeted population this work

A prototype VT belt shown in Figure 17was devebped incorporating eightl0 mm
diametershaftless DQribration motorgNamiki Precision Jewel Co., Ltdokyo).

Arraybelt |

Figure17 Detail of DC brushless motd@a and b)vibro-tactile belt(c)

73



Chapter 3: Research Approach

Current consumption of each motwasrated at 100 mAat 5 V. The motorsvere driven
using pulse width modulatiofPWM) of a TTL level digital output from a National
Instruments 6008 GPIO board. The board salfeeA, so eight BC549 NPN bipolar
junction transistorsvere usedasemitter followes, to provide the necessary drive currents.
Each unit was securedequidistant along a 72 mn8 (inch wide fabrifoam sleeve
(Pennsylvania, US).

A software module was written using LabVIEW 2009d&iver PWM voltage ggnals to
each motor, and provide the operator witntrol over motor selection, duty cycle and
frequencywith a Windows basedyraphical user interface (shawn Appendix D). A
single motor became activewhen the operator placed the mouseirsor within a
corresponding 45 degree afithe operator was then able to move the cursor around the

display to activate successive motors.

The belt was placed around the thegif 4 healthystaff andstudent volunteerfom the
Centre for Biomedical Engineerin@niversity of Surrey) The subjects wore shorts and
were seated with the thigiositioned over the edge of the chair. The motors were activated
individually with varying duty cycles. Subjects could not see the PC controivene

asked toindicate which smulation point was active, artiento provide feedbaclabout

the sensatias experienced through discussion. This was repeated with subjects standing

and walkng overground through the Gaiahoratory.

The sensatios were considered to be a definite gemce, clearly indicating specific
regions of the thigh. Subjects found the locaieasy to discriminate, with all of the
activations correctly located whilst sitting, standing and walkinghe subjects were
indifferent to the changes to the sensatiothwarying duty cycleNone of thesensation
produced wereuncomfortable. Whilst the sessions lasted only 30 minutes, subjects

suggested the sensatimould be acceptable on a longerm basis.
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Investigation with vibretactile cuff

To find out if these positive indications were experienced with the motors embedded into a
prosthetic sockettwo options were considered: To embed the motors into a prosthetic
socket and gain patient feedbaak to replicate the physical arrangement iman
prosthetic componerguch that nofamputees could experience the resulting sensation.
Given the cost and personal value of prosthetic sockets for patients, the latter was chosen
and arigid cuff wasdevelopedo fit the Authofs thigh.The aim was tdoad the cuff in a

similar way to that experienced by amputees and gain experience of the regbltiag

tactilesensations.

The cuff (shown in Figure 18) was developedwith help from staff in theProsthetics

Department at the Douglas Bader Rehabilitat:i

1

-

Figurel18Laminated high cuff containing eight DC brushless vibration motors

The right thigh was cast and a positive plaster cast section was made. 11 mm diameter mild
steel disks were placed equidistant around the cast at mid thigh section to create dimples in
which to sitethe motors. The disk thickness was chosen to cause a 2 mm protrusion of the
motors into the thigh. A glass reinforced plastic cuff was then produced, following the
normal lamination process used in prosthetic socket production. The vibration motors were
secured in place using a thermoplastic adhesive, with the motor leads fed to the outside of

the cuff through holes drilled at each stimulation site.
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Whilst standingwith the cuff in placethe cuff was positionednto two rigid hardwood
surfacegchair ams) placed medially and laterally, so that it was possiblentoad the leg

and beasall of the bodyweight through the cuff. A second experimenter activated each of
the motors and varied the duty cyck.range of bandages and sleeves were worn to
replicae a socket liner, ancodyweight wasubjectivelyshifted into and out of the culff.

The resulting sensatisnvereconsiderably diminished comparedttmse produced by the

belt. It was not possible, under any of the conditions tried, to distinguidbddigon of the
stimulation to one particular motor. The sensation was instead perceived in approximate
guadrants (medial, lateral, anterior and posterior), as localised vibrations propagated
around the cuff. An alternative arrangement was tried, usingdhenside the thigh cuff,

with no notable improvement.

Both prototypes have potential to be developed for use in rehabilitdtimay be possible

to mechanically deoupled the motors from the rigid shell of the cuff, using a compliant
fixing, to improve the localisation of the sensation. But this would increase the
manufacturing complexity and costhe belt could findimmediateuse in lower limb
neurological rehabilitation, or in the upper limb as an adjunct to consimdinted
movement therapyor example It may also be possible to incorporate a vibration belt

proximal to a prosthetic socket for patients with lower-sahial weight bearing sockets.

There is little research in the development of prosthetic sockets generally, and no work was
found in using vibration biofeedback for lower limb amputees. This may change in future
if the biomechanical shortfalls in the socket are highlighted in contmaativances in
prosthetic joints. In contrast the few workers who have developed -eleetagile
stimulation biofeedback for amputees (notably Clippinger then Sabolich) have reported
benefits in their patients, as discussed in ChaptEp2this reason thdecision was made

to proceed with electrtactile stimulation in this work.
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3.25 Red-time considerations

The training system is required to provide biofeedback intne& (RT). The Oxford
English Dictionary defines redime as:

AThe actual time during which a process or
computer, in contrast tme subsequent to it when processing may be done, a
recording replayed, etc. Frem. real time performed or occurring in response to a

process or event and virtwually simultaneous

The phrase emerged in the 1960s when computers were ingigassed to simulate
physical processes. A simulation is considered to occur in RT when the simulation rate
matches that of the physical process. The absolute definition is therefore dependent on the
characteristics of the system or process under caoasioe. RT is also commonly
described i nordsping 6 ol baddRE systednsrequirds a response
within a discrete timeframe, and missing a hard RT deadline has system critical
implications. In contrast there is flexibility within the bals of a sofRT deadline, and a

lateresponse diminishes the usefulnesa efstenover time.

In the application of regime biofeedback there is a window within which feedback can be
presented. The earliest time is limited to the physical chardasnig the instrumentation,

and is an inherent latency in biofeedback. The latest time results from the reaction time of
the individual, beyond which the user would perceive a time delay. For all practical
purposes the redime deadline in this work wabkerefore defined as user reaction time, or

the speed at which biofeedback information is perceived by the patient.

Reaction times differ between sensory modalities. For example, the response to visual and
auditory stimuli are 190 ms and 155 ms respetfjvand approximately 150 ms ftactile
stimuli(Boff and Lincoln 1988 Reaction time is dependent on a large number of factors
related to the nature of the stimulus, the physiology and the test conditions, for example: a
higher cognitive deand produces longer reaction tim&he levels of arousal or fatigue,

age, gender, handedness, prior warnings and the relevance of the stimuli to sisweival
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influence reaction time. It was therefore not possible to provide a definite time period, but

as a design guide the shortest time of the sensory modalities was used, that of 150 ms.

As discussed in Chapter 2 the effect of varying the KR delay interval (the time between an
event and reception of feedback) on motor learning is not currently knsevrthe
criticality of a realtime requirement on learning is also not known. Howeueania of 150

ms provides the greatest possible scope for future work.

Reattime processes camperateon dedicated hardware (such as the PXI platform from
National Instruments, Texas, USA) which are optimised for high speed applicatiwhs

are controlled using separate hardware; or on general purpose personal computers (PCs)
which incorporate applicatio and useénterface layers. Dedicated RT hardware was
discounted on the grounds of cost and the restrictions that would be placed on the end use.
ThoseRT processe®perating on PCs can either use a general purpose ealainre
operating system (GP@STOS).

There is little control over task priorityith GPOSs such as Microsoft Windows or Unix,
where high priority tasks can be peepted by lower priority tasks. Thereatso higher

and unrestricted task time variation (system jittey in successiveprogramiterations

within a GPOS. This arises from background tistarface and application level activity
(such as peripheral interrupt handling, screen savers, disk utilities, virus scanning software
and so on). This limits GPOSs to a RT loop rate gfreximately 100 Hz. In contrast
RTOSs limit system jitter by using a scheduler to take control over all tasks and ensure
task priority is considered during execution. RTOSs are stk and are capable of

loop rates up to 50 kHz.

RT Targets are an eltnative software optiothat may helpthat run on general purpose
operating systems but take control over low level functions for specific applications. RT
operating systems and targets restrict the PC user to the specific RT applitetiofore

the Windows XP operating system (Microsoft, Washington, USA) was chosen for this

work.
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3.3  Outline of BiofeedbackSystem

The hypothesis being tested is theahtime electretactile feedback is giable method of
assisting in the reduction of circumductiand abduction gait patterns in trefiesnoral
amputeesThere are currentlyindevicesavailable thatan provide biofeedback to help in
the correction of circumduction gait patterss atraining system was developddr this
work thatcould be used withhealthy individuals antransfemoral amputeesrhe system

developeds shown inFigure19.

ProReflex
Motion Capture [«
Cameras

Real-Time processing

Electro-tactile
Stimulator

l Electrode
‘ Array

b
Treadmill 3

Non Real-Time
processing

User interface J

Figure19 Overview of liofeedbackraining system

It comprises a ProReflexptical motion captursystem(Qualysis Gothenburg, Sweden)
record thigh and pelvis motion whilst the subject walks on a treadmill-tReafeedback
is presented to the skin of the amputees stump using a-chaltnel electrdactile
stimulator and an array of surface electrodes. A standasit@p computerunning
Windows XP performglata acquisitiorand processing, and the system operates with a
reattime deadline of 150 milliseconds. The chosen options provide potential for wider
research or to form part of a cliri@msed gait rraining programme for a nge of patient

groups.
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34  Approach and Work Outline

A number ofscientific andengineering taskeererequired before the patiem-the-loop
could be examinedThe design andconstructionof an electrotactile stimulator, an
electrode arragyand the development and integration of software capable ofimeal

motion analysis and provision of feedback.

As noted by Kaczmarek and BagiRita (1995 there are a wide range of parameters in
the design belectretactile systems that influence thesulting sensory dynamic range. All

are poorly studied andocumentedin this work he electrode geometry was based on that
of Bumaet al. (2007, and the circuit was based on a muscle stimulator design with the
assumption that the output would have sufficient range to produce the required
physiological response for sensory stimulation. Ahasic waveform was chosen in order

to limit the discomforr that can result from the net transfer of ions across theedéatrode
interface, as experienced withonophasic waveformgBajd 200§. The circuit enabled

control of frequency and intensity, which required investigation.

To provide the greatest dynamic range possible within these options, a range of electrode
diameters ath interelectrode spacingsequired investigation,rém which the conductor

sizes were chosen. Thisork is described in Chapter #he chosen circuit enabled
adjustment of the waveform pulse width. However changing pulse width and amplitude
have a similareffect, of changing power transfer to the patient, so the pulse width was

fixed during development, argfimulationamplitude was investigated.

For the sensation to have practical utility as a feedback stimulus for gedtimeg, the

user must be able discriminate the location of different stimulation sites on the skin
surface and the movement of the stimulus around thdtlegalso very important that the
sensation does not cause discomfort or harm the user, and so is required to have a wide
dynamic range. The sensory thresholds (of perception and discomfort) and the
discrimination ability were therefore examined for a number of movement tasks, using a

range of frequencies, as described in Chapter 5.
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A medical gradereadmill Woodway,Wisconsh, USA)was in place, as was tasdalone
ProReflex optical motion capture systeQu@lysis Gothenburg, Sweden)

The software used with the camera system (Qualysis Track Manager, QTM) prtheded
option to continuou$y output rawmarker coordinatelata on requesiSo ®ftware was
required to read the data stream and determine where and when-tetfcstimulation
should be provided. Thisvolveddata acquisition, construction of a biomechanical model,
gait event detection, comparison with awaomputee reference data set and control of the

stimulator, in reatime.

In summary the taskequired(and corresponding Chaptemsgluded:

Development of arelectrctactile stimulator andnelectrode arrayChapter4)
Investigation of thesensorythresholdn the thigh(Chapter5)
Development ofreattime acquisition andontrolsoftware(Chapter6)

Investigation of thdiofeedback systemvith amputees (Gipter7)

= =2 =4 A2

Evaluaton of theproject anca summary ofurther work (Clapters8 and 9)
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Development of a Sensory Stimulus
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4.1 Introduction

This Chapter presents the development deedbackstimulus for use in the training
system.The Chapter begins by describing the stratdgpt waschosen to apply the
stimulus in such a way as to provide meaningful information for ampubessgns for a

surface electrode and an eleetagtile stimulatomare therpresented

Electrostatic modelling of the electredkin interface has been used in the development of
muscle stimulators and electrodes, but was not employed here. Muscle stimulation
modelling has involved larger anatomical structures and tissue depths in theobrder
millimetres(Panescu, Webstet al. 1994. Systematic modellingreors could diminish the

value of modelling when applied to the more superficial layers of interest in sensory
stimulation, where receptors reside in a thinner layer with higher resistance and greater

inhomogeneity

An empirical approach was taken to mav down the design chmas, as discussed in
Section 3.4. It isummarised as followd:he design of the sensory electrode was based on
Bumaet al. (2007, and a range ojeometries were investigated to determine the most
suitable conductor size3his work is described in Section 4.8. commercial muscle
stimuator was used (with a fixed pulse width and frequency) under the assumption that the

output would provide sufficient range for the required sensory response.

The electretactile stimulator was based @m availablemuscle stimulator circuit design

and panded to include multiple channels and PC control. Wask is described in
Section 4.4.The stimulator was provided with control of frequency and pulse width.
However b accommodate for potential sensory threshold variations around the thigh that
may «ist as a result of nerve distribution, the stimulator aige provided with manual
adjustment of applied current for each electrode. In practice the patient would set the
intensity level for each electrode, during agptand familiarisation pra&ss. Tl intensity

and frequency requiretd produce thelesiredpsychophysical response are investigated in
Chapter 5.Note: The termelectrodeis usedhereto describe a pair of conductors. One

electrode provides orlecalised site otimulation.
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4.2  FeedbackDelivery

Looking at the electrbactile display work described in Chapter 2, information has
previously been coded spatially, such that a stimulus moves across an array of electrodes to
correspond with the movement of a limb; or through graphical omaextymbols
presented to a local area, such as those used in Braille. Movement of the thigh can be
described by three joint anglesp the feedback error signal useds represented
geometrically to correspond with limb movemenatther tharpresenting indrmationusing

a Brailletype display.

Considering the spatial relationship between the movement of the stimulus and the limb,
Buma(2007) developectlectrodesvhich they propose could f@aced on the medial side

of the thigh above the knee, to present knee flexion/extension data tefetransl
amputeesin this arrangement the stimulus movement wdddspatially mismatcéd to

that of the limb, and may hfficult for patients taunderstand

During circumduction the thigh prescribes a path in the transverse plane, and is
characterised by greater thaarmal peak excursion in abduction during swigsrigan,
Frateset al. 2000. It wasassumed that reduction of circumduction could be achieved in
the sagittal and coronal planes arfyoviding feedback about rotation would also require

an additional coding method that may reduce clarity in the information already presented,
this was conslered unnecessaryhe feedback error signal was therefore coded using the
coronal and sagittal hip joint angles, and thigh transverse rotation was neglected. A

consequence of poor thigh rotatioray be seen in foot placement, which can be observed.

The chosen coding strategy is shownHigure 20 and the implementation is discussed in
further detail inSection6.3.8. Atransverse section @f left thigh is shown with electro
tactile electrodes spaced equidistant atbthe leg. The leg is presentedaatinstance in
the gait cycle with the axes representing hip joint flexiextension and

abduction/adductian
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Flexion
anterior
latera medial
posteri(;/r
Abduction Adduction
Extension

Figure20 Scheme for electrode selection and stimalctb/ation

The cross with the square represents the meantvamdstandard deviatianof normal
sagittal and coronal hip anglestaat instant in the gait cycle. The cross with the circle
represents théip posture of thepatient undergoing traininglChe electrode which is to
become activéshown in red)s selectechccording to the anglef the vectorconnecting

the two crosshairs, and stimuli are delivered to that electrode when the vector magnitude
exceeds useset values for both coronal and sagittal plane vector components. The
resulting sensation is that of a sensory boundary ardomdhigh guiding the patient
towards the goals set by the cliniciafhe examplein Figure 20showsa patientwith a

slightly increased hip flexion, and an excessive hip abductisnmay be seen in an

amputee circumducting through swing.

Stimulating directly over sensory nerves may lead to painful localised senshtioksg

at the anatomy ahe thigh (Figure 21) there are primarily 4 superficial and 6 deep nerves
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in the area of interesthe superficial nerves are responsible for cutaneous sensation and
include the lateral cutaneous nerve, the posterior femoral cutaneous nerve and the

intermediate and medial femoral cutaneous nerve branches.

Lateral
cutaneous n.

Posterior
femoral
cutaneous n.

Lateral
cutaneous n.

Medial
femoral
cutaneous n.

Intermediate
femoral
cutaneous n.

Figure21 Superficial nerves of the thigh, in the sagittal plane (left) and coronal plane (Bgidigital
Human2011)

Deep nerves run through the thighclude the femoral, obturator, sciatic, common

peroneal, saphenous and tibial resv

Natural bifurcation and anastomosis variations occur between the axial branches of the
femoral cutaneous nerves in the normal populatidiso no studieswere found that
identify if changedo superficial nerve distributionccurin the amputee populan as a

result of surgery. So it was not possiblectmfidentlysite electrodes in such a way as to
avoid direct placement over sensory neramntrol of stimulation intensity watherefore
requiredfor each electroddocation to accommodate regionaind subjectvariations in

sensory thresholds.
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The level at which the electrode array was to be placed may affect the perception of the
sensory boundary intended by the feedback signals. The efég@ppear best at the distal

tip of the limb, where the femur is prescribibgar ch and O6in contact 6 v
boundary. However th&tump tissue is often moumevenand scarreat the distal end as a

result of surgery. To ensure consistently wittiie amputee cohort the placement distance

was fixed according to easily identifiable bony landmarks.

Following discussion with Prosthetists and Specialist Amputee Physiotherapists at Queen

Mar yds Hospital ( Roehampt on ,dedrayndsachogentot he | o
be 2/3 the length of the stump, measured from the anterior superior iliac spine (ASIS), on a

line from theASIS to thedistalmost aspect of the stump, on the lateral.sides was a

practical compromise between the possibilitiepobr skin contact at the distal end and

reduced relevance of feedback at the proximal end.
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43  Design and Development of Electrodes for Sensory Stimulation

43.1 Requirements

The surfaceelectrodes were required teliver a localised current flow to the superficial
layers of the dermis to cause activation of sensory receptors wehasingpain or skin

irritation.

To minimise irritation and possiblskin damage the electrodesnust not introduce nen
native ions into the skinthey must not react chemically or produce an insulating layer
between the electrode and skifihe conductor material must therefore not kink or
introduce low resistance paths. To achieve this and provideifarm distribution of
current flow across the tissue, it was a requirement to include-adoductive hydrogel as
an electrodeskin interface. Without which uwrent will flow through small regions of
lower resistance (sweat and sebaceous glands, aficepitizelial tears).

Based on the range of stimulation parameters previously reported (Chapter 2) a stimulating
current range of @ 150 mA at120V would provide scope foinvestigatinga suitable
electrode for this applicationThe electrodes and leadmust carry a proportion of the

power, with a1:40 markspace ratio (with a frequency of 80 Hz and 300 ps pulse width).

The dectrode size anthter-electrodespacingshouldpermit aneven number oéquidistant
stimulation sites around the thigh, so that the anterior, lateral, posterior and medial surfaces

of the thigh could be stimulated, in addition to intermediate sites.

To avoid causing an encumbrance to the user, or a distraction to walking the electrodes
must be relatively simple to don and doff by rexperienced usershey must notinduly

press against the skin when placed inside the prosthetic saokdtthe assembled
electrodes, leads and connections must not be cause a vacuum loss in prosthemeuspen

type, or be a trip hazard.
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4.3.2 Electrode design andfabrication method

The electrodes were based on the annular desi@uimaet al. (2007, asshown inFigure
22. A brief investigation was carried out with some prototype electrodes to gain
familiarisation of the desigrto determine what scope there was to use the electrode for
this application, andbtselect the most appropriate sizes.

Inner diameter (D3)

Gap diameter (D2)

Active copper conductor Outer diameter (D1)

Insulating gagpolyimide

Indifferentcopper conductor

e - /< electrode leads

throughhole connections

Figure22 Annular electrode design (skin contact surface facing)

The electrodes can be described in terms of conductor surface areas, ratio of the surface

areas, or the gap width and conductanueters. Electrodes were described according to

the outer diameter (D1), gap diameter (D2) and inner diameter (D3) as shbigarie22.

Given the large combination of electrode sizes that could be generated, a representative

sample was used that could be practically assessed in a short investigation. Three inner

diameters and three gap widths were investigated, and each group wagirdpenés for
different outer diameters, involving investigation of 18 electrodes in teigre 23 and

Figure24 illustrate the effect of changing these parameters.

00®

Figure23 Effect of varyinggap width (referencelectrodesurface area)

000

Figure24 Effect of varying inner diametefactiveelectrodesurface area)
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The choice of outer diameter was a compromise between the required resolution of the
array and the minimum thigh circumference of the user population. Apathological

adult female thigh circumference of 344 mm was u@eéskbles and Norris 1998To

ensure no contact was made between adjacent electrodes around the thigh, an-edectrode
electrode space of 5 mm was considered sufficient allowance for the experimenter placing
the electrodes. Placing electrodes equidistotund the thigh (including the anterior,
posterior, medial and lateralost positions) would require a minimum of 4 electrodes
(requiring 81 mnof spaceper electrode), whilst 8, 12 and 16 electrodes would require 38,
24 and 17 mm respectively. Tharfa@ of the thigh has a TPTT of 46 n{as discussed in
Section 2.4.1), so the smaller electrodes may not present a benefit in terms of resolution
They may alsaexperienceadhesion difficulties. A resolution of 8 was therefore chosen,
and the outer diameteirsvestigated ranged fron83o0 38 mm.

The minimum inner diameter was limited to 6 mm based on Betna&(2007), and three
diameters were selected from 6 to 12 mm. A minimum gap width of 4 mm was chosen and
three gap widths were selected from 4 to 10 mm. The electrode geometries chosen for

investigation are showin Table4.

Table4 Electrodes selected for investigation, groups A, B and C vary in outer diameter, and within each
group either the gawidth varies (top) or the inner diameter varies (bottom)

Al | A2 | A | Bl1 | B2 | B3| Cl | C2 )| C3

Outer diameter D{mm) 33 33 33 35 35 35 38 38 38
Gap diameter DZmm) 14 20 26 14 20 26 14 20 26
Inner diameteD3 (mm) 6 6 6 6 6 6 6 6 6
Gap width (mm) 4 7] 10 4 7] 10 4 7] 10
Active surface aregmnr) 28 28 28 28 28 28 28 28 28
Indifferent surface are@nnt) 541| 324 51| 648| 431| 158 820| 603| 330
Total surface area (mfh 855| 855| 855| 962 962| 962| 1134| 1134| 1134
Al | A | A5 | B1 | B4 | B5| C1 | C4 | C5
Outer diameter (D1nm 33 33 33 35 35 35 38 38 38
Gap diameter (D2nm 14 17 20 14 17 20 14 17 20
Inner diameter (D3) 6 9 12 6 9 12 6 9 12
Gap width(mm) 4 4 4 4 4 4 4 4 4
Active surface areémnr) 28 64| 113 28 64| 113 28 64| 113
Indifferent surface are@nnt) 541| 324 51| 648| 431| 158 820| 603| 330
Total surface area (mt 855| 855| 855| 962| 962| 962| 1134| 1134| 1134
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Fabrication

A flexible printed circit materialwas chosen to provide some flexibility and ease of
construction using standard PCB production methdbs.conductomrmaterialconsised of

two layers of copper (3Bn thick) seperated by a flexible polyimide substrate (50um
thick). The materiawas suppliedraw andnonpresensitised Higure 25), 0 to enable
etching the material was laminated with a dry film photoresist using a standard office
laminator.

Indifferent conductor Active conductor

Figure25 Electrode fabrication: Raw copppdyimide material (left), completed electrodes with hydrogel
and connectionsskin contact surface (middle) and outer surface (right)

A negative resisprocessvas usedWhen exposed tJV light a negative resist becomes
polymerised andharderto dissolve in developefhe resist remains on the surface of the
substrate where it is exposed and the developer solution removes only the unexposed areas.
The mask usedtherefore contaired the photographic negative of the pattern to be
transferred.The board was exposed to UV light for 20 to 30 seconds, fixing the exposed
resist. Apotassium carbonate developiuted with water to 10% was used to remove the
unexposed photoresist. The electrodes were then placed in a tragmighchlorideand

agitaed manually for 20 minutes to remove the unexposed copper. A heated bath was not
used in this case because the material lacked stiffness and would curl into the bottom of the
bath. Finally the exposed photoresist was removed using a concentrated licglmpeev
(SENO 4006 Mega Electronics Ltd, Cambridge UK). It is common in standard PCB
manufacture to apply an acrylic lacquer to protect the copper tracks. A lacquer was not
applied in this case, since conduction at the surface of the copper was requérdchnt

and back kectrode pads were connectesing soldewia pin prick holes and solderdd
insulated wires. The electrodes were pressed during the soldering process to minimise high

spots at the@in prick joints
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Based on thelectrode array developmenbrk of Silveira(2009 a sel-adhesive hydrogel

(AG803, Amgel Technologies Inc, Fallbrook, USA) was used as an elecsiade
interface(Figure 26). Since the raw material waery soft and adhesive it was difficult to

shape using scissors or shears. A sharpened punch was used against a hard surface to cut
the disks and backing material. 300 disks were cut.

Figure27 Assembled electrode array (left) and a selection of electrode sigitg {night)

This fabrication method enabled simple and relatively quick construction of electrodes.

4.3.3 Investigation of electrode diameter

Two asymptomatic male subjects from staff
Biomedical Engineeringolunteeredo take part. Electrodes were placed one at a time on
the anterior surface of thigh of the sedported dominant leg. Stimulation was delivered
using a batterpperated ODF3l Functional Electrical Stimulator (Odstock Medical Ltd,
Salisbury UK). Subjectsvere seated, asked to relax and could not see the stimulator
controls. An asymmetrical biphasic waveform with a frequency of 40 Hz and pulse width
of 100 us was used. Amplitude was gradually increased and the subjects were asked to

respond verbally wherhey could first perceive a sensation. The applied peak current was
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measured and recorded using a current probe (Tektronix AM 503 current probe amplifier)

and digital oscilloscope, and the stimulus was removed. After a brief pause, the stimulus

was again ioreased (visually noting the point at which the first level was passed) and the

subjects were asked to respond when they felt the sensation to be uncomfortable. The

second value was recorded and the stimulus removed. The process was repeated for each

electrode, with pauses between electrodes to examine the skin surface for reddening and

reduce the chances of adaptation. The trial was repeated one week later. Thdoresults

both trials are showhbelow Figure28).

Subject 1- Varying inner diameter
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Subject 2 Varying inner diameter

6| o 2|6 ofw]e] o]l

33mm, increasing inn@5mm, increasing inn@8mm, increasing inner
dia dia dia

Electrodes (A1, A4, A5, B1, B4, B5,C1, C4,

Subject 2- Varying conductor gap
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A
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A Discomfort (trial 1)
@ Discomfort (trial 2)

A Perception (trial 1)
@ Perception (trial 2)

Figure28 Peak applied current perception(blue) and discomfort (red) levels fearying inner diameters
(6, 9 and 12 mm) and outer diameters (33, 35 and 38 top), andvarying gap widths (4, 7 and 10 mm)
and outer diameterbgttom). Values for both trials are shown fBubject 1 (left) andBubject 2 (right)
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Therewas a distinct ah perceptible difference between the perception and discomfort

levels, demonstrating a potentially useful rangere so in Subject 2 than SubjectLgss

variationwas seenn the perception leveih both subjectompared to the discomfort

level. This wa expected, in part due to the subjective nature of discomfort and the
Ssubjectodos repeatability in their own repres:é
threshold levels for each group of three electrodes, which is most notable in Subject 2 and

in the 33mm outer diameter electrode. Since the electrode order was randomised during the

trial this could suggest that the dynamic range is reduced with increasing gap width,

increasing inner diameter and hence increased outer diameters.

The investigatiorwas limitedto only two subjects, both of whom were male and had prior
familiarity with (functional) electrical stimulation. It is common practice in
neurophysiological recordings (in nerve conduction measurements for example) to warm
the limb in a watebath to take into account the temperature response of rsggmalling,
however the temperature was not controlled or monitored in this investigatioa. of

day, prior physical activity anthe use of stimulants (such as caffeine) were not taken into

account. Future work could incorporate control measures for these factors.

The investigation was not designed to investigate the relationships between the parameters
and thresholds. The aim was gain a sense of whether there was scope to use annular
electrodes, and if so to choose an electrgdemetryfor further detailed investigation.

From these results the low variation in the sensation threshold levels and the potentially
useful range betwegperceptionand discomfort levels suggesithe electrodeslid merit

further attention ElectrodeA4 (33 mm outer diameter, 7 mm inner diametggschosen
because, from the limited results, A4 produced a separation between threshold levels and

the threshfals were more consistent in both subjects.
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44  Design and Development oElectro-tactile Stimulator

44.1 Requirements

The stimulator was required to deliver a sensory stimulatiameformwith an output
current and voltagerange that would elicit the expected physiological response from
perception to discomfort. Since the physiological response is also a function of electrode
geometry, the required ranges were not known. So the design was based on a muscle
stimulator design, with the assunapt that the output would have a sufficient range for
more sensitivesensory stimulation. Therefore the stimulator was required to provide a
maximum current outpudf £ 120 mA, a maximum output voltage rangd + 120Va.c,, an

of f resistanoe ©Oedi0Dt ah ea difortibn@o theg waveform

based on Odstock Medical Lt(200§. An adjustable pulse width was also reedi
(ranging from 1 to 300 us) as was an adjustable pulse repetition frequency (ranging from 1
to 300 Hz) Electrical stimulators can operate as constant current or constant voltage
devices.In the presence ofigh impedance loadgesuling from poor eletrode contagt
constant current devices increase the applied vot@ageaintain current density, this has
potential to produce localised high current densitighetow impedance areas under the
electrode, which cacause discomfort. fle stimulator washereforerequired to operate as
aconstant voltageevice, in whichthe applied current is reducedo limit the transfer of

ions across skielectrode interface, the device was required to usghasic waveform

A minimum of 8 channels of stimulationwere required to provide the spatially
symmetrical resolution of the chosen electrode afirapractice al6 channel device was
developed to provide greater flexibility for future wrldn interruptbased emergency
stop button was requirddr the reassrance of the usefm.o ensure the operator or user had
physical control of the output, the stimulation amplitude was to be controlled manually via
potentiometersA PC-based user interface was required to enable conttbestimulator
independent of thdeedback system, foresdtelopment and testing purposé¥ealtime
manual operator control was required to incorporate control of the active electrode
selection and the ability to sweep through the electrodes, control the waveitsen p

width, frequency andtartstop functions and indication of system status through lights or
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PC messagingAs a failsafe measure, handshaking was required between the device and
controlling PC to ensure stimulation was stopped in the event of a physical or software
fault. To reduce the risk of electric shock from the device while in use, the device was
required to incorporate patient isolation and be powered by a bafteeydevice was
designed to comply witlBBS-EN 606011:2006 Medical Electrical Equipmeiit Part 1:
General requirements for safety and HSN 606012-10:2001: Medical electrical
equipmenti Part 2.10: Particular requirements for the safety of nerve and muscle

stimulators

44.2 Circuit d esign

Thepulse amplifiercircuit from anFES stimulator (Odstock Medichtd) shown inFigure

29, was used to generate the stimulation wavef@mositive square pulse is delivered to

the base of a Darlington driver, \@aresistor network. The resistors provide an adjustable
base bias to the driver and control the stimulus amplitude. The Darlington pair acts as a
current amplifier and switches a 9 Volt supply across the transformer (TR1). TR1 steps up
the voltage, provigig a voltage controlled stimulus which discharges through the
electrodes. A fast switching diod®1) protects the Darlington driver when the primary

field collapses.

TR1 ELECTRODE
1 3 1 o
= DS
ZS D1 | Secondary
- BASIE
2 5
1k LTI TRANSFORMER
ELECTRODE_1 [> Q1

FUNTI:C

= LT-700 Transformer TR1
Np Primary turns #45
Ng Secondary turns = 840

Figure29 Pulseamplifier circuit
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Assuming a purely resist i @emnésdshthexdflecttck Y acr o

impe d a n a.gp) ge€hdt the primary coil is given by:

Rb&m =Y 8 — Equation 1

= 1000(45/840)= 3 Y

Assuming no heating losses in the iron core, the voltage transformation provided by TR1
is:

Vs w8 — Equation 2

Where b = 9 V minus one diode drop across the Darlington driver

=y8 — =156.8V

The required peak collector current)(is therefore:

Ic = N Equation 3

2 -28A

This is switched to the transformer primary by the Darlington driver. From the 5V
regulated supply, the base current and voltage are controlled via a potentiometer across the

resistor network giving:

Vg =Vsi 1.4 Equation 4
=0to3.6 V
and Is =0to3 mA

The required2.8 Amp collector current is produced (with-gh= 1000) The resulting
waveform, shown later ifrigure 36, is biphasic and asymmetrical due to first order RL

characteristics of TR1.
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The current transformation across Trl is:

Is ="08 — Equation 5

=c® — =150 mA

The Darlington driver has a rated peak current of 800 mA, however since the waveform is
pulsed at a maximum of 300us the device does not overheat. If a fault were to occur the

Darlington would act as a fuse and prevent longer pulses being deliveregadi¢me.

Control was provided by a PIC16F876a microcontroller (Microchip, Arizona USA). The
circuit outline is shown inFigure 30 (schematics are included in Appendix EThe
16F876a is an-8it CMOS microcontroller in the midange family of Microchip products.

It has 8 kBytes of enhanced flash program memory which ehadstegramming and
debugging ircircuit, using a 35vord instuction set.

Pc

(Windows XP ‘ .
LabVIEW 2011)

Electrode 1

Reset Oscillator

circuit

1

1

1

1

1

1

1

|

1

v \ 4 !

Optical Isolator Micro - e &

:V

1

1

1

1

1

1

1

1

\

pulse —— i

controller | yg. | _ ax Y ) . |

(CVT-232A3) R 26 | !

PIC B2S §§ — [ 1 :

16F876 B5.| ©< |—» N |

B4y 29 = /

Ll = = _> N e e e e e e e e e e e o2 ’
Line driver St —
(MAX233) K < L,
A »

y vy
LEDs

Emergency
stop button

Figure30 Stimulator control circuit
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The stimulatorwas notrequired to store or transmit large pages atad so the memory

requirement wa minimal. The 16F876a provid256 Bytes of EEPROM for data and 368
Bytes of SRAM organised into 4 bankiscontaired general purpose and special function
registers.An exterral crystal oscillator (IQX@2) was provided to enable the PIC to
operate at 20 MHz. An instruction cycle (one fetotecute cycle) takes 4 clock pulses, so

20 MHz providel an internal clock 05 MHz (or 0.2 ps instructions).

The device has a 22 I/@hannels arranged in 3 ports (208 and 1x6bit port) that include

a number of secondary features: 2-Hi0 analogto-digital converters, 2 timers and 2
capturédcompare?WM functions, in addition to a number of firmware and hardware
interrupts. 4 pins &m port B were denultiplexed using a 74HC4514t4-16 line decoder,

to providethe channel selection signals. Theseret hen ANDOGd with a pul s
signal (using a 74HCTO8 quadirdut AND gates) to provide the switching signals

required by the Ddington drivers.

The PIC has a synchronous serial port which can be configured as a Serial Peripheral
Interface or an Intemtegrated Circuit bus, and a Universal Asynchronous Receiver
Transmitter (USART). A USART was defined and connected to a liverdfMAX 233)

to convert between TTL and RS232 signal levels (unlike the MAX232, the MAX283

not require any external components). An interrupt pin (using a change on rising edge) was
used as an input for a manual push button, which was used as an emergency stop. Three
LEDs provided an indication of system staiused indicted a positive supplyoitage,

green gave an output according to the serial communication and hence indicated
communication was taking place, and a blue LED was provided for development and

debugging use. Remaining pins were set as outputs and connected to header pins.

Power vas provided by an 8.4 Volt 1/3Ah PP9-Bld battery (RS22059), which was
regulated using a series positive voltage regulator (MC78M00). Use of a battery eliminated
connection to a mains power supphatient isolationwas also achieved by isolating the
stimulator from the computer using BS-232 optical isolator(CVT-232A-3 CommFront

Communications, Singapore). The isolator was rated at 2500 Vrms for 1 minute. During
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development and testing the stimulator wasnapowered and isolated usingrasidual

current device.

The circuit functions were split across two singided printed circuit boards: one
contaired the digital control functions, the other contdthe analogue amplifiers. They
were housed in a large instrumentation case, with the LEDs dadtjpeneters accessible
to the operator, as shown fiigure 31. One of the output header pins emerged through the

case for use as a tgsh.

Figure 31 Completed stimulator, frontdp) and back fottom)
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44.3 Firmware implementation

Code was developed using the MPLAB v.8.0 Integrated Development Enviro(iDEnt
(Microchip Technology Inc. Arizona, USA) and the CCS c ciengCustom Computer
Services Inc., Wisconsin USA). Both of which are dedicated for the PIC range of
microcontrollers. A PICSTART Plus Programmer was used to program the
microcontroller. The organisation of programming elements and associated filesvis sho
below (Figure32).

MPLAB IDE

C source file .c _l

Compiler
(CCS C compilex

assembly file .asm

: : : Assembler
library files .lib —» (MPASMTM)

Relocatable object file .obj
v

Linker

linker script file .Ist — (MPLINKTM)

Absoluteobject file .hex
A 4

EEPROM Programmer
(PICSTART Plus)

N
-

Figure32 Programming flow for the PIC microcontroller

On power up the stimulator outputs are held low to ensure no transient outputs are sent to
the Darlington driver bases prior to operation. To ensure clarity in the code, a simple state
machine was used with tv st STIMWATINGO a STOPHED , as shown
Figure 33. The stimulator initially enters th8 TOPPEDstate following power up and
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during operatio remains in either state until a new command is received by the PC, or via

the emergency stop button.

Initialise

A

State =
stopped

Get new
command from
PC or user

Change state to

“—| STIMULATING [+ Gommand =7¢;

no

Change state to

< STOPPED Command = "x
s STIMULATING STOPPED
Get value, convert l
«— todecimaland [e—ye Command = "p” Output Hold outputs
change pulse width pulse train low

no A A 4

Get value, convert
«— todecimaland |e-ye
change duty cycle

Command = “b"

no

Get value and
change active  (e-ye
electrode

Command = “e"

A

Figure33 Microcontroller code flow
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Commands were received via the onboard USART port usingntmrupt. Valid

commands were identified as ASCII characters followed by the requested Vahle5).

Table5 Communicaibns protocol: Codes sent from PC to the microcontroller

ASCII code Associated Value Command

Aho None @Gay Helldto PC

Aso None Start stimulation

A X O None Stop stimulation

Apo 0-300 (ps) Change pulse width on time
Abo 0-999999 (us) Change pulsérain off time
Aieo 0-99 Change active electrode

The fisd command pl aSTMULATINGstate,twhengpoh thetootput i n t he
is pulsed i f wvalid waveform par ameftbedr sanhdav e
Aeo) . dommeandiaxnddthe engancy stop button place the stimulator back in the
STOPPEDstate. A characteis sent back to the PC when the emergency stop bigton

used, to inform the operator. The following ASCII characteessent to the PC to inform

the user of system operatiohaple6).

Table6 Communications protocol: Codes sent from the microcontroller to the PC

ASCII code Associated Value Output
A AO none Device is in theSTIMULATING state
i BO none Device is in theSTOPPEDstate
A Co none Emergency stop button pressed
A Do 0-99 Active electrode in use*
A HO none The Halooti sAi sent
* Usedonly duringsystem development, confirmatiofielectrode number unnecessary in normal operation

Handshaking - occurred between the PC and microcontroller to ensure the user had

control of the stimulator. After initialization, a flag was set true each time a valid command

was received by thetimulata and set false after 500snhad expired. Between sending
waveform parameter commands the PC sent Aho
ti mer did not expire and the microcontroll e
RS232 cable was accidentaldetached or a power fault occurred that prevented
communication, the timer expdTORPED dthat et a ma

the PC would inform the user. Stimulation would therefore only be delivered if the valid
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waveform parameters had beeteived, the start command had been given and a valid

command was received every 508.m

Timing T A baud rate o88400bps was chosen, which was found to be sufficiently,high
permittingenough time for approximately 1000 electrode location change&pand(i.e.
38400 bps = 26 pus per bigne electrode changeommandrequired 40 bits = 1ms
including parity and data bjts

44.4 Stand-alone PC code implementation

LabVIEW 2010 (National Instruments, Texas, USA) was used to develop timded
userinterface, as shown belowigure 34). The user had control of the pulse repetition
frequency (from 1 to 100 Hz), the pulse width (from 1 to 300 us) and selection of the
active electrode. Electrode selection was either manually controlled using a dial to allow
continuous transitions betweatectrodes; or through a pset routine that allowed the

user to set clockvise or anticlockwise movement of the stimulus at udefined speeds.
Connection status was displayed, as were the commands sent to and from the stimulator (if

enabled) for devepment.

Automatic control of active electrode (scrolling)

Control lsqmm !
( Frequency (Hz) M
- Ll 120
e \ "=
Frequency and
pulse Width< 140 > Manual selection of
selectors active electrode
Pulse Width (us)
W
410 o ¥
__— System sttus
! START
' | Stimulation EXIT
Ls,& ¢ - — 00000000
; disconnected 00000000
(Frea ¥ x\“) . —_——— .
Commands senti = _ | Commands received
to stimulator\'\, ‘ ‘ <« | from stimulator

Figure34 Stimulator graphical user interface
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The softwae used an evertriven producedonsumer design pattern, to ensure the user
interface and communication functions operated concurrently and in a controlled manner.
Referringto Figure35, after initialisation (1) an event structure responds to user interaction
(buttons presses and mouse movements) by placing each eventqoeue (2) thus
producinginternal commands. Events are reacconsumedrom the queue in parallel to

this, and the appropriate communication takes place with the stimulator (3). Continuous
and independent handshaking occurs throughout (4).

o e e e -

1. Obtain queue
and assert an
6

1 |

1 |

1 |

1 R ) i |

10ini tioal:

1 |

| | : — Producer =

| — —

: | : =] 4] "stop”: Value Change [0] "start": Yalue Change :

| | | [1]"Gauge": Mouse Up ' T

| | X [2] Timeout | 1

1 — : = [3] "exit": Yalue Change 1 1

1 ﬂ"%) nitialise Df-u-]-] ] ; |5t_°PJm|mu'jj o [4]"stop": Value Change 1 b1 ﬂ)j(p !

| - v] [5]"Gauge": Yalue Change _IE L !

1 1 status ! !

] ! " I

1 |
' 5. Destroy,
| queue |
I

NSMIiSSioMm}-!
f [AHO ¢

to migrocontroller

for hapndshaking

-------------------------------------------------- Consumer

3. Reafqueue faltio Error ~}]
anchal dIe event Blstart” ¥ eake Default

“eit"
“start"
“stop"
"tirning"
"electrode”
"Initialise"

: stimulating
-

Figure35 Software control of stimulator
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45  Stimulator Testing

Electrical testing-Before use with subjesthe circuit boards were electrically testdah

thendet er mi ne the consistency of the outputs
purely resistive load was applied across each channel. The stimulator was set to output a 40

Hz pulse with a width of 300 us and the amplitude was manually set to a maximam. Th

output across each electrode load was captured and the pulse widths, peak amplitudes and
frequency were measurdeigure 36 shows the output from eaof thel6 channelsTable

7 shows the measured values for pulse width and peak amplitude. The frequency was
found to be consistently 40 Hz as expeécte

Stimulator outputs

120
100 e

80 e
60 ™y

Voltage (V)
rD
o

D el LLLL UL

20 93 185 277 389 461 $53 B45 737 B 289 1381 1473 156
-60
-80

Time (us)

Figure36 Output from stimulator across 1kOhm load (all 16 channels are shown superimposed)

Table7 Waveform characteristics for each channel across a 1kOhm load
Channel 1 2 3 4 5 6 7 8
Pulse width (us)* 299 299 299 299 299 299 299 299
Amplitude (V)| 121.3 | 109.2 | 109.2 | 107.7 | 107.7 | 110.7 | 107.7 | 107.7

The pulse width was consistently measured to be 298 gasurements weraadeusing

the digital oscilloscope PBased software Picoscope2l (Pico Technology Ltd, UK).
The availableresolution with the cursoon screenn this case only permitted accuracy
within 2 or 3us, and approximately 2 V (when the zoom window covered the complete
signal). The amplitude ranged from 107.7 to 121.3which is a difference of 13.6 Volts

or 6 % variation across all channels. Again given the grouping of the values around 107.7
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and 109.2, it is possible this falls withthe achievable precision of the measurement
software.The shape of the waveforms remgd consistent and as predict&dhally to
ensure no crosslk between channels, each stimulator output was viewed whilst adjacent

electrodes became active. No crtes& was found.

Software testing In addition toa firmware loopback test, a numbeaf software checks

were carried out. The function of each operator command was checked whilst observing
the pulse trains of commands sent to and from the stimulator (known as white box testing).
Attempts were then made to cause software faults througlstradss testingOperator
functions were rapidly and repeatedly called, and in random orderviioihfields were
entered into all controls, for example the pulgdth values were limited to prevent the
Darlington drivers overheating. To ensure the liketid of stimulation being delivered on
startup, the starup process was carried out under a number of different fault and false
conditions. For example: without PC control. The system was found to perform as
expected, and found to be robust to unplanmeeration. This is in part due to the tight
control of the user interface (user buttons were only made visible and active when
appropriate, and all controls had fset limits defining their range of operation), and in
part due to the combination of usiagstate machine in the microcontroller and an event
driven producer/consumer design pattern, both of which force a clear path through the code

without the use of ambiguog®to commands or program branches.

Safety testing Medical devices are requireéd comply with the EU harmonised standard
BS-EN60601 Whilst the stimulator is not a medical device, i important to ensure
comparative safety testing was carried out before the stimulator was used with human
participants. In addition to the functiontdsts described above, a visual inspection was
carried out internally and externally to identify faults. The inspection included a check of
the following and no faults were founddamage or cracks to the enclosure; cuts in the
cabling, misconnections, egped wiresor incorrect colour codingmarking andlabelling
integrity of the fasciathe integrity of or obstructionsto the electrode connectors and

emergency stop button
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51 Introduction

A stimulator and surface electrodeave beerdeveloped (as documented in Chapter 4)
which ae capable of delivering an electiactile sensation via the skin surfadée broad

range of design parameters that govern the nature of the stimulus was narrowed down
during the design proces$his Chapter presents a study that examined the ability of
healthy individuals to perceive electtactile sensation around the thigh, with three
stimulation frequencies, under a range of movement patterns; and in doing so assessed the
suitability of the stimulator to deliver perceptiblefeedback stimulus. Resslfrom this

study informed the choice of parameters used in the biofeedback training system.

For the electrdactile sensation to have practical utility as a feedback stimulus for gait re
training, the user must be able to discriminate the locationffefeint stimulation sites on

the skin surface and the movement of the stimulus around thi¢ ie@lso very important

that the sensation does not cause discomfort or harm the user, and so is required to have a

wide dynamic range.

The waveform parametengquired to produce a comfortable sensation vary according to
the area of the body being stimulated, due to difterapedance pathseceptive fields
and receptodistribution in different regions of the bo@aker, Wederictet al.2000. The
parameters required fmroduce acomfortable sensation on the thighparticularare not

known.

The parameters include pulse width and amplitude, and pulse repetition freqBetity.
pulse width and amplitude influence the magnitude or intensity of the sensation
experienced. A pulse width dfo0 us was used throughout the development and fixed,

while variation in intensity wagrovided by manual adjustment of the amplitude.

The pulse repetitionréquency influences theature ofsensation felt by the individual
(sharp or dull sensations for examplaipd is limited to the refractory period of a neuron
The refractory period is thime taken for a neuron to repoke;i anddiffers for different

nerve types in the region of 100 ms to 1 ms (10 Hz to 1 KHujora and Derricksn
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2009. Snce the influence of pathologgn the refractory periods not known the

frequency was limited t@00 Hz and frequencies of 40, 60 and 80 Hz were investigated.

The ability to discriminate an electtactile stimulus must not diminish ihé presence of
noise, such as the background neuromuscular activity produced during different
neuromotor conditions. There may be a possibility that the level of neuromuscular activity
has a masking effect on the perception of the sensation. If this eecase, there is a risk

that a stimulus which is set at a perceptible and comfortable level whilst walking may
produce a sensation which rises to a painful level when the wearer of the training system

comes to a stanstill.

Three movement conditions veetherefore considered which wempresentative of the
range of neuromuscular activities experienced by patients during daily living: With the
subject supine, during concentric knee flexion and extension tasks and finally during
treadmill walking. Duringhe supine condition the legs were unloaded and it was assumed
there was no neuromuscular activity. This condition was intended to reflect situations
where the subject is stationary. The treadmill walking condition was intended to reflect
natural walkingand the associated level of neuromuscular activity. Finally it was believed
that a higher level of neuromuscular activity would be produced during active concentric
contraction tasks compared to the activity during walking. As such the knee
flexion/extensdn conditions were included for claritfhese conditiongould highlight

any masking effect if one exists.

5.2  Objectivesand Hypotheses

This studysought todetermine if thesensorystimulator developed in Chapter 4 wa
capable of producing comfortablerange of electrdactile sensatios on the thigh of
healthyindividuals,betweerthe thresholds gberception and discomfort, and to determine
if the normalneuromuscular activitgenerated during different lower limb movements

enhances or diinishes the ability to seesand discriminate the stimuli.
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The following null hypotheses argresented,encompasag the three neuromuscular

conditions:

Unloaded (supine)

1.

No range of sensation exists on the thigh of-aomputees between perceptnd
discomfort, for each electrode location, in subjects undergoing no muscle activity
Subjects arenot able to discriminate between different stimulus locations while
exerting no muscle activity

Subjects araot able to discriminate different speedf stimulus movement while
exerting no muscle activity

Subjects arenot able to discriminate different directions of stimulus movement

while exerting no muscle activity

Isometric knee flexiovextension contractions

5. No range of sensation exists the thigh of noramputees between perception and
discomfort, for each electrode location in subjects performing an isometric knee
flexion movement

6. No range of sensation exists on the thigh of-aomputees between perception and
discomfort, for each electrode location in subjects performing an isometric knee
extension movement

Walking

7. No range of sensation exists on the thigh of-aomputees betves perception and
discomfort, for each electrode location in subjects walking on a treadmill

8. Subjects arenot able to discriminate between different stimulus locations whilst
walking on a treadmill

9. Subjects araot able to discriminate different spes of stimulus movement whilst
walking on a treadmill

10. Subjects arenot able to discriminate different directions of stimulus movement

whilst walking on a treadmill
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5.3 Method

5.3.1 Study design

Each null hypothesis was tested individually with the correspondingly numbered tests
show inTable8. Each test is described in detailSection5.3.3.

Table8 Summary of conditions, variables and tests within the study

Null Condition Independent Dependent variables
Hypothesis / variables
test number
(see §5.2)
. . Peak current perception (mA)
1 Supine Perception thresholds Peak current discomfort (mA)
2 Supine Stimulus location Pass / Fail (actual / response)
i
.5 3 Supine Stimulusspeed Pass / Fail (actual / response)
0
0
% 4 Supine Stimulusdirection Pass / Fail (actual / response)
: Peak current perception (mA)
5 Kneeflexed | Perception thresholds Peak current discomfort (mA)
Knee . Peak current perception (mA)
6 extended Perception thresholds Peak current discomfort (mA)
7 Walking Perception thresholds Peak current perception (MA)
~ Peak current discomfort (mA)
S 8 Walking Stimulus location Pass / Fail (actual / response)
k)
(%]
$ 9 Walking Stimulusspeed Pass / Fail (actual / response)
10 Walking Stimulusdirection Pass / Fail (actual / response)

The studywas carried out over two recording sessions. For perception threshold tests

(Tests 1 and 5 to 7), the peak current applied to each electrodere@sated measure at

both thre

Within each test the stimulus delivery sequem@s manuallyrandomisedbeforehand
each condition was repeated twie@d randomly included no stimulus conditiondo

improve the robustness against validity threats such as type | and 1l sponses. Deles

shol d

|l evel s.

For

al | ot her

tests

between stimulserveal to help mitigate against sensory adaptation and learning effdots.
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experimenter blinding was used but precaution was made to ensure the subjects could not

see the computer screen controlling stimulus delivery.

5.3.2 Participants

It was assumedthat unlike vascular amputees, the remaining proximal somatosensory
pathways of traumatic amputeese unchanged bythe pathology and surgery, and
conclusions from healthy neeimputeesn this studycan be extrapolated to the traumatic
amputee populatiorDhillon and Lawrence examined the retention of motor and sensory
nerve function in patients following amputation, using percutaneous intrafascicular
electrodes to record and to stimulate nerves in upper and lower limb amputees ugdergoin
stump revision surgery. They were able to record volitional motor activity associated with
the missing limb(Dhillon, Lawrenceet al. 2004). They also found that distally referred
sensations of touch, joint movement and position could be produced in all subjects. In a
similar study of eight abovelbow traumat amputees Dhillon found similar perception
thresholds to those previously reported, and which remained relatively constant over the
course of the two week study, even in one case of a patient 30 years post operative
(Dhillon, Kruger et al. 2004. These studies suggest the assumption is reasonable and
traumatic amputees do retain sensoryrvee function which is similar to healthy

individuals.

Inclusion/exclusion criteria- Volunteerswere screened for the inclusiosnd exclusion

criteria using the screening questionnaiweAppendix B. Subjectssought wereover the

age of 18&nd reportecho issues that affected their gait or ability to participate in the study.

So subjects with the following issues were excluded: visual, auditory or vestibular
impairments, those with injury that limit movement, or require the use of mobility aids.
Commonlycited contraindicators to the use of electrical stimulation were also applied, as

a conservative precaution. Subjects who experience seizures (managed or otherwise) were
excluded, as were those with known cardiac arrhythmias, hyerreflexia, and implanted
electrical devices. Pregnant subjects were also excluded. If subjects were unwilling to

confirm pregnancy for example, for whatever reason, they were excluded.
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Finally subjects were sought with healthy skin and sensory nerves, so those with
dermatological conditions and nervous system pathologies (such as nerve entrapment or
peripheral neuropathies) were excluded. Some individuals approached did not meet the

criteria, in which case the reason for exclusion was provided.

Sample size In common with similar studieiBuma, Buitenweget al. 2007 Walter
Watsh, Weisst al. 2009 a minimum of 12participants weresought. A dropout rate of
40%was taken into account, requiring 20lunteers.

Participant timecommitment- Due to the number of testsirried outandparticipanttime
constraints, the tests were conducted in two separate sessions. Tests 1 to 6 were carried out
in Session 1, whilst the treadmill walking tests (7 to 10) were carried oBéssion 2.
Subjects were therefore askedp@articipate intwo 3-hour sessions ovdwo consecutive

weeksin May and June 2011.

Recruitment- Participants were recruitedfdom healthy individuals within the population

of staff and students at the University of Surrey.

Ethical consideration- Favourable consideratiowas received fromthe Universityof
Surrey Researckthics Committeeprior to subject recruitment. The ethical and safety

issues that were considered are discussed in App&hdix

5.3.3 Intervention

The sensorystimulatordeveloped in Chapter 4 wased to deliver a loer level sensory

stimulus to the surface of the skin throwegth of the eighglectrods.

During each visit full instructionsvere given and subjectsere asked to complete the
health screening questionnai(@ppendix B). Prior to seeking consent, subjestere
briefed about the study amformedof the risks and benefits of taking paahdtheir right
to leave at any time without prejudice. Informed written consexrgsoughtand obtained

in all cases (AppendixX2). The subjectvas givena copy of the consent form and allocated
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an identifier code whichwas used hereinaftelThe consent form and the screening
guestionnairaverethe only identifiable documents ameere handled and stored securely
in accordance withthe Daa Pr ot ecti on Act 1998, the Unive

Data Protection Principles, fordlduration of thigproject.

Subject Preparation Subjectswereasked to change into shari#/ith the subject laying
supine on a plinthhie thigh lengtrof the dominant limb was measur&dm the anterior
superior iliac spin€ASIS) to the ipsilaterdhteralfemoral epicondyl@nda mark @) was
made with a noipermanent pen at 1/3 distance from the lateral femorabegyle(Figure

37). This marked theositionwhich the electrode array would be used.

Figure37 Measurement of limb length (left) and marking antenmst aspect (right)

The most anterior aspect of ttiegh (0) was identifiedoy eye and marked level witiz ).
This was the position of electrode Since the testing was carried out over two session
the distancebetween the two mark&as recorded as a measure of electrode placement

repeatability

115



Chapter 5: Study 1 Evaluation of electrdactile sensation in healthy subjects

The circumference of the thigh wisenmeasured using a tape measiit®e surface of the
limb wascleaned with an alcohol wipend using a diviahg calliper set at 1/8 of the thigh
circumference Electrodes A4 (referred to in Section 4.3.3, with a 33 mm outer diameter

and 7 mm inner diameter) wepdaced around the thigh starting with electrode one over

the anteriormostmark ©) (Figure38).

ANTERIOR

3 |LATERAL

POSTERIOR

Figure38 Measurement of repeatability marks (left), electrode humbering (centre) and placement of
electrodes (right)

A ATubigripd support bandage was then placed
prevent the subject inadvertently touching the electoflethis stage the subject was not

connected to the stimulatorh& operation of thetimulatorstop buttonvasdemonstrated

to the participants and thgyermitted to use it aany time. An opportunityvas also

provided for subjects to use the device @mdupervision to get an idea of what electro

tactile sensation feels likeWhen the subject had no further questions and was happy to

proceed testing began with test 1. The test descriptions below are grouped into types for

clarity, but in practice the $&s were conducted in the order describeTahle8.

Sensation threshold tests

Supine, relaxed (Test 1)- Participantswere asked to lay supine @nplinth with their
anklesresting onthe padded headrestised to ensure the posteriorfage of the thighwas
not in contact with the plintliFigure 39). This posture was assumed rmnimise skin
receptor activity on the posterior surfamithe thigh. Participant remained in that posture

for 1 minute, to allow adaptation of the area under the bandage. Participants were then
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asked to respond verbally when they first perceived a sensation and again when they felt
the sensation was uncomfdste. Whilst observing the subject, a stimulus was applied for
approximately 2 secondse each electrode usingpalse widthof 100 psand one of three
pre-determinedrequendes The intensity was gradually increased utiié first response

was given.At that level thepeak applied current was measar and the stimulus was
removed. The ascent was then repeated and the mean of two recordings was taken. The
stimulation was then removed for 5 seconds and the intensity wastneased until the
subject gavdahe second respons@ he currentamplitudewas recorded and the stimulus
removed again this was repeated and the mean takke processwas repeated foall

eight electrodes using@erandomised sequence of electrode locations, and repeated for
each frequency, in the order 60, 40 tB&Hz.This test required 96 threshold levels to be
taken for each subject.

Seated knee extendedTest 4)- Participants weraskedto sit on the dge of the plinth

and respond in the same manner as Test 1. With hands away from their legs, participants
were asked to maintain their leg in an extended position while the stimulus intensity was
increased. When the threshold was reached the leg wasdd¢fagare 39). A pause of 5

seconds was provided between each ascent. The proassgpeated for each frequency.

Only dectrodes placed over the aribr aspect of the thigh (electrodes 1, 2 andv8je
assessed, because contracting muscles were of interest. This assumes any neuromuscular
activity in the posterior compartment of the thigh would not have an effect on the threshold
levels of the anteriosurface. Following the teste participantwaspermitted to rest in a

chair for 5 minutes before proceedinghe next test

Standing, knee flexeqTest 5)- Participans wereasked to stand next to tipdinth. Using
the plinth for supportif required, participantsflexed their knee to approximately 90
degreeqFigure 39). Thesame recordingrocedureused previously in Test 4 wasirried
out, assessing the response to stimulatibiis timeover the posterior aspect of the thigh
(electrodes 45 and 6). The subjectwasthen permitted to rest in a chair for 5 minutes

before proceeding tihe next test
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Walking (Test 6)- Participants were asked to walk at@mfortable selfselected walking

speed on &VoodwayPPS medical treadmill (Woodway Inc, USA) facindplank screen
(Figure39). Participants unfamiliar with walking on a treadmiieregivenan opportunity

to gainfamiliarisationbefore the studyAll subjects were attached to the emergency stop
cord and shown the correct operation of the treadmill contiidie same recording
procedure previously used began once a comfortable walking speed had been established.
Stimuli were presented at approximateleh contact of the dominant limb (determined
manually) and remained present for 5 strides. Subsequent stimuli were delivered 5 strides

after the previousThe subjecwaspermitted to rest in a chair for 5 minutatsthe end of
the test.

Figure39 Postures from left to rightsupine with leg raised, seated with leg relaxed, seated with leg
extended, standing with leg flexed, treadmill walking

Stimulus Location Tests

Supine (Test 2) For each electrode locatidhe midpoint value between the threshold of
perceptionand the threshold ofliscomfort (previously determined in Test 1) was
calculated and each stimulation channel was set at that value. Participants were asked to
remain laying supine and were given a @aed, similar to that shown in the centre of
Figure 38. After a brief demonstration of the cue card numbering, participants as&esl

to indicate whee the stimulationvas felt by responding with the electrode number. Stimuli
were applied to each electrode location in a-getermined random sequence for 2
seconds,pausing for 1 second between each stimulus applicalibe. response was
recorded asormect or incorrectThis was repeated twice using different random sequences

and repeated for each frequency value, in the order 40 Hz, 80 Hz then 60 Hz.
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Walking (Test 7)i The stimulation channels were set at the midpoint value between the
threshold of sensation andiscomfort as determined in Test 6. A cue card was placed in
front of the participant, and they were asked to continue walking at their comfortable self
selected walking speed. Stimuli were applied to each electrode location, in-a pre
deternined random sequence, at heel strike of the dominant limb and were maintained for
5 strides. Subjects responded by calling out the corresponding number as shown on the cue
card. This process was repeated twice using different random sequences and fepeated
each frequency value.

Stimulus Movement Tests

Supine (Test 3} With participants remaining supine, stimulation was applied at the mid
point intensity level and move around each electrode in order, at three different speeds:
Aisl owo, i nfeddsit uarnlockmasa and counteslockwisedirectionaround the

array. The medium speewas setat 1.0 m/s which is an approximate normal walking
speed and that which the system is expected to operate in Wiehcompletedeedback

loop. Slow and fastvereset at 0.5 m/s and 2.0 ntsspectively After a demonstration of

the speeds and directions, subjects were askeddioate thespeed and direction of
rotation. A random sequence of 12 speeds and directions was used. Reponses were

recorcedas corrector incorrect The process was repeated twice for each frequency.

Walking (Test 8)- The stimulation channels were set at the-puodht value between the
threshold of perceptioranddiscomfort as determined in Test 6. Participants were asked to
continuewalking at their comfortable se#felected walking speed. Moving stimuli were
applied in clockwise and countelockwise directions at three speeds, commencing at heel
strike of the dominant limb and were maintained for approximately 5 strides. Subggets w
asked tandicate thespeed and direction of rotation. A random sequence of 12 directions
and speeds was used. Reponses wasrerced as correct or incorrecand the process was

repeated twice for each frequency.
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After all teststhe electrode were renoved and the skin condition was examined
Participants were rpvided with alcohol wipes to clean thpen marks and given an
opportunity to sit and discuss their observations with the investigator.

5.34 Success criteria and analysis

Null hypotheses mgarding the presence or absence of a threshold rdmges, 5, 6 and
7) were rejectedf separatiorexisted between the thresholds pérceptiorand discomfort
for individual electrode locations for 95% of the sample populabtuil. hypotheses 2, 3,
4, 8, 9 and 10were rejectedf 95% of the population achietlea pass rate greater than
80%.

For practical use it was also desirable to determine which frequency produced:

(i) The greatest separation between threshold and discomfort

(i) The lowestvariaton across electrodes and tasks

(i) The smallest difference between supine and treadmill task at discomfort level
(iv) The easiestensatiorio discriminate

(v) The most favourable sensation

120



Chapter 5: Study 1 Evaluation of electrdactile sensation in healthy subjects

5.4

Results

5.4.1 Participants

Thirteen subjects matched the selection criteria and participated in the study, all completexddrop outsThe individual anthropometrics

are shown belowT{able9). Descriptive statistics for the group are showmable10.

Table9 Individual subject anthropometrics

Subject Gender Age | Dominant Height Weight BMI Femur length | Thigh circumference | Seltselected walking
leg (m) (kg) (kg/m?) (mm) (mm) speed (m/s)
1 F 25 R 1.62 53 20.2 430 458 1.03
2 M 32 R 1.76 73 23.6 520 529 1.04
3 M 31 L 1.87 95 27.2 565 560 0.84
4 M 31 R 1.86 79 22.8 575 489 1.09
5 F 28 R 1.79 77 24.2 546 478 1.10
6 F 22 R 1.63 54 20.3 432 429 0.73
7 M 22 R 1.79 71 22.2 510 473 1.62
8 F 31 R 1.69 58 20.3 473 463 0.80
9 M 24 R 1.73 68.5 22.9 538 482 1.20
10 M 24 R 1.91 77 21.2 574 505 1.16
11 F 32 R 1.59 52.5 20.8 481 393 0.75
12 F 22 R 1.66 69 25.0 482 519 1.30
13 F 28 R 1.60 52 20.3 485 445 0.79

n=13 (6 male, 7 female), 12 right leg dominant, 1 left leg dominant
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Table10 Groupanthropometritatistics

Min Mean Max
Age Population 22 27 35
Male 22 27 35
Female 22 24 32
Height (m) Population 1.59 1.73 1.91
Male 1.73 1.82 1.91
Female 1.59 1.65 1.79
Weight (kg) Population 52.0 67.6 95.0
Male 68.5 77.3 95.0
Female 52.0 59.4 77.0
Body Mass Index (kg/ni) | Population 20.2 22.4 27.2
Male 21.2 23.3 27.2
Female 20.2 21.6 25.0
Thigh Circumference Population 393 479 560
(mm) Male 473 506 560
Female 393 455 519
Femur length (mm) Population 430 509 575
Male 510 547 575
Female 430 476 546
Walking speed (m/s) Population 0.73 1.03 1.62
Male 0.84 1.16 1.62
Female 0.73 0.93 1.30

The mearrelative errorof placing the anterior electrode with respect to the thigh axis
centreline Figure 37) between recording sessions was 2.7 mihe poorest repeatability

was 9 mm, in subject T ablell).

Table11 Repeatability measurements of electrode placement

Subject 112 |3 |4 |5 |6 |7 |8 |9 |10|11 |12 |13
Measurement 1 (mm) 36 |66 | 72|67 |50|25|55|54|83|45 |63 |56 |38
Measurement 2 (mm) 36|68 |70|61|59|27|57|56|82|48 |61 |54 |35
Absolute diff. (mm) 0O |2 |2 |6 |9 |2 |2 |2 |1 |3 |2 |2 |3
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5.4.2 Overall group patterns

The following plots show group mean responges the perception and discomfort
thresholds,presented for different movement tasks, electrodmbers and stimulation
frequencies. Group variatiosd the separation between threshaldsshown in the next

sectiors and individual subject data are includedAppendix 1.
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Figure40 Perceptionbottom) and discomfort thresholds (tf)eachelectrodetaskand frequency (with 40
Hz shown in red, 60 Hz in blue and 80 Hz in gred&lote: only electrodes 4, 5, 6 and 1, 2, and 8 were
assessed in the knee flexion / extension tests
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5.4.3 Separation between goup meanperception and discombrt levels

The bands between the perception and discomfort levels for the supine and treadmill
walking tasks are shown iRigure 41. The maximum, mimum and mean values are

given, indicating the extent of overlap between bands in some cases.
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Figure41 Groupmeanminimum and maximum perception (blue) and discomfort threshold Igesls
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5.4.4 Variation in group threshold levels

The variation in group mean thresholds are shown beffogu(e 42) and overleafRigure

43). Maximum, minimum and mean values are given for each frequency.
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Figure42 Variation indiscomfort(top) andperceptionbottom) threshold levels for eaelectrode and
frequencyduring supine, walking and knee flexion / extension ta4@dz is shown in red, 60 Hz in blue
and 80 Hz in green
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5.45 Difference between supine andreadmill task at both threshold levels

The group mean threshold levels are shown for each Fagpkré43).
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Figure43Mean groupperceptiorand discomfort threshold levels 46 Hz, 60 Hz and 80Hz argéch task
(The supine posture is shown in blue, knee flexed in pink, knee extended in green and treadmill walking in
red)
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The range and standareé\dation of the upper and lower threshold levels is represented
below, for each movement taskd frequencyTable 12), results are averaged across the
cohort and electrodeShe ratio between the threshold levelsiso shown by gender in

Table 13, and themean difference between the supine and treadmill tésksach

frequencyare given infable14.

Table12 Group lange and (SD) of threshiblevels, and difference between group meanggion and
discomfortthresholdevels across all electrode®or each frequency and movement task

. Knee Knee .
Supine extended flexed Walking Mean
Discomfort | 40 Hz 97 (22.2) 79 (20.0) 91 (23.8) | 88 (22.5) 89 (22.1)
range (and | 60 Hz 101 (18.2) | 92(21.3) 76 (19.5) |91 (21.2) 90 (20.0)
SD) 80 Hz 78 (16.4) 77 (18.5) 91 (18.4) |87 (18.7) 83 (18.0)
Perception | 40 Hz 24 (4.7) 14 (3.9) 20 (5.2) 40 (6.8) 25 (5.2)
range (and | 60 Hz 20 (4.6) 33 (5.3) 27 (5.8) 34 (5.7) 29 (5.4)
SD) 80 Hz 27 (4.7) 16 (3.7) 25 (5.9) 25 (18.7) 23 (8.3)
Diff 40 Hz 32 32 40 38 36
e [60Hz 27 30 35 35 32
80 Hz 24 30 31 32 29

Tablel3 Ratio of discomfort to perception for each frequency and task (group mean values are shown)

Supine 40 Hz | 60 Hz | 80 Hz Treadmill walking | 40 Hz | 60 Hz | 80 Hz
male| 3.59 3.49 3.30 male| 3.07 3.23 3.07
female| 3.15 2.98 2.91 female| 3.37 3.45 3.30

both| 3.35 |3.21 | 3.09 Both | 3.23 3.35 3.19

Knee flexed | 40 Hz | 60 Hz | 80 Hz Knee extended 40Hz | 60Hz | 80Hz
male| 4.03 3.22 3.00 male| 4.09 3.94 3.89
female| 3.41 3.14 | 3.13 female| 3.54 2.89 3.24

both| 3.70 | 3.18 | 3.07 Both | 3.79 3.38 3.54

Tablel4Difference between treadmill and supgreupmean threshold levels

Difference at discomfort
threshold level (mA)

Difference at perception
threshold level (mA)

40 Hz| 12 4
60 Hz | 12 4
80Hz| 11 3
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5.46 Ability to discriminate stimuli, location direction and speed

During the supine trials, the stimulus locations weoerectly identified 96%, 98% and

99% of the time for 40, 60 and 80 Hz respectively (expressed as group mean percentages).
The noRr100% scores were attributable to 4 of the 13 participants. The stimuli direction

and speed were identified 100% of the time.

5.47 Participant responses regarding electretactile sensatiors

All of the comments made by participants are recorded@laible 15. Eight participants

commented omhe sensations experienced during sbpine taskand threecommented on

sensations experienced during treadmill walking task

Table15 Participant comments regarding sensations

Frequency Comment (and task) Electrode Subject
(Hz) number
Muscle stimulation felt (supine) 4 5
More 'vibration' and definite at low intensities than 60H All 5
(supine)
Tickled (supine) 5 6
40 Prior sensation of pressing before vibration (supine) All 7
Sudden onset of discomfort approaching higher level 5 9
(supine)
Worse before initial contact (subjects slowest walking 3 6
speed, treadmill)
Smoother than 80 Hz (supine) All 5
Preawareness of stimulation before stimulus felt (supit All 6
Produces more specific sensation compared to 80 Hz All 6
60 (supine)
Pins and needles in contralateral leg at same location All 8
(supine)
Very different sensation at upper legelmpared to the 6 3
rest (treadmill)
Blunter than 40 Hz (supine) 2 1
Least favourite electrode position (supine) 5 6
80 Not nice (supine) 5 11
Pin sensation felt immediately (treadmill) 7 5
Generally an unpleasant frequency (treadmill) All 6
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5.48 Gender differences

Perception and discomfort thresholds by gender are shown bElgurd€44) for supine
and treadmill walking tasks, and each electrode.

Supine Treadmill walking
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Figure44 Perception and discomfort thresholds by gerfohaie is shown in blue, femaile pink), for
treadmill walking and the supine posture, dacch frequency and electrode

56 Discussion

Subjects were within the normal to overweight range according to body massfandex
nonamputees(McEwen 200%. Body mass index has limited use in the amputee
population, due to variatn in the mass of tissue removed and prosthetic component
weights. As such it was not possible to assess how representative the participants are of the
amputee population without the use and availability of body composition data for the
amputee populatiomMo reference anthropometric data were found for the other parameters

measured using the same landmarks.
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Repeatability of placing electrode one between the two sessions ranged from 0 to 9 mm
with a mean difference of 3 mm. The maximum difference occumrexlibject 5. There

was nothing remarkable about this subjeetinthropometrics to suggest a cause for greater
human error; and this error did not appear in the discrimination ability and thresholds
levels of subject 5 (they were within 1 standard dewumatibthe group results).

Looking at the absolute perception and discomfort threshold levels, it can be seen from
Figure 40 that the frequencies within tasks follaasimilar pattern across the electrodes,

with a dip occurring at electrode 7 during the treadmill walking task. The order of
electrodes stimulated was randomised, so any familiarisation effect would not appear in
Figure 40. Electrode 7 was placed medially on the thigh, which is the closest electrode
location to a cutaneous nerve (the intermediate cutaneous nerve). It could be suggested that
the medial surface is the stosensitive aspect of the thigh, and responsible for this dip,

however this is not as clear in the supine posture.

55.1 Separation betweenperception anddiscomfort threshold levels (i)

There was a separation between tieanthresholds of perception and discomfort in all
subjects, for all electrodes, tasks and frequencies as shawigure4l. As such the null

hypothesis 1, 5, 6 and 7 veerejected:

1. No range of sensation exists on the thigh of-aomputees between perception and
discomfort, for each electrode location, in subjects undergoing no muscle activity

5. No range of sensation exists on the thigh of-aomputees betweeremeption and
discomfort, for each electrode location in subjects performing an isometric knee
flexion movement

6. No range of sensation exists on the thigh of-aomputees between perception and
discomfort, for each electrode location in subjects perlfognan isometric knee
extension movement

7. No range of sensation exists on the thigh of-aomputees between perception and

discomfort, for each electrode location in subjects walking on a treadmill
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The mean difference between the thresholds of pgocepnd discomfort was great€40

mA) in the knee flexion task when 40 Hz of stimulation was applied; and Iq243shA)

in the supine task when 80 Hz of stimulation was applied. The band between thresholds
was also higher in the other tasks requiringsaote activity, compared to the no muscle
(supine) condition, which could be attributable to higher discomfort thresholds in tasks
requiring muscle activity. Fromable12 it can be seen that the band between perception
and discomfort decreases with frequency, this is unrelated to the task, electrode location, or
anthropometric factors. This is also seenTable 13, where the ratio of discomfort to
perception decreases with frequency in all tasks. The discomfort/perception ratio across all
tasks and frequencies is 3.3 (or approximately 5 dB). This falls within the range quoted in
previous work for other body regions, with 1.5 at the fingertip to 10 at the abdomen
(Kaczmarek, Webster J.@t al. 1991). This is amorelimited dynamicrange compared to

other sensesauditionhas a dynamic range of 120 dB and the eye 7@@®zmarek and
Bachy-Rita 1995.

55.2 Variation in threshold levelsacrossfrequencies,electrodes and taskgii)

FromTable12it can be seen that the spread of threshold levels is greater at the discomfort
level than at the perception lev@lith mean variationscross taskef 6 mA and 20 mA at
perception and discomfort respectijelyrhis was to be expecteahd may be due to
subjective nature of defining discomfort and repeatedly reaching that definition. No
discernable patterns in variation were found across tasks, electrode location, or in relation
to anthropometric factors. The lowest variation in thré&stevels occurred witl80 Hz at

discomfort and 40 Hz at perception.

5.5.3 Difference between supine and treadmill task at discomfort levélii)

Perceptionand discomfort thresholdsvere higher duringthe tasks requiring muscle
activity than the supineask, notably irwalking as shown irFigure43. This could suggest
muscle activity diminishes the discomfort level. However the knee extension thresholds are
closer b the supine thresholds at both levels. No relationship with observed with electrode

location or frequency. The smallest difference between the supine the treadmill threshold
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levels occurred at 80 Haoth for perception(with a 3 mA differencepand discomfort 11

mA difference).

55.4 Ability to discriminate stimuli, location direction and speed (iv)

Subjects found it easy to discriminate the stimuli, as was se&edtion5.4.6. Where

mistakes were made, some subjects made correctionseito pievious answers, once

subsequent locations and patterns were applied. The small errors that were reported are

t hought to be attributable to the participar
leg, and not the physiological detection of genuli. Null hypotheses 2 td and8 to 10

were therefore rejected:

2. Subjects arenot able to discriminate between different stimulus locations while
exerting no muscle activity

3. Subjects arenot able to discriminate different speeds of stimulus eme&nt while
exerting no muscle activity

4. Subjects ar@ot able to discriminate different directions of stimulus movement while
exerting no muscle activity

8. Subjects arenot able to discriminate between different stimulus locations whilst
walking on atreadmill

9. Subjects aranot able to discriminate different speeds of stimulus movement whilst
walking on a treadmill

10. Subjects arenot able to discriminate different directions of stimulus movement

whilst walking on a treadmill

5.5.5 Subjective experience ofsensation(v)

The difficulty of describing the sensations felt and the subjective nature of the upper
threshold level became apparent during data collection. Whilst the definition of discomfort

was left to the discretion of the participantsyjsats were asked after data collection what
benchmark they had used. Participants gener

When asked about their perception of levels over the course of the study, some subjects
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declared a desilhey t®o UWilsk egdo,w Wwhiglhstt ot her s
they had | earnt wha't the high range was |
di scomforto. Kaczmar ek notes that the subj
thresholds is a persistent issimesensory threshold studiégaczmarek and Bae+Rita

1995.

Referring toTable 15 the range of adjectives used to describe the sensation covered a
range of receptor modalitiefyr example: vibration, ticklepainful, pressing, and pins and
needles. This affirms the indisminate nature in which different receptor types (including

nioceptorsmay have beeactivated.

Electrode location svascommented on most.#opledescribedthé ocat i on as #fAti c
Asudden onset of di scomf or Sujects did ex@esd thaf av o ur |
the medial and posterior surfaces were the most sensitive (electrode 5 was closest to the
posterior cutaneous nerve), however any dislike of that location was not reflected in the
threshold levels. All of the subjects found the sgios of a moving stimulation around the

thigh amusing.

When askedabout the electrtactile sensation, subject 12 noted a pins and needles
sensation on the same location of the coltraral leg. Whilst a physiological
phenomenon is not wholly discoedt, it may be the case that prompting participants for

feedback could provokerseed to respond by the participante gar dl ess of t he p
conviction in that response. Four of the five comments related to the 80 Hz frequency
described it in unplesant termsNo other patterns emerged through discussion with the

participants regarding frequency, the task, changes to the sensation or referred sensations.

55.6 Gender

Referring toFigure44 a gender difference can be seen in both threshold levels, with male
subjects demonstrating higher thresholds for perception and discomfort. This is
corroborated by a similar study that looked at the effect of changing tenmgei@n

electrotactile pain thresholdéRocha, Facinit al. 2011). Rocha and cevorkers found
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that female subjects had a lower pain threshold, which increased in both sexes after 15
minutes of thermotherapy. It is interesting to note that tpeatlielectrode 7 previously
discussed is clearer when looking at thresholds by geRragiré44). The threshold at that
location isclosefor male and female participants. No explanation for this is apparent.

55.7 General observations and limitations

There were a number of issues and limitationghestudy that warrant consideration,
particularly when formulating conclusionisooking first at the deermination of threshold

levels, ®me subjects experienced difficulty in deciding when the lower threshold level had
been crossed. This was in part due to a loss in their continued focus of attention, which
could be expected within at®ur data collection period, but also the speed with which
intensity was raised in the presence of neurological adaptétian attempt tonaintain
participant attention the experimenggokein a noamonotonous manner and engaged the
subjects in unrelated owersation between trials, these are however subjective actions and
guantitative measures of alertness could be incorporated in future (such as the psychomotor
vigilance task, where the subject is asked to press a button when a visual cue appears). The
stimulation intensity was controlled manually by the experimenter using a potentiometer,
and an effort was made to ensure consistency in the rate of ascent. This was not ideal and
could be improved with the use of computentrolled ascent profiles, or witl

completely automated data collection protocol, as usd&agzmarek 2000

The difficulty in controlling for adaptation is similar to that found when testing thiésho
levels in other sensory modalities, in pure tone audiometry for exaidpte 2003. In
those cases the protocols have been widetepted as the best possible within the bounds

of practical constraints, as was the case here.

While continuously ascending to the two threshold leveisutation was always present.

As such neurological adaptation is uncontrolled and subjects may accommagate to

the sensation before reaching absolute threshold levels. Again the speed of intensity ascent
may be an important factor. Adaptation mdsoaoccur in the presence of the electrodes

contacting the skin surface. Kaczmerak reported full adaptation to elactile stimulus
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occurred at theabdomen of 7 healthy individuals approximately 15 minutg¥&aczmarek

2000. In this study a number of measures were in place to reduce the likelihood of
adaptation; pauses were taken between stimulus applications, the threshold and
discrimination trials were mixed, andithin each trial randomisation and nreaquential
ordering were used where possible (in terms of electrode number, task, direction of
rotation and speed). Whilst the effects of adaptatimuld not affect the study outcomes,
adaptation could be ameliorated in future with an automated protocol applying stimuli only
at discrete levels.

At the upper level, theubjective nature of describing a discomfort threshold level was

apparent. When aslg participants to respond it was difficult to avoid asking a loaded
guestion, for example fAcan you teld]l me whe
|l evel 20, or Awhen the sensation causes di sc¢
challenge. Thexfore both levels were discussed with the participants during the study

briefing, to convey the intention of finding a practical méhge sensation. This passed the

semantic challenge onto each participant, requiring them to subjectively determine what

they deemed appropriate. This would be the case when individual patients set up a
biofeedback device. All reported discomfort (or pain) thresholds in literature have that
subjective cavealCur i ously some subjects commented by
painful o during t hé&hisday iadicateaHatl peior familamsatipgnr o c e s s
with electrical stimulation, orationalisationof the sensation may also have an impact on

the definition of discomfort. Again it was not possible to control fag pfhenomena.

The study assumed no neuromuscular activity during the supine task and neutamuscu
activity during the flexioréxtension and walking tasks. This wasquantified. $ibjects

were alscseated duringhe knee extensiotask butstanding dung the kneeextensiorand
walking tasks. It is also not knawwhat role decussation plays in the somatosensory
signalling between limbs. The robustness to neuromuscular artefacts could be improved
using nerve blocks, but this wasuld placean unnecessaryurden on participants taking

part in two 3hour sessions.
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In terms of theanatomical relevance of the sensation thresholds, approxiwetieped
patterrs wereseen in the mean threshold leveld=igure40 (and wa present in individual
cases). Whilst it was not possible to associate the threshold levels with participant
anatomy, variation does appear which may be different between standing and supine
postures. Witha mean repeatability of electrode placement of 3 mm, this variation may

arise from the cutaneous nerve distribution

An assumption has been made that the neurologathlways of traumatic amputease
unchanged bythe patology and surgery and conclusions fronthis studycan be
extrapolated tahe traumatic amputee populatiofhis assumption was reached at through
discussion with Consultants in Rehabilitation Medicine and from the studies by Dhillon
and Lawrence, and wakeemed reasonable from a physiological point of view. However
Dhillon and Lawrence did not comment on thAeatomicalvariation in their amputee
subjects and it is possible that wider variation in threshold levels may still exist in
amputees as a result@physical movement of the nerves following surgery. For this work
the sensation intensity can be manually adjusted for each channel, so any potential
variation of sensations received by amputees in the final BFB implementation can be

managed. This doe®Wwever remain a consideration for future eled¢trctile devices.

5.6 Conclusions

Despite a number of limitations which are inherent in sensation threshold tpstieglly
this study satisfied the aims and demonstrated ttitesensorystimulator developed in
Chapter 4 iapable of producing comfortableange of electrdactile sensatioa on the
thigh of healthyindividuals, which can be used to convey biofeedback information. The

following specific points were demonstrated:

1. A comfortable rangeof electrotactile sensations exists on the thigh of healthy
individuals between thmeanthresholds of perception and discomfort
2. The greatest range occurred with the use of 40 Hz stimulation and the range increased

with muscle activity, this increase wagtributable to a raised discomfort threshold
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3. Greatst variation occurred at the discomfort threshold, Isthihe lowest variations
within the perception levelccurred with 40 Hand80 Hz at the discomfort level

4. Perception and discomfort thresholds evenigher during tasks requiring muscle
activity. The smallest difference between the supine the treadmill threshold levels
occurred at 80 Hz

5. Subjects found it easy to discriminate the location of static stimuli, and the speed and
direction of moving stimii

6. The subjective nature of describing the sensations and defining the discomfort
thresholds were noted. The sensation produced by 80 Hz of stimulation was described

in unpleasant terms

With an increase in threshold levels during muscle activity, ildctve possible for an
operational level set whilst walking, to cause discomfort when the patient becomes
stationary. In which case, the smallest change seen in 80 Hz of stimulation would be
beneficial. Howeved0 Hzwaschoserfor use in the final BFB imgimentation because it
consistentlyproduced a wider dynamic rangeeach task, it produced the lowest variation

at the perception thresholdnd participants did not describe the sensation produced as
unpleasant.ridividual cases suppotiie conclusionshere. Finally it was noted that male
subjects demonstrated higher threshold levels for perception and discomfort compared to

female subjects, this is in accordance with the reported literature.
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Chapter 6

Design and Development of a
Biofeedback Training System
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6.1 Introduction

This Chapter presents the design and development éih#ieait retraining system. The
system incorporates the stimulator and electrodes widaek beemlescribed in Chapter 4.
Decisions leading to thdesign were also discussed in Chapter 3. As telfocus here is

on the final development and integration of the system components, predominantly the
software required for redime data capture and analysis.

6.2  Training System Overview

A high-level system diagram of theaining systems shownin Figure 45. The system

comprises the following components:

Optical motion captursystem(ProReflex,Qualysis Gothenburg, Sweden)
Desktop omputerfor reattime data acquisition

Desktop computefor reattime data processing arcdntrol of stimulator
Sixteenchanneklectio-tactile stimulator

Electrode arrajor presentation of sensory stimulus

S T oA

Commercial medical gradeeadmill(Woodway, Wisconsin USA)

1. Motion Capture
cameras

Serial Port

Network
Adaptor

Real-time Processing

Real-time
Processing

Network
Adaptor

Serial Port

Non Real-time
Processing

{ 5. Electrode 4. Electrical
y Array Stimulator
|

6. Treadmill

User interface

Figure45 Overview ofthebiofeedback training system
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6.3 Realtime Software Development

6.3.1 Requirements andspecification

In general terms the systemas required to deliver a retime electretactile stimulus to

the patient when the hip joint angles on the prosthetic side exceed user set limits. The
location of the stimulus on the thigh corresponds to thenextiedeviation in the sagittal

and coronal planes. The control software had the following speedigrements

1. The software was required to communicate witie motion capture software
(Qualysis Track Managgmover a standard TCP/IP network connectand acquire
marker coordinatelata at 20 Hz The majority of power in kinematic data has been
found to be below 6 HAVinter 2005, so 120 Hz is above the limit set by the Nyquist
criteria

2. Marker coordinate data quality was to be sufficient to allow analysis and clinical
interpretation therefore the signal must bppropriatéy conditioned, using gap filling
and filtering asnecesatry.

3. Normalised hip jointangleswere required for the sagittal and coronal planes. This
required the definition of lnked-segment model of the thigh and pelvis in relation to
the gait laboratoryand the detection of the gait events used for normalisiimg
angles to the gait cycle

4. Normative reference hip joint angle values were required to enable a comparison with
the patientdés kinematics

5. The system was required to determine which of the electrodes around the thigh was to
become active, and when &deack was to be applied

6. System latencywas to bekept to within 150 ms to mable time for the subject to
perceive the stimulug relation to the action being undertaken (this was expanded
upon in Chapter 3).

Feedbackvas to be deliveredia the stimulaion hardwaredescribed in Chapter. 4

8. During system operation tlmperatorequires: information from the software to assist

setup and ensure data qualgynaintained, indication of system status #mdlts, and

data regarding t hievents and feadbafiesamitersireuseat i ¢ s
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9. The operatoralso requirs an easyto-use interface to control: the ppeocessing
functions (any interpolation and filtering), the application of stimulation (including
manual control over the stimulator and thiggder threshold levels), and the selection
of parameters to be saved for later analysis

10. To aid the data collection process a participant database was required to store patient
anthropometric measurements

11. A failsafe mechanism was required to ensure mmusation was delivered to the
connected patient, in the event of a hardware or software fault. The user was to be

informed if this occurred

6.3.2 Design, architecture and algorithm flow

Software was developed using LabVIEW (National Instruments, T&&a4). A number

of high level programming languages were equally suited to the task (for example C++,
Visual Basic or Matlab). LabVIEW was chosen due wthar familiarity at the outsefor

the ease of GUI design and the range of available library furscBoccessive versions of
LabVIEW were useaver the course of developmeersiors 8.6 and2009to 2011) to
exploit improvements in rutime performance, notably with the Mathscript toolbox from
2009 onwards. Development utilised the release of theQusilysis Track Manager real

time communication protocol (version 1.0) by Qualysothenburg, Swedén New
protocol releases were incorporatasl they were releasdalit stopped at version 1.2 for

expediency.

The final versions used were: LabVIEW version 2011, Qualysis Track Manager 2.6 (Build

709) and the RT communications protocol version 1.2.

The software comprise60 userwritten subprograms and 12 libraries of proprietary
functions from National Instruemts (NI). Since LabVIEW is a gpaical programming
language it wa not practical to provide complete annotated documenthtoa Instead
all code is provided on the attached DVD, with a stalathe executable version. Summary
flowcharts presenting the broader architecture are presented in Appéhdias are

diagrams of the major function blocks. The scientific content is described in the following
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sections. The overall architecture uses an egemen producer/consumer design pattern.
This is effectively a user interrupt inside an infinite while loop to allow the user to branch
back and forth into four distinct modes of operation: A file viewer, a participant database,
manual control and redéiime operation Kigure 46). Different design patterns were then
used within each mode of operation.

Start 1. File viewer (described irSection6.3.11)

il enables the user to view saved data, such
|nit,ia:)ilse as joirt angles and marker trajectories, in
variables

table and graphical format

Open file

Nawar? YES-—#{1. Open file viewer

2. Participant database (described in

Section 6.3.11) is wused to store

participant anthropometric measures and

oad / Save VES_| 2. Participant personal information (nementifiable
participant database handling

and identifiable as appropriate). On

i sekcting a participant the database

B J
X populates the relevant modelling
‘ves_. | ZeMalnil variables
stimulator control

< 3. Manual control mode allows the user to
: control the stimulator as a staatbne
Potom (o> vEs-—»). & Rt ime device (i.e. in an open loop). This is
based on the software described in
Nf J Chapter 4 $ectiord.4.4)
i 4. Realtime operation allows the user to
YES control feedback delivery in the
C,os;h,w biofeedback mode and hence
mnnﬁgn;"USh incorporates the measurement and

modelling functions

Exit

.<

Figure46 Main program branches
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The realtime mode is the principal subject of this Chapter and is described in detail in the

following sectionsThe algorithm flow is summarised as follaws

1 Realttime data acquisition Section6.3.3)
- Read and extract parameters (the number and labelarkersplaced on the subjéect
- Read and stream marker coordinate data to queue 1
- Read queue 1, unpack data packets and match data with parameters
1 Pre-processing §ection6.3.4)
- Interpolate lost frames, then place all data on queue 2
- Read queue 2, perform linear gap filling of individual marker trajectories
- Are coordinates within workspace volume?
- Low pass filter
- Are marker coordinates and anthropometric measures valid?

- What is the participantés direction of tra

Discard firstn frames (crop data)
1 Gait event detection §ection6.3.5)
- ldentify initial contact
- ldentify toe off
1 Biomechanical modelling Section6.3.6)
- Define pelvis and hip joint centres
- Define thigh and knee joint centres
- Construct linked segment model
- Calculaterelative hip joint angles
- Normalise joint angles to the gait cycle
1 Determine and present feedbackSectiors 6.3.810)
- Determine the running average of the patients stride frame size
- I nterpolate the reference daszabase to matc
- Calculate the patientds error vector
- Have all conditions been met for stimulation?
- Send appropriate command to stimulator

- Save predefined data types to file

The functional blocks are shownhigure47.
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Figure47 System function block diagram
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6.3.3 Realktime data acquisition

Two dimensional coordinates of the reflective markers werefreatieach camerhy the
proprietary softwargQualysis Track Manager (QTMat 120 Hz. QTM then calculates the
3D coordinatesMarkers placed within the capture volume are automatically &babing
an AIM model or Aautomated identific-ation
labelled data. On request labelled markaestransmitted continuously to a TCP/IP port.
Data are then read by LabVIEW for processingindows background tasksan cause
system jitter whicha s  a-ofd th w Iimité a systemoop rateon a Windows operating
systento approximately 100 Hn the worst caséMeisel 2009. Since datavere captured
at 120 Hz this placed great demand on tiperformanceof the softwareTo put this into
contextVisual3D (GMotion, Rockville, USA)displays reattime kinematics but sample
the data in order to enabtee requiredcalculatiors. Wrigley et al. (2009 developed
similar software using Matlab for the Viconmotion capture system anekperienced

several frames being dropped between processed frames.

A requirement in this work was for clinical gait quality daéa such altlata packets we
required at 120 HZn addition to these challenge® handshakingvas employed in the

QTM RT protocol. D ensure no data packets were lost a prodemesumer architecture
waschosen (se€&igure47). The TCP/IP readunction operates in a producer loop wéih

higher priority thanthe Windows operating systemData were read andnmediately

placed on a queue. This provides the highest possible level of assurance of data capture for
a soft reakime application.The caoxsumer loop run in parallel readingthe data from the
gueus and perfoming the requiredcalculations.If processor utilisation increases as a
result of processes in the consumer loops, thealatstored on the producer queue. When

the processor loacturns to normal, data on the quene rapidly processed in succession.

In order to ensure the attached patient does not perceive awhoekeffect, the queue

sizes were limited to 50 fram€approximately 0.4 secondafter data on the queues are
removed. 50 frames was chosen as a compromise between losing data and producing a
perceptible effectThe second consumer loop is in place to compartmentalise the data

processing further and provide further flexibility in thep.
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Parameter data were sent once on request atugta@ind contain information about the

requested data components.

Parameters can include: the capture frequency, the number of markers, the marker labels,
the number, size and calibration matsicef force plates (if force data components were
requested). 3D kinematic parameters were requested and the QTM RT server responds
with astring in XML format containing labels of all the identified markérse proprietary

XML read functions in LabVIEW we incompatible with the format useég QTM, so an

XML parser was written to extract and save the marker labels.

After receiving the parameters, a continuous data stream was requested and the server
responded by sending packets of data at the requegteddnumber of data components

can be requested, including: 3D marker coordinates, 6D body coordinates, 6D body Euler
angles, analog and force plate data. A single packet contains one frame of each data
component request&D kinematic data were requedtdfter reading and buffering data,
marker coordinatewere paired to theorrespondindabel. The datapackets vary in length
according to the presence or absence of labelled markers within the worksp#oe

acquisition is very sensitive to correcitientifying the packet lengtheaderbyte.
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6.34 Pre-processing

There was the possibility that two types of data transmission error could dbeuloss of

a complete packet (one or more frames), or the loss of individual markers within a packet.
Packet losses may result from network load changes or system jitter that causes the
hardware polling to miss the transmissiohhe lack of handshakingincreases the
likelihood of this happeningA marker loss results when a marker is occluded in the
capture volume. Both errors are showirigure48.

Marker
Frame number| A B|C|D
1 1 1)1 1
2 0 01| 0| o0 | Packetloss
3 1 111 1
4 1 0O 1 1
5 1 0 ST Marker B lost
6 1 0Jo)1
7 1 1| oL Marker C lost
8 1 10 1
9 1 11 1
Figured8Pac ket and mar ker | osses. fil0 indicates succes:

complete packet is lost at frame 2 and marker frames are lost for marker B from frames 4 to 6 and for marker
C from frames 6 to 8

In earlier versions of th@TM RT communication protocol, packets were not sent when

marker dropouts occurred. This was originallyandledby interpolating thecomplete

packet. However in later versions of tR& protoco,QTM o ut putNeNed chafact er
inside the packet when a miger loss occurredn that casefipackets were interpolated,
successive markdosseqin Figure48 for example)appeaedas a packet gap from frames

4 to 8, and there was potential for overlapping marker-drgp to cause much larger gaps.

Two methods were therefore required to handéeettiors separately.
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Packet losses weraentified by a gap in the frame numberirand were handled by
interpolating the individual data components within the packet (e.gxthg and z
coordinate®f each marker trajectory).

Figure 49 shows 10 example data pts (in blue) with point 4 missing. Four different
interpolation methods are showméar, rational, cubispline and polynomialgorithmg,
with 10 of theinterpolated values shown betweaéeknown data points (orange).
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Figure49 Interpolation methods: Linear (top left), rational (top right), ctdgitine (bottom left) and
polynomial (bottom right)

The cubiespline method was chosen because it provides a smoother and closer fitting
curve than the other methods. The function was implemented using a NI library function,
which derives ahird-order polynomial for each interval between two adjacenhtpoi

Following interpolation of complete frames, all data were placed onto queue 2.

Packetlosses could onlybe identified after the evergp there was potential for a gap to
occur and introduce a latency in the syst@nmaximum allowable gawidth of 50 frames

was therefore used (thiswld be adjusted by the operator).
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Individual markerdrop-outs however were identified in the current fralpyethe presence
of an NaN character These were filled in redlme using a linear extrapolatioff.he

previous two values of the marker trajectory were used to forsithight lineprediction.

A check was then made ensureall datasubsequently n@ocessed were in the workspace
volume. A2 m cube waslefined and centred on the treadmill for thisgmse.

A low pass filter was then used teduce noisdn the data A 2" order low pass
Butterworth filter waschosen becausehas a flat unity response in the pass band and zero
in the stop bandData were sampled at 200 Hz andu&off frequency ofl0 Hz was used
which has been shown to maintain at least 95% of the power in gait s{@tadsissayni S.

2009 and is consistent with gaielated researcht is not possible to use doubbass or
zero-phase filtering inreattime, so there is potential for lag. Cascaded IIR filters were
therefore used because theguire fewer coefficients than other types of digital filters
and can provide fast filtering. They were implemented using a NI Library peloytpoint
function. A transient response from the filter occurred in the first few frames, but since
individualswalking on a treadmill generate data prior to steady gait, the transient data were
di scarded. An alternative met-bharg¢g 6t ¢ heli riii it €

before useby inserting values similar to those expected in operation into the filter

Before the data were used in event detection and modelling calculatt@ys,were
checked teensuretheywere numerical and within expected ranges. dinection of trael
wasalsocalculated. In ovground gait the rate of change in the axis of progression, of one
marker (such as the sacrum) provides the direction of travel. But this is not possible during

treadmill gait. In this case the orientationtlofee pelvis markers was used.
6.3.5 Gait event detection
Gait events were required in order to partition the marker trajectory signals into defined

gait cyclesandpermit comparison of thp a t i data withthe reference datet Events

could include heel contact, heel rise, toe contact orafbelnitial contactand toe off were
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used in this work, becausigey are more distinct than heel rise for example, and potentially
more suitabl e fwithprosthetefeetvi t h pati ent 6s

A number of metbds can be used to give an estimation of when gait events occur. Visual
inspection can be carried out of the kinematic data, this can be repeatable with experience

but timeconsuming. Algorithms based on the position or the velocity of reflective markers

can be used to automatically detect events. These are quick and have been found to have
comparable accuracy with other visual inspection. However there is the risk that artefacts

or noise in the data can cause fmathodef posit.i
event detection is the use of ground reaction force data. An event is defined when the
magnitude of the force rises above a-pee thresholdGhoussayni, Steveret al. 2004

Zeni, Richard=t al.2008.

For reaitime analysis without an instrumented treadmill, a posibased marker
algorithm was used. Initial contact was defined asmiagimum 3dimensionaldistance
between the sacrum marker aathheel marke(Equation6). Toeoff was defined as the

minimum distanceEquation?).

IC =/(heel,,,, - sacrumy,_)? +(heel, . - sacrum,,,)’ + (heel,,., - sacrum,,)> Equation6

TO=/(heel, ,, - sacrum,,,)? +(heel,,,, - sacrun.,)* +(hee,,, - sacrun,,,)? Equation?

The difference between sacrum and heel markeosides an approximate sinusoid
waveform. The events were therefore calculdtedsing a peak detector to find the peaks
(for IC) and troughs (for TO). The NI Library poibi-point peak detector function was
used. This maintains running maxima and minima values within a predefined width and
above a threshold. Since there were no sgmgnpeaks or troughs in the data, the events
were easily found with a threshold of 0 and width of 10 franddgorithm testing is

discussed irsection6.4.2
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6.3.6 Biomechanical modelling

Introduction

The relative joint angles were requirketweereachthigh andthe pelvis For this purpose

a linkedsegment kinematicnodelwas usedWhilst stereophotogrammetry is sometimes
referred to as a reference standard,-there
dimensional joint angles from markertdaDiffering approaches use different marker sets,
anatomical models, local frame definitions and sequences of rotations based on the

biomechanical requirements.

Coordinates rbom a minimum of three nceooplanar points, on each body segment of
interest & required to enable descriptions of rotation and translation in three dimensions,
thus permitting a maximum of six degressfreedom to be assessed per segment. The
three points can be provided using clusters of physical markers placed on a rigidbackin
such as the Cleveland Clinic set described by Cambell, from Suthg280@. The
clusters are then strapped to each body segment. Chasted 6 degreef-freedom
(6DOF) sets have the advantage of reducing skin motioraettdiut were found to be
problematic in small childreSutherland 2002 To minimise the number of markers used,

a compromise can be reacheddiaringmarkers across body segments. For example, the
Helen Hayes marker set, which Haecome the basis for many modern sets, uses a lateral
knee marker in the definition of the shank and the thigh segrficabmda, Ramakrishnan

et al. 199Q Davis RB., Ounpuu Set al. 1991). A resulting drawback is to prevent the
independent assessment of translation. These sets are therefore described as constrained or
3 degreeof-freedom (3DOF) sets. A further simplification can be made by limiting the

model to 2dimensions.

From a survg looking at the kinematic modelling options used in amputee studies, 25 of
the 51 studies reviewed involved traiesnoral amputeei<ent and FranklyAMiller 2011).
The majority (64%) of those traffiemoral amputee studies used 3DOF models, 20% used

6DOF models and 16% used linear segment (or 2D planar) representations. The reason for
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the use of 3DOF models with amputees rhaylue to he general familiarity with 3DOF
models in clinical practice, and the presence of historical data built up using 3DOF models.
Collins compared a cluster set with a modified Helen Hayes marker set, using ten healthy
young subjects walking on a treadm({Collins, Ghoussayniet al. 2009. Looking
specifically at the hip joint, Collins reported moditer to poor correlation between the two
models in the coronal plane (at peak adduction in stance and peak abduction in swing).
This may be due to difficulties with marker placement on the pelvis and the reduced range
of movement. Good correlation was refgar in the Sagittal plane (in flexion at initial
contact and peak extension in stance) as may be expected.

There is a requirement to register the location of physical (technical) markers against
anat omi cal mar ker s at b o nta systemnThimia pekiemedo n t h e
during a calibration routine and is always a requirement with 6DOF clusters. In 3DOF
marker sets anatomical registration methods can vary on ajjoint basis. In the Helen

Hayes (HH) marker set the technical and anatomlicmarkers are congruenand the

calibration procedure can be made redundant with the use of anthropometric measures and
anatomicalrelationships A 3DOF modified Helen Hayes marker set whsreforeused

Thisreducel the need for patients to performtargding calibration triahnd also permitted

data compatibility with clinical collaboratars

The resulting choices enabled the use of a minimal marker set to define a clinically
relevant 3DOF model of the pelvis and thighs. There was also no need irtpdd
perform functional axis movements or standing trials. The distal markers in the modified

HH set that define shank and foot segments \weladedin software for completeness.

Body segmentand landmarks

The segments of interest were the left aight thighs and the pelvis. Each segment was
assumed to be rigid and assigned aalocoordinate system (LCSYhe anatomical
landmarksshown inFigure 50were located with reflective markersiriial markerswere

used formodel definition andvere calculated in redime from anthropometric measures.
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PELVIS

Anatomicallandmarks

LASIS & Placed over therpminent

RASIS aspect of the Anterior Superior
lliac Spine

SACRUM | Placed rnid-way between the lefi
and right posterior iliac spine

THIGHS

Anatomical landmarks

LTHIGH& On a line formed between the

RTHIGH greater trochanter and the knee
marker, below the level of the
swinging hand

LKNEE Placed over théateral femoral

&RKNEE epicondyleat half the knee width in
the coronal plane (excluding the
patella)

Virtual landmarks

LHIC & Hip joint centres with respect to th

RHJC pelvis segment frame origin

LKJIC & Knee joint centresgpproximated to

RKJC be at halthe knee width at the
KNEE marker

SHANK S(included for completeness)

Anatomical landmarks

LSHANK & | Placed a a line formedy the

RSHANK KNEE and ANKLE markers

LANKLE & | Placedon the most prominent

RANKLE aspect of the lateral malleolus

Virtual landmarks

LAJC & Ankle joint centres with respect to

RAJC the pelvis origin

RAJC Right hip joint centre with respect
to the pelvis origin

FEET (used for event detection)
Anatomical landmarks

LHEEL & On the mid line of the calcaneus,

RHEEL the height of the foot measured
from the metatarsals

LTOE & Placed over the skin between the

RTOE second and third metatarsal head

SACRUM
RABIs B> 1 LASIS
®- — —)
S~
RH3IC &
RTHIGH LTHIGH
RKNEE ( L J/LKNEE
-
RKJC
RSHANK LSHANK
—e
RANKLE § LANKLE
Lo
RHEEL
o
RAJC
RTOE |

Figure50 Segment landmarks identified by reflective markers (blue) and virtual markers (red)
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Hip Joint Centredefinitions

Two methods are commonly used to determine joint centre locations: 1. Anatomical
models are based on known relationship between anatomical proportions and the joint
centre locations for a given population. 2. Functional mottesrequire the patient to
undertake a wide and varying movement pattern, from which a geometrical approximation
can be made from the tracked markers. For the hip joint P&tzah (20049compared a
leastsquares functional approach to an anatomical model in 22 healthy subjects whilst
walking, and conducting sib-stand, stair climbing antimited rangeof-motion waks

using a staticvaried hip motiontrial as a referencePiazza reported a worstase joint
centre location error of 26 mm when restricted movements were made, and 36 to 52 mm
errors in the stair ascent task. Whilst the study did not use a referenceejutire location
method, such as-ray, it does suggest the functional approach produces wider variation in

normal activities.

A disadvantage of functional methods, particularly in pathological séhfgist the
requirement for patients to stand on oag hnd perform a preet movement pattern to
generate the required data. This was thought to be unacceptable for amputees, so for this
reason an anatomical hip joint definition was udédual3D uses anatomical relationships
developed by Davist al. (1991) which are based on regression equations frenayxdata.
Davisdo relationships require knowledge of
an assumption of légength symmetry. Thalternativechosen was to use approximations
developed byBell (1990. These use the following regression equations fremanyxdata of

thenormalpelvis only

@ ™ D O Equation8
@ ™ @ O Equation9
() ™ O © Equation10

WherePW is the pelvis widtlor inter-ASIS distance

Leardinietal.(1999 have shown t ha tclodreapptodisatomwmariayd i s

reference than Daviso.
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Knee Joint Centradefinitions

Definition of the knee joint centre (kjc) is problematic in all cases because the joint is
polycentric. No methods of anatomical registration currently take antmunt the joint
polycentricity. The Kkjc is often assumed te imidway between th&ateral and medial
femoral epicondylesMarkers placed on the medial epicondyle can get knocked off during
walking, also placing a limitation on tracking the knee. Fouthods were reviewed for

use in this work. Mechanical devices (such asktiee alignment devideom Vicon, UK)

or a digitising (or Davig) pointer can be used to indicate tleation of the landmarks
during astatic calibration routine A single marker isthen used with thigh or shank
markers for tracking. Alternatively a medial marker is used in the role of a Davis pointer
during a static calibration with a lateral mark€hnese methods require a static calibration
stage.

A trigonometric method was chosen, which uses one tracking marker placadtioe
lateral femoralkepicondyle. Anumber of assumptions were maéeferring toFigure 51,

the hjc, thigh and knee markesgre assumed to lie on a plane, with a right angle formed
between the princgd axis p and the knee joint axis. The knee is assumed to be a hinge
joint with a functional centre migvay between the medial and lateral epicondyldss

method was chosen to obviate the need for a static trial.

HJC
hjc = position vector of HIC wrt GCS
kjc = position vector of KJIC wrt GCS
thigh = position vector of THIGH wrt GCS
knee = position vector of KNEE wrt GCS
d| = 5 knee width
a = THIGH vector wrt to HIC

b = KNEE vector wrt to HIC
p = KJC vector wrt to HIC (principal
axis of the femur)
S Figure51Knee joint centre definition
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The vectorkjc was found by determining the vecto(the principal axis of the femur) in
the GCS, since:
kic=hjc+p Equation11

An orthogonal coordinate frame (green) was placed at the HJC and alignhed Mvpprhas

componentgandbwi t h proportions U and b respectivel

n 1o 1T Equation12
Where® 60Q0 NQo Equation13
and © Q& QUNG Equation14

In terms of unit vectorsandj equation 2 becomes:

n NAT S %Q NSOEF % Q Equation15

Where'Q = Equation
Andj is orthogonal, s®) ——=—

Which simplifies to—=———= Equation ¥

Substituting equationss and17 into equatiorl5 gives:

N AT 6 %= NSOEF %o —=—— Equation B
Which simplifies to: 1 22 O = &) Equation 9
So | 23 Equation20
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and | - Equation 21

Combining equationdl, 12, 13, 14, 20 and 21 gives the knee joint centre relative to the
GCS:

Robmed (0]0.0X 0) g)(:) = ET A Ak Edjuation 2

SN

Values for?)s a,%.and—were found using Pythagoras theorem and trigonometric ratios.

Coordinate Framedefinitions

A global coordinate system (GCS$jas defined and fixed in the capture volume. In
common with biomechanics wofkole GK, Nigg BMet al. 1993 Capozzo 199ba right
handed coordinate system was ugegure52). QTM providedCartesian coordinates of
the reflectivemarkes with respectd the GCSorigin.

Global Coordinate System

9 Origin is at the bottom right corner of the Global Coordinate

treadmill belt on the belt surface such that System
Zccs (GCs)

all data are positive
1 Xecs is the axis of progression and aligned -

with the right side of the treadmill belt, ~—] —
Direction of

travel

pointing towards the front of the treadmill

1 Yocs is orthogonalto Xscs and points to
the left to form the medidateral axis

1 Zocs is orthogonal to ¥cs and Yscs and
points upwards to form an inferi@uperior

axis

Figure52 Global coordinate system in relation to treadmill
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Segment Coordinate Frames

The segments were assumed to be anatomically symmetrical to enable the construction of
orthogonal coordinate frames. In reality anatomical asymmetry would introduce
differences in alignment between the frames and the anatomex&omle the line from

the sacrum to the intekSIS mid-line would not intersect at the mmbint in the presence

of asymmetry. Floating axgXfr and Yfr) were therefore used during the construction of

the coordinate frames to ensure the vectors withen ftames were orthogonal. To
minimise the error the floating axes were assigned to nanatomicahxis in each case.

Pelvis frame

Origin  Centred on the migoint between the left

and right ASIS SACRUM ,7,
Yp Pelvis yaxis points medially towards the o

left ASIS from the origin RASIS Xfx A LASIS
Xfp Pelvis floating xaxis, is atemporary axis *— O > —e

pointing in the direction of x from the Xp

sacrum marker

Zp Pelvis zaxis & orthogonal to ¥and X§ and
points up
Xp Pelvis xaxis isorthogonal to Zand Y, and

points in the direction of gait progression

RHJC

Thigh frames

Origin  Centred on the knee joint centre

Zt Thigh zaxis, pincipal axis from the knee
joint centre to the hip joint centre, pantp

Yfr Thigh floating yaxis is atemporary floating
axis from the knee marker to the knee joint
centre

X+ Thigh x-axis is ethogonal to Yf and &

Y+ Thigh y-axis is athogonal to Z and X

Figure53 Local Coordinate System definitioffer clarity only the right thigh is shown)
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Relative Joint Anglecalculation

The hip joint centres were translatedite pelvis origin. The pelvis frame was then rotated
and translated to the global frame, such that both thighs were centred about the global
frame. To determine the hip joint angles relative to the pelvis a Cardahréer danglg
sequence of rotations wagserformed. It is standard practice in gait research to use
successive rotations from the most influential plane to the least influential. The e¥der Y

Z was therefore used.

Where Y is a flexion/extension rotation (b)
AT n OE/
U T p M Equation 3
OEfl n AT
Xisanabductom@dducti on rotation (U) in the coronal
pon
w 1 AllO ogl Equation 2

n Of1 A1|0

And Zisaninterna xt er nal rotation (d) in the transve
AT © OE+ n
a OE+ AT S n Equation25
I s p

Premultiplication of the sequence -X-Z produced the following transformation matrix
(Ryxz):

AT[OAT O OE[ OFEl OEfj OETATLO ATOOEdl OEMATOOE]
2 OEMAT O AT JOOEM OEJ AT OAT O OE/MOEl AiJOOES AT O
OEMl AT O OEY AT OAT O

159



Chapter 6: Design and Development of a Biofeedback Training System

Ryxz wasequatedo the thigh angbelvis framesince:

Y QQi owai QWBNLEWIBIWa i Qd Q& 0 Hqoatih2e

Y oMNWo € 8 Qa WRI Equation27

The local coordinate frame®(QQ 0 € and ) ‘Qa wO'@are both orthonormal, so a

numerical check was madeith sample datao ensure they were correcsince for

orthonormality:

0 0 and 00 0O O Equation 3

Joint angles were then determined from the matrix elenaéiRgxz, accordingly:

Flexionkextension I OEl — Equation29
Abduction/Adduction | OETY Equation30
InternalExternal rotaton — OE| — Equation31

Finally conditions were imposed on the resulting values to avoid asymptotic solutions. All

matrix calculations were performed using LabVIEW Mathscript.

6.3.7 Normative reference data

A normal joint angle dataset was required to provide a referenceiigparison with the
participants. The dataset required hip angles in the coronal and sagittal planes normalised
to the gait cycle, from neamputees during treadmill walkin@ata previously collected
by Collins (2007 wasavailable andisedfor this work Collins selectedsubjectsdo ensure

the best likelihood of a consistent gait pattern.
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Selection criteria includethe following

In the age range of 18 to 50 years
Body mass index in the normahd overweightange 18.5 29.9 kg/m

Leg length discrepancy of less than 15mm

= =4 4 -

No musculoskeletal injuries or disorders that affect walking ability

Collins used a modified Helen Hayes marker set (containing the markers of interest for this
work) and asix degree of freedom set. Participants attended twice and walked for 15
seconds on a treadmill, enabling a minimum of 24 strides per person. Data were captured
at the Centre for Biomedical Engineering using the same ProReflex motion capture system
used n this work, with a sampling frequency of 120 Hz. Marker data were processgd us

the code described in this Chaptetean values for 144 strides are shown in each case for
the left and right leg FFigure54). The joint angles follow the known kinematic profiles of

the hip. A comparison with published algorithmsiscdssedn Section 6.4.1.

50 Left Hip Flexion / Extensior 50 Right Hip Flexion / Extensior
40 40
™ —
@ 30 @ 30
<] [
> 20 > 20
S 10 S 10
[}
3 0 ~_ 5 0
< -10 £ 10 \/ mean
-20 220 +2SD
-30 -30
1 12 23 34 45 56 67 78 89 100 1 12 23 34 45 56 67 78 89 100
% of Gait cycle % of Gait cycle
Left Hip Abduction / Adduction Right Hip Abduction/ Adduction
20 20
15 _. 15
@ @
g 10 g 10
[=)) (o))
g/ 5 /\ / -\g/ 5 .—/\ /
o O o 0
2 g
< <
-10 -10
-15 -15
1 12 23 34 45 56 67 78 89 100 1 12 23 34 45 56 67 78 89 100
% of Gait cycle % of Gait cycle

Figure54 Normal reference joint anglésgroup mean and 2 standard deviation bands are shown

161



Chapter 6: Design and Development of a Biofeedback Training System

6.3.8 Determination of feedback

Sensation feedback is applied when the patient deviates outside a kinematic boundary
defined by the variation seen in a normal population. The boundary moves-timeal

with the patientto indicatethey have moved excessively in a particular directions |
therefore to be avoided. The clinician can change the boundary, setting it closer to the
population mean (which increases the sensitivity or difficulty for the patient) or further
away (creating a wider band for error). For example excessive abductibe right leg

will cause a stimulus to be delivered on the lateral surface of the thigh. Excessive flexion

will present a stimulus to the anterior surface.

To illustrate how this is implemented, an example is shoviigare 55 of aright legwith
a slight hip abduction and extension throughout the gaiecyrhe deviation is small and
within the variation seen in the normal population, but this is not of concern for the

purposes of illustration.

Abduction 20 7

15 4~ - "\\ ’5>@ ,/‘
N N /

10 A N

] -
5 =— | S p
\ ’ Patient

0 §~ ' /
Reference

5 - s N 7 oo - 2 standard deviation band

. -10 - \ .7
Adduction Mo

1 12| 23 34 45|56 |67 78 8p 100

Flexion 50 @

40 | - Ko
30 \ /// — 1. I);]itial contact
20 \\ . /s . Peak flexion

10 - \\\ ~ AN . Peak abduction
0 N\ ~ /7 /

. Zero abd/adduction
-10 - \ _//’I
20 - \\ ol

. Peak extension
. Peak adduction
- . Zero abd/adduction

~NOoO U~ WN

Extension -30 T T T T T T T
1 12 23 34 45 56 67 78 89 100
% of gait cycle

Figure55 Sagittal and coronal hip joint angles of an example patient (blue) and the normal reference dataset
(red), shown with + 2 SD bands (dashed)
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Plotting the hip joint angles against each other produces the amgjle graphKigure 56)

which shows the combined effect of the gait deviations. Initial contact occurs at point 1
and gait progresses clockwise. At point A (one instance in the gait cycle) a transverse
section of the leg is shown as a pink circle with a number of electrodesriidr signal is
defined as the difference between the patient and the reference at a point in time. This is
represented as a vector (green) pointing towards the electrode that is to become active. The
angle of the vector (the error angle) determinestéetrode selection.

Anterior
337.5

225
2925 ) 67.5
Medial <

40 - Flexion

_—> STANCE
Initial \4
contact

Lateral

2475 » 1125

2025 157.5

Posterior

Adduction Abduction

-10 10

—— Reference
_30 _ Extension —+— Patient

Figure56 Angle-angle graph of hip joint angles (left) for an example patient (blue) and the normal reference
data (red). Also shown are the error vector (green) and transverse section of the right thigh (pink) with
electrodes. The electrode numbering is also shiaght). The vector angle is divided into the eight
numbered arcs. In this case data for the right leg are shown. For the left leg the sagittal component of the
vector remains the same but the coronal companeunld bemirrored about the vertical.

To erable thefeedback to be focusesh a specific rehabilitation issue, the magnitude of

the vector (the error magnitude) is compared against adesieed threshold to determine

if the selected electrode is to become active or not. A temporal window caet be s
confine stimulation to a particular range within the gait cycle. The coronal and sagittal
components were also weighted to enable the clinician to adjust the extent to which they
influence the electrode selection. An example of this is shown iroftvease screenshot in
Figure57. Data are shown for a patient abducted throughout the gait cycle (notably in early

stance and swing) and slightly flakén late stance/early swing. In this case the clinician
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may wish to focus attention on the patientos

amputee walking with a circumduction gait pattern). The weighting is set to use 100% of
the coronal data .@. the anterior/posterior electrodes are not in operation). There are two
peaks in the error vector magnitude which correspond to the two major abduction gait
deviations. To ensure stimulation is only delivered in swing the activation window cursors
havebeen positioned to bound the second peak. Stimulation will therefore only occur if the
error signal enters the blue shaded region.

Normalised ‘[nntinunus | Normalised Continuous

degress

Error vector

magnitude

Frame

SD: (0 frames to plot: 1300

40— REFERENCE

30

Extension | Flexion

!
S0
% of gait cycle Abduction | Adduction

Figure57 Screenshot of redime kinematics display. Hip joint angles normalised to the gait cycle are shown
(top left) and the error magnitude (bottom left). Continuous values are shown as a function of time (top right)
and as an anglangle graph (bottom rightdata are shown for a patient (white) and the normal reference
(red). The activation window cursors are shown (yellow) on the left.

This implementation provides flexibility to set feedback at specific instances in the gait
cycle and when a threshold Hasen crossed. However this approach is limited. By using

weightings to gain greater control of the error vector, the number of potential electrode
siteswas reduced. In this example where only coronal data were taken into account, only

the lateral and medi electrodes are being used.
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6.3.9 Timing strategy for feedback delivery

The previous section dealt witlwhere stimulation should be applied and creating
conditions for electrode selection. Attention will now turnwben the application of
feedback ocurs.

It is not currently possible to provide informed feedback of gait kinematics wtimezl To

do so would require instantaneous determination of the error signal. The error signal is
derived from the patient 6s oaspondmg referengcea me
frame from a normal database. Since gait is defined as a cycle, the timing information
required to synchronise the two signals only becomes available after the cycle is complete.
One solution would be to instantaneously detect whegatient is in the gait cycle. This

is an interesting challenge that would require a gait detection algorithm to be robust in the
presence of pathological gait patterns. However this was not available and no previous
work into instantaneous gait detectivas identified. A compromiseisedwas therefore

based ormpast knowledge of the gait signals.

A running average of thstride frame sizevas calculated from the three previous strides,

to provide a value to index into the normal reference databaseefdnence angles were
then compared with the patientdés current
equally have been possible to use timing values from the previous stride but this may
introduce the possibility of ringing (or hunting) as seenantml systems, whereby the
patient overcompensates based on previous sva@agsing the next value to require an
underestimation, making it difficult to reach the target. A mean using a larger number of

strides would smooth the data and potentially redbeeelevance of the error signal to the

of

ar

patientdés current action. Three strides wer €

low variability in the stride timing, to avoid erratic behaviour around the loop. The patient
walks on a treadmill with a sespeed, so this is Basonableassumption. Stride timing
variability would thenbe limited to changes in step length. During operation patiesrts
required to walk at their chosen walking speed for a period of time before feedback is
applied, thiswould help to reduce step length variations. Returningigmure57, the error

signal shown is therefore the mean error in the coronal plane of the three previous strides.
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6.3.10 Control of stimulator

Two methods were required to control the stimulator hardware within theimesaloop:

manual control and automatic ¢owl. The operator can switch between the two. These

modes are in addition to the software used to control the stimulator as -alstaadlevice,

as described in Chapter 4 (A4.3.4), and are

The Manual_RT software repéites the standlone version but required a different
implementation because it sits inside the-tgaé acquisition and control loop. The stand
alone version was based on user event interrupts. In contrast the Manual RT version
operates by polling for eesponse from the user during each loop iteration. Automatic_RT
control is an addition which automatically passes electrode selection cosaatite
Manual_RT code section, based on the requirement for feedback (previously described).
Handshaking commandsere requiredess frequently in Automatic_RT mode sinite
electrode change commandasghich were sent on a more frequent basierve the same

purpose

During operation the operator enables the stimulatbich initialises communication with

the stimulator and starts transmitting the handshaking commands. The stimulator is in the
default ASTOPPEDO state and no stimulation
either take manual contr ol of the stsmul ator
transmission of a stream of the appropriate electrode selection commands. As described in
Chapter 4, the baud rate was set 38400 bps which permits enough time for
approximately 770 electrodes location changes per second. Additional handshaking
commang are inserted into the loop when there has been no user interaction or electrode
selection commands sent for over 40 ms. At this stage the stimulator is still not stimulating,

but the selected electrodes are displayed to the operator. Stimulation cdre thiemted

and stopped by the operator. It was important that start and stop functions remain in the
control of the operator throughout. The stimulator responds in the same way as described

in Chapter 4. The user interface displaying these functionsitded in the next section.

166



Chapter 6: Design and Development of a Biofeedback Training System

6.3.11 User interface and ancillary functions

The user interface (as shown kigure 58) is divided into two sectionsThe top bar
(highlighted in red) is accessible at all times and shows functions that are applicable to all
modes of operation: the system status, the file saving and viewing controls and the main
controls that cause the program to branch into differeotlem (described in §86.3.2).
Function specific information is provided in separate pages in the main workspace
(purple).

General functions and systenstatus

i N N N R R . \
| Frame number: Capture time: Fle name: o
| |RT Capture and Feedback o |00,00.00 test
[ left swing right swing
. e = BRN s
I VIEW FILE | wabd after fitar " OPERATION of ST TOR
1 . walid arith . {qn‘a left stance right stancs
| Stream to file First Frames discarded Cabculate Find Events ‘ Mormalise - ' EXTi
| a RESET
P T T T T T S T e i i A S i T e T T T S B T e T T T S e e T T T T S B T T T T T S S S S S S S S S S S S S S S e T T T T TS
Subject Database Model Markers | Joint Angles Events & Cydes |  RTcontrol | Manual control | Settings INFD. |
TRANSVERSE
x MODEL PARAMETERS
* hic cakudation method :

Hl Leg lengths known - Davis 1991

mescharical leg or husnan

ll human

Human - values from database
Rig - left hip joink centre fioed ot
{46, 50, 67)

ANGLES TO COMPUTE
et () O rigT

Marker Fuadius (mm)
SACRLM SHANK
1o a5
asls ANKLE
o5 o5
4 v,
THIGH HEEL
45)os 9.5
4 .
KNEE TOE
{595 9.5
- i’ s
X y Y [~ ]0r s s
Sequenie of rotations Ef‘;

- abwuction/adduction (ML) Flexced +ve
Disphoying unfitered dats - because not ol markers are interpolated ;m'f::? [ERb R CRii e

o e P - ————

Main workspace
Figure58 Main graphical user interface

To ensure no invalid sequence of operations qacsar controls are hidden and revealed
when required. The main workspace is broken down into nine separate pages, which

contain features to improve the expediency of datiec@n and analysis.
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A screenshot of each page is provided in Appendix G3. They include:

i Participant databasé Microsoft Excel was used to store anthropometric and subject
data. The Biofeedback software takes control of Excel to transfer data between the
database and specific variables within the software.

1 Model display(seen inFigure58) i Marker coordinates and the calculated anatomical
landmarks were plotted in threedimensional displays, showing a stick figure of the
biomechanical model. This was uskfor the operator to check the markers have been
captured and labelled correctly.

1 Marker coordinatesi Marker coordinates were displayed graphically against time as
continuous realime variables. Options are provided to enable the gap filling
interpoldion and adjust filtering parameters.

1 Joint anglesi The calculated joint angles of the hip and pelvis are displayed
graphically against time as continuous f&ale variables.

1 Normalised joint angleg After two successive events have been detectedpitie
angles are normalised to the gait cycle and displayed at each subsequent event. Since
the timing required for normalisation is based on the assumption of low variability in
mean stride frame sizes, the frame size value is also graphed to enapéraimroto
monitor that assumption.

1 RT control T The synchronised patient and reference joint angles are displayed (as
shown inFigure 57) as continuous and normalised variables, and as an-angle
graph. The error vector and activation window are also shown. Controls are provided to
set the activation window and take control of the stimulator in manualoRT
automatic_RT modes.

1 Manual control i Shows the controls that enable the operator to use the stimulator as a
standalone device.

1 Settingsi Allow the operator to change the QTM capture settings (IP connection, and
capture frequency), the serial port hardware settings and the graggiiesh rate. An
option is provided to enabléné operator to assign physical electrode channels to

different software channels. The user can also select which data variables are saved.
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The National Instruments Technical Data Management Streaming §) @il format was
chosen and implementddr saving and viewing redime data TDMS is a NI format
which is optimised for higispeed data transfer to diskjs capable of transfer speeds of
up to 400 MB/sData are structured in three levels of hiengrdiles, groups and channgls
including a binary attribute headdile. The Biofeedback software allows the operate to
choose tosave the following variables: All marker coordinates, left and right hip joint
angles and pelvic angles, frame numbers.aeté right IC and TO events, left and right hip
and knee joint centres, selected active electo@ke softwarevas written to allowthe
operator to automatically redirect the saved data stream to new files, without interrupting
the RT loop with dialoguedxes or losing a frameAfter capturedata can be viewed in a
separate 8bVIEW programmaen tableor graphical format, or imported directly into Excel
using a TDMS Excel plugn (provided on the accompanying DVD).

6.4  Software Testing

6.4.1 Validati on of biomechanical model

The aim of validation was to determine the accuracy of the calculated joint angles and

ensure the sign conventions used clinically were adhered to. As discussed in Chapter 3,
there Iis no 6gol d st ardonansiohdl joimtanglesdrdm nmaker det er
coordinate data. The approach taken was to therefore to compare the angles calculated
from the algorithms developed for this work
by proprietary biomechanics software that issus c | i ni cal |y (AVi sual
Visual3D was not treated as an absolute reference, but it was hoped that a comparison

would help enable a better understanding of the validity of the LabVIEW angles. A spot

check of angles and signs was also made usimgahanical rig.

Spot check
The mechanical rig shown Figure59is a representation of a left leg, which comprises a
number of rigid (tubular alumium) segments with slight adjustment of segment lengths

and rotations. The leg is passive and suspended, allowing manual movement. Using
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locking rings there is some ability to hold the leg in a fixed flexion or extension (only).

Stalks and flat circularisks allow the placement and alignment of reflective markers.

Figure59Mechanicatig (left leg). Detail of thigh is shown (right)

The reflective markers required for the LabVIEW calculations were applied. Using
Equations8, 9, and 10 the location of the hip joint centre was calculated in order to

manually position the hip joint. The rig did not permit physical adjustment of theifoint

the z or xaxis, but since it was possible to move the ASIS markers in the z and y direction
adjustments were made to the pelvis proportions and leg length to satisfy the calculations.

Pl acement of the other markigons did not alter

Using a goniometer the leg was then positioned and held manually in a number of fixed
rotations about a single axis. For example: A fixed flexion of 20 degrees, a fixed 45 degree
internal rotation and so on. Each angle of rotation was in pamnaetsl by the constraints

of the mechanical rig, but where possible whole integer values were used to minimise error
in the comparison. 60 seconds of data were captured and processed using LabVIEW, mean
angle values were calculated (as showiable 16). The leg was then moved-axially

and the calculated angles were monitored in-ties¢ via the PC screen. It was not
possible to accurately align tieg in two axes using goniometers manually, so this was

only used a visual check of crosstalk in the calculations.
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Table16 Hip joint angles(all values are given in degrees)

Goniometer LabVIEW Difference
Left abduction -30 -29.5 0.5

-20 -19.9 0.1
Left adduction 20 19.1 0.9
Left flexion 20 20.2 0.2
Left extension -20 -19.4 0.6
Internal rotation 45 46.5 1.5
External rotation -45 -44.5 0.5

From Table 16 it can be seen that the sign convention is correct and in accordance with
Kabadaet al. (1990). The calculated values are within a maximum of 1.5 degrees of those
measured manually and as low as 0.1 degrees in the case -@Dtkegree abduction.
Goniometer precision is typically around 1 degree, so these values fall within what could
be acleved. The mechanical setup introdugeatential for a large parallgperspective

error particularly in the sagittal plane. Whilst the use of a goniometer was not an ideal
reference the test provided an adequate indication that the calculations preeosible

values. The reference measurement accuracy could be improved by using shaft encoders
fitted into the mechanical rig and validated against a mechanical frame machined to known

angles.
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Comparison with Biomechanics SoftwafeVi sual 3 D0

Data were captured from a healthy individuelaring a Helen Hayes marker set (including

the markers required for this workyalking normally through the capture volunib
seconds of data were recorded which included 2 complete strides. The dataosessgut

using the LabVIEW code and separately using the proprietary biomechanics software
Visual3D (GMotion Inc. Maryland USA). The same anthropometric parameters were used
in each case and the gait evetitat wereautomatically detected by the LabVIEV@de

were used in Visual3D. In each case the data were gap filled (to a maximum of 40 frames)
and filtered using a" order low pass Butterworth filter with a 10 Hz @ff frequency.

The body segments were defined in the same way and the relative jglat avere

calculatedand comparedrhe joint centres were also compared.

Joint Angles
The mean angles in the sagittal plane for the Visual3D and LabVIEW methods are shown

in Figure60, along with the differences.
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Figure60 Mean hip flexionéxtension calculated using Visual3D and LabVIEW (top), absolute difference
between methods (below)
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Referring toFigure60 a close similarity can be seen between the two calculation methods
throughout the gait cycle. A maximum difference of 1.5 degrees occursisviang on

the left and 3.5 degrees in nsthince on the right. There is a slight shift to the right in the
Visual3D data. The peak difference in range between the two methods is 1 degree on the

left and 3 degrees on the right.

The coronal data are showm Figure 61, from which marked differences can be seen in
mid-stance and late to terminal swing. A maximum of 5 degrees difference occurs in mid
swing on the left, with a second peak of 3 degrees atstaidce. On the right there is a
difference of 10.5 degrees from initial contact and 10 degrees in terminal stance. There is a
slight shift to the left of the Visual3D data tre left leg and a shift tihe right on the right

sides. The peak difference in range is 4 degrees on the left and 5 degrees on the right.
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Figure61Mean hip abductioladduction calculated using Visual3D and LabVIEW, absdlifference
between methods (below)

Two factors may contribute to the differences seen: the definitions used for the hip and

knee joint centres and the use of optimisation.
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Hip Joint Centres

As described inSection 6.3.6 the hip joint centre definiticnused were based on
relationship developed byBell et al. (1990 to avert the reliance on leg length
measurements with amputees. The definitions used within Visual3D differ. They are based
on relationships developed [yavis et al. (1991 which also uses regression equations
from x-ray data but require known leg lengthBhe differences in hip joint centre
coordinates calculated by LabVIEW and Visual@®e comparedor 200 frames of
walking data. There are constant offsets in each axis throughout the gait cycle, as shown in
the summaryable17. Graphical data are includedAppendix H

Tablel17 Mean difference in hip joint centre locations with respect to GCS. Values are absolute differences
between_abVIEW compared to Visual3D

Axis Left hip Right hip

X (anteriorposterior) 10.8 mm more posterior 12.9 mm more posterior
Y (mediolateral) 6.0 mm more medial 4.5 mm more medial

Z (inferior/superior) 2.5 mm more superior 2.4 mm more superior

Leardiniet al. (1999 compared the methods of Bell and Davis (and a functional method)
againstanx ay reference dat assheotw. tlheaar dBenlildbss dnaet h
joints centre |l ocations that were more post e
method, in the order of 4 mm, 11 mm and 27 mm respectively. They also reported that Bell

was closer to the reference methodnpared to DavisWhilst the differencesare na

numerically similawith this comparison, the direction of the bias is comparable.

KneeJoint Centres

Looking at the knee joint centres, again the differences in joint centre coordinates
calculated by LabMEW and Visual3D areshown graphically in Appendix Hfor 200
frames of walking data. They also show constant offsets in each axis throughout the gait

cycle. The mean offsets are showT able18.

Table18 Mean difference in knee joint centre locatiodalues are absolute differences betwkahVIEW
compared to Visual3D

Axis Left knee Right knee

X (anteriorposterior) 12.8mm more anterior 15.1 mm more anterior
Y (mediolateral) 8.9 mm more medial 8.4 mm more medial

Z (inferior/superior) 10.6 mm more superior 10.7 mm more superior
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Optimisation

This work uses aon-optimal or directtrigonometric solution to approximatbe medial

knee locationand hence determine the knee joint centre location. Visua$@d a similar
vector approach to define a virtual medial knee landmark, which is used during a
calibration process. However during tracking Visual3f®en uses an optinlapose
estimation methoty (Spoor and Veldpaus 1980 his is a sgmentoptimisation method
which is used to minimise the effect of measurement error and soft agsf&cts It is
alsoreferred to as alBOF method because each segment is considered to have 6 variables
that describe its pose (3 variabtiescibe the positio of the origin and describe rotation
about the principal axes of the segme@)ven 3 markers on each rigid segment a least
squares calculation is used to determine the optimal pose using the complete set of data.

Since the method is used to redunotion and soft tissugrtefacts the magnitude of the
distance between markers on the pelvis and thigh segments were examined, to find the
extent of marker wobble and possible effects in the LabVIEW calculati€igare 62

shows the magnitude ind@dmensions of the displacement between the thiginkerand

knee marker, normalised to the gait cycle and plotted alongside the coronal joint angles.
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Figure62 Hip joint angles in the coronal plane normalised to the gait cycle, calculated using LabVIEW
(green) and Visual3D (dashed blue), and the magnitude of the displacement between the thigh and knee
markers (purple), foleft and right legs (left and right respectively)

There is an excursion of marker displacement at swing8 @im on the left and 26 mm on
right, which is comparable to the potential 30 nantefactseen in stereophotogrammetry
(Cappozzo, Catamt al. 1996. However the peaks do not correspond to differences in the

joint angle calculations. Some movement wagected since the thigh markessre
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placed on wands and more susceptible to moveratacs, which may become more
pronounced during the limb aceehtion. Similar peaks were seen in other marker
combinations containing wand markers (the left and right shauakkle markers for
example), but not in any surface marker combinatiingould be beneficial to repeat the
test using a rigid mechanicagrto remove marker wobble from the comparisonoatt

angle output.

In conclusion, there are two notable differences in the chain of calculations that could
influence the differences seen in the angles in the sagittal pfagerd 60), and more
markedly in the coronal plan€igure61). Firstly in the definition of joint angles: The hip
joint centresare positioned more posteriorly, medially and superiorly in this work
compared to those calculated using Visual3D. This shift will be subject to an error
propagation effect when the local coordinatanfes (which arecentredon the hips)
undergo the successive sequence of Euler rotations. The shift in hip centres is also
asymmetrical between the left and right leg (notably in X and Y), which may influence the
asymmetrical differences seen in the anglBse knee joint centres are also positioned
more anteriorly, medially and superiorly in this work compared to those calculated in
Visual3D. They also have an asymmetrical difference in X. A position shift in the knee
joint centres will cause a rotation tine thigh local coordinate frames, which again will be

subject to error propagation when the frames undergo Euler rotations.

Visual3D then uses the least squares segment optimisation metlspdwyand Veldpaus
which minimises the effects of motion efdct and joint dislocatiorkigure 62 shows that

there is up to 28 mm of artefact in the data, which could be attributable to motion artefact
or dislocation. The extent of the influence is difficult to evaluate quantitatively without
replicating and interrogating the optimisation calculatidnss a nd Q®©9@9uid no r
this by comparing three calculation methods: a Direct Method (DM, as used here), a
segmerdl Optimisation Method (SOM, as used by Visual3D) and their own Global
Optimisation Method (GOM), against a set of 20 simulated walking trials. The simulated
data included a scfissue noise model @@hezeet al(1995. From their results of the hip

joint (shown inFigure 63) a marked difference can be seia the coronal plane between

the DM and the other three methods throughout the gait cycle, but most notably in terminal
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swing. These differences are similar or greater in magnitude to those $aguarg60 and

Figure61. This was reportedly due to a 38 mm dislocation at the hip joint.

(a) Hip Abduction © (b) Hip External Rotation (¢) Hip Flexion
] 30

Figure63fiResults of a typical trial. Joint angles in degrees at the kijb(a were edich calculated using the
tested methods (True values: thick solid lines; DM: dotted lines; SOM: dashed lines; GOM: thin solid lines).
Horizontal axes are data frame numbirs. a krem(Lu find O'Connor 1999

The authors of Visual3D note that isnipossible to determine how close the methods are
and which iscorrect becauseheywill vary tremendously due to difference in the quality
of the data, the type of movement, the amount and type ofisaiie movement and the

validity of the constraintsssumedht the joint§C-Motion 2013.

There wee a lage range ofmodelling options and many differences in the published
calculation methods. The mettsoaised by Visual3D werenot known until the late stages
of this work.It was decided that the calculation methsed herevould be sufficient for
the purposes of this worik the normal reference databassed to produce the feedback

signalwas produced using the sag®culationmethod.
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6.4.2 Validation of event detection algorithm

The aim of validation was to quantify the accuracy and repeatability ofatesvent

detection algorithms described$®ction6.3.5.

Data were captured from a healthy individwath a sacrum and heel markensalking
normally through the capture vohe wearing everyday shoeS seconds of kinematic data
were captured at 120 Hz using the ProReflex motion capture system. Ground reaction force
(GRF) data were also captured at 500 Hz using AMT | force plates measuring 40&
600mm (Advanced MehanicalTechnology Inc, USA), with a threshold of 10 N.

Kinematic data were processed using the LabVIEW programme. Trajectories were gap
filled (to a maximum of 40 frames) and filtered using"a &der low pass Butterworth

filter with a 10 Hz cuoff frequency Events were detected using the LabVIKiematic
algorithm. GRF data were filtered at 25 Hz and events were manually identified from the

force datawithin Qualysis Track Manager (QTM).

Eight traverses were maderough the capture volume, with approximly 5 strides per
traverse. 90 events were detected in total by the LabVIEW algorithm (47 initial contact and
43 toe off events), of which 27 occurred over the force plates (13 initial contact and 14 toe
off events). The event frame numbers were recormed the differencebetween the
algorithm and force plates were calculated, as showlrabie 19. All numerical dataare

included inAppendixH.

Table19 Differences between gait events determined by force plates and algorithm

Initial contact Toe off
Mean Mean Standard Mean Mean Standard
difference | difference | Deviation difference | difference | Deviation
(frames) (ms) (frames) (ms)
Left -0.14 -1.2 1.1 4.6 38.1 0.5
Right | 0.83 6.9 0.8 6.0 50.0 0.6
Both 0.31 2.6 1.0 5.3 44.1 0.9
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The agreement between ttvgo methods is clearlghown inFigure64.
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Figure64 Linear regression plots of the differences between gait events determined by force plates and
algorithm, an identity line is shown in red

Amore comprehensive study of event detection metheascarried out byGhoussaynet

al. (2009. They compared heel contact, heel rise, toe contact and toe off events from data
collected from 12 subjects walking beret and shod. Three detection methods were
compared Visual inspection, force plates and a velodibsed algorithm. They found no
statistically significant differences between the visual and algorithm methods. The floor
contact events were within 1.5 m@s of each othefThe heel rise events (visual and
algorithm) were within O to 4 frames of the force platasl the toe off events (visual and
algorithm) were between 6 and 7 frames different for shod and 9 to 10 frames for barefoot

walking compared todfrce plates.

The resultof this workare comparables Ghoussayrand show slightly lower latencies in
detection. Whilst validation did not take into account pathological subjects, the event
detection algorithms used were within 1 frame for IC (and 6 frames for TO) and

considered acceptable.
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6.4.3 System timing,latency andrecovery

As discussed ibection6.3.1,the system is required to operate with a total system latency
of less than 150 ms. This section describes the testing that was carried out to quantify
latency. Figure 65 shows the major information processing components in the feedback
system. Total system latency) refers to the total time taken from a physical movement

to the reception of an electrical stimulus. The principal aim of testing twas
experimentally determingd, Two components were also investigated, both of which were
thought to be the more tir@nsuming elements of the system. Inclusion of the network
(time ) and inclusion of the computations required dotput joint angles(time t).

Individual component latencies are discussed later.
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Figure65 Information flow though Biofeedback Software

The gstem latencywas measurewvith the calculationsincluded (calc) and without the
calculations (nocalg)under twoconditions: vith inclusion of thehardwarenetwork (net)
and with all software operating on a standalone PC (nofdig time & is the latency

with conditions calc and net, angli the time difference between calc and nocalc.
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Method - The hardwaresetup shown inFigure 66 was used. The mechanical rig
(previously described iBection6.4.1) was positioned in the capture volume and reflective
markers were placed to define the pelvis and thigh segments. Adjustments were made to
the leg to prevent coronal and transverse plane movements. A micro switch was held in a
clamp and placed in line with the leg, such that a flat surface on the distal dwedtloifyh

could be brought into contact with the switch. The clamp was held rigidly by a tripod,
which was weighted to minimise movement. The switch was connected to a 9 V PP3
battery and the voltage across the switch was measured using a digital ogm/I05D&-

220 Piscoscope from Pico Technology Ltd, UK). This arrangeraadt switch signal

represented the physical movement within the workspace.

Figure66 Experimental setup for testing system latency

To measure the output to the patient, a test pin on the stimulator circuit was set to toggle a
logical output when the stimulator changed betweerstt@PPERNd STIMULATINGStates.
This signal was measured using the same oscilloscope. Latency was aasessetme

difference between the micro switahdthe stimulator signals.

Protocol - During the calc condition the stimulator was set to become active when the leg

reached a predefined hip extension angle. This condition incorporated all of the
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compuations that were required for normal system operation (interpolation, filtering and
modelling). During the nealc condition, the stimulator was set to become active when the

leg reached a preset x coordinate value for the knee marker. This was unprocessed
coordinate data and all other algorithms within the code were disabled. For the net
condition, the system operated across two networked PCs as described in Section 6.2 and
during the nonet condition QTM and LabVIEW both operated on a single PC. LabVIEW
then read the marker coordinate data directly from the localhost.

To define the target angle and knee coordinate values the leg was repeatedly moved to
make contact with the switch, whilst the movement was captured and the hip extension
angle and knee marke coordinate were plotted on the PC screen. Alongside which the
switch oscilloscope trace was shown. The switch and clamp were iteratively positioned
such that the switch closed #te nearest whole number integ&3(degrees of hip
extension and®270 mmfor the knee marker in the x directjoriTo minimise error the
switch was positioned inside the clamp such that leg made contact with the clamp at the
same time as switching. With the leg positioned at the poistv@th contact, the target
valuesvariedin the order of + 0.2 degrees and + 0.1 mm. The target values were then used
to active the stimulator, and the leg was moved against the daiteach condition for 12

trials.

Results- The total latency ranged fron83ns to 1% ms (with a mean of 8fns) this is

shown as the dashed blue lindmigure67 and is within the requirements for the software.

System latency

Software requiremen{150ms)

= = = Angle / networked

Angle / nonnetworked
= = = Coordinate / networked

Coordinate / noamnetworked

1 2 3 4 5 6 7 8 9 10 11 12
Trial number

Figure67 Latency within the biofeedback system
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The latency increased with inclusion of the network and with inclusion of the
computations, as expectethe mean difference between the net and nonet conditions (the
time attributedo inclusion of the networlg} was Z ms when performing calculations and
reduced to 6 ms without performing calculations. The mean time difference between the
calc and noncalc conditions (the calculation tiglewas 48 ms when the system operated

acrosshe network and Zms without the network.

Discussioni The calculations performed more iglly when the software operatesh a
standalone computer, which would suggest it would be beneficial to eliminate the network
connection. However during testingwas noted that the consumer queues quickly built up

on the standalone PC when the software was left to run capturing data for a longer period.
This did not affect the short test but would affect a longer clinical data capture session. To
examine this fuher the software was run on 3 different standalone computers and the CPU
usage was monitored as increasing functions in the software were efialk20 shows

that the software demands a high level of CPU usage. When the load reached 100% data

were placed on the queues.

Table20 CPU usage whilst running LabVIEW and QTM software together on standalone PCs

CPU (%)
Laptop Desktop 1 Desktop 2
Resting' 5271 54 5471 65 97 10
VI running 72 spike, 54 66 971 10
Collecting data 751 79 88-100 147 17
Filtering 871 89 7871 100* 16- 17
Calculating angles 7371 93 7871 100* 167 19
Normalising 9871 100 781 100* 19
Calculating FB 100 7871 100* 22

QTM running, LabVIEW open but VI not runningFluctuating between 78100 irrespective of action

This quick test was repeated over the networked PCs and the CPU usage remained within
approximately 40% throughouoperation. It was therefore necessary to split the processing
tasks over two networked computers. It was not possible to assess the speed of packet
reception by LabVIEW ¢) across the network. However an open source network analyser

(Wireshark) was usedtinterrogate the meork transmission, no errorsene found. The
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LabVIEW code was also tested by National Instruments UK Ltd exaimined by

Qualysis anaho faults were identified in the data captaresoftware

Looking atthe other components in thgssem, there are no reported data on the latency of
the Qualysis ProReflex camera systen).(However as a guide, a test carried out by
Wolf(2009 found a 6 to 7 ms systemic latency in the newer Qualysis Ogqus camera system.
The latency in writing the data stream to disk drigg \{tas not assessed, nor was $baal
datatransmission or microcontroller operation. These weramsd to ben the order of

microseconds.

A number of errors were present in the latency test, for example, a difference existed
between the position of the physical movement measured using the motion capture system,
and the position limit defined by thetan of the micro switch. This was minimised by
ensuring the clamp acted to stop the leg in a definite position when the switch closed.
However this could be improved by using the metal clamp and leg as switch contacts in
place of the micro switch. The emting system processes in each case were not
controlled. A number of background tasks were disabled, but it was possible that

fluctuating system level tasks changed the latency measurements.

The sum of the component latencies did however approximatendan latency, which

was within the requirement for the software.

6.5 ClosedLoop System Testing

Finally testing was carried out withwo healthy individuad to ensure the system

components worked effectively together.

Staticcheck

Four static angldimits were coded ito the software such that stimulation was applied
according to the corresponding movement. For example the ante&ir electrode
became active when the subject flexed the thigh beyoraparatorset hip flexion angle.

Hip adduction,abduction and extension limits were also codBdo subjects wearing
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reflective markers were asked to stand in the capture volume and move their thigh through

the four individual limits, then in an arc pattern to trigger the appropriate electrodes.

The static trial enabled a number of visual chetkge reliability of the AIM model
(described irSection6.3.3) was demonstrated. Markers were correctly identified by QTM
and coordinate data were transmitted and correctly labelled within LabVIEW. The
robustess of the gap filing was found to be adequate for the movements made. The
calculation and orientation of the joint angles was correct, as was the selection and real
time application of stimulation. The stimulator controls were also tested (includingf use

the emergency stop buttons).

Walking check

The subjec were then asked to walk normally at a range of speeds. In addition to
repeating the visual checks previously described, the reliability of thetimealevent
detection was observed. Finaltye subject vasasked to mimic a range of pathological

gait patterns and stimulation was applied as it would be during normal system operation.

A number of issues were identified. The previous latency testing assumed that streaming
data to disk would not introduce a delay. This was not the case. It was found that the
consumer queues built up when data was being displayed to the user and stoedisied t

To prevent this high CPU usage, a minimal datasetsasedto minimise diskwriting,

and a low (20 Hz)graphical user interfaceefresh was codedThe minimal dataset
included the marker coordinates (so that all calculations could be reproduaektet

stage if required), the joint angles, and the feedback magnitude and error (frector

which the selected electrodes could be calculated)

It is important to note thguantity of data flowing around the softwar82 kBytes of
coordinate datavere capturegersecondwhen 11 reflective markemgere tracked at 120

Hz. This was found to be an issue not only when streaming to file, but when normalised
joint angle graphsvere refreshedbecause all data were redrawn at successive initial
contact evets), and during memory allocatioin future the graphical update could be

more selective, andrray initialisation should take into account the expected data capture
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time period to prevent large quantities of data beingliceated by the operating syste

during therecordingsession.

To improve memory management National Instruments Ltd reconedarging larger
cluster sizes when originally formatting the hard driveaddition tousing write caching
and ensuring that Windows operating system funstisuch as system restore and the
recycle bin are disabled.

As described irSection6.3.8, stimulation is applied when patient hip joint angles exceed
user set limits in the coronal and sagittal planes. Standard deviago@spplied to each
plane, andhe influence of deviations in each plamasweighted. In practice however the
combined effec{the error vector magnitude) dibt produce a smooth coupling of the two
planes of stimulation. In other words if the subject moves the linatbirplanar arcat the
trigger thresholds for both planes, the stimulation boundeay expected to follow a
continuous arc that can be deformed using the weightings. Howeveidmestdake into
account the relative difference of the gait deviations in each plasechsleformation of
the stimulation boundarwas not proportionally adjustable. The effect was suitable for
minor deviations but the rules governing the stimulation boundary will require further

work.

Finally the system was found to be heavily dependent on correct event detection. It was
found that during some strides a marker drop out occurred that caused the miscalculation
of gait events. This subsequently caused incorrect normalisation and catcuddtio
feedback.n this case the errors were due to poor capture of a heel mArkeattime
validation check of the calculated events was not written into software, given the
complexity of the tasks (particularly for pathological gaiB)t the numericlrange of the
marker coordinate and joint angle data were checked to prevent unplanned stimulation in

the event of a marker drequt.
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7.1 Introduction

A biofeedback training system was developed as part of this research. This Chapter
descibes an exploratory study that was carried out to satisfy the final aim stated in Chapter
1, of investigating use of theaining system with tranfemoral amputeesThree aspects

were considered:

1. Electrotactile threshold levels and discrimination in arges
2. Practicality and user acceptance of the biofeedback system

3. Therapeutic effects of the biofeedback system

The training system was designed to address circumductiomiiateral trandemoral
amputees. As such, an essential inclusion criterion was the need for study participants who
displayed a circumduction pattern. In practice that criterion was not adequately assessed by
the collaborating hospital when study participants were identifieds Bsue became
apparent during data collection with the first participant. As such a brief gait assessment
was added to the start of subsequent sessions, to determine if it was appropriate to assess
the therapeutic effect of the training system with thioda/iduals. None of the participants
presented with a circumduction issue at the time of the study. So it was not possible to

assess the therapeutic effect as planned.

This Chapter presents the exploratory study, detailing investigation of senseitsn ded
the practicalities and amputee perspectives of the training system. The method outlined to

examine the therapeutic effects is included for reference and referred to in Ghapter
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7.2  Aims and Objectives

The study had the following aims

1. To examine the electractile sensory threshold levels of unilateral tréamoral

amputees. To specifically determine:

la. If the range of sensation between perception and discottifartwas seen in nen
amputees exists in amputees.

1b. If the ability to discriminate stimuli locations, speeds or directions that was seen in
non-amputees exists in amputees.

1c. If the sensation threshold levelsninish whemmuscle activityreduces

2. To determine if the biofeedback training system is a pradiodlacceptable method of

providing gait retraining fortransfemoral amputees.

3. To examine the therapeutic effeetsctrotactile biofeedback has on gait.
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7.3 Method

7.31 Study rationale and outcomes

The three study components are summarisdible21 with the associated outcomes that

were used. Each are described in further detail below.

Table21 Summary of aspects under investigation and outcome measures used

Dimension Aspect Outcome measures (and tools)

Perception and discomfort
. hreshold level
1. Electrotactile t .es. O.d ? s .
. Discrimination of stimulus . .
sensation _ .| Pass/ Fail (cue cards, questioned)
location, speeds and directior
Change in sensation from

walking to standing

Peak current (measured in mA)

Participant perspectives (questioned)

2. System Practicality Qualitative analysis (observation,

viability User acceptance participant questionnaires and discussiq
3. Therapeutic : . . . . .
effects P Gait changes Gait analysis (observation and kinemati

1. Electrotactile sensation - An assumption was made in the development of the
stimulator and electrodes that traumatic amputees have comparable-tletigcsensory
threshold levels to neamputees. That assumption was challenged here and formed the

first part of this study.

Taslks included in the neamputee study involved laying supine, flexing and extending the
knee, and then walking. The purpose of the different tasks was primarily to determine if
the threshold levels fall when muscle activity reduces, in view of the pogsithiéit a
sensation level required for walking may cause discomfort when the subject comes to a
rest. It was shown in Chaptervith nonamputeeghat threshold levels are lower when
there is reduced activity, but the mean threshold levels (of perceptibdiscomfort) do

not overlap. To assess the possibility of discomfort arising from threshold levels changing
with muscle activity in amputees, participant feedback was sought during the system

evaluation.
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The most suitable stimulation frequency was regpljifrom those chosen and discussed in
Section4.1. This was defined as one which produdeel greatest separation between
perception anddiscomfort threshold levels, e lowest variabn in thresholds across
electrodes, one that produced #asiessens#on to discriminateand themost favourable
sensationThe three frequencies used in the -Haomputee study and used here were 40, 60
and 80 Hz.

To evaluate these sensation aspects, the methods used in thenmatee study were
adopted here. Agaithe stimulus delivery sequeneeas manuallyandomisedeforehand

within each testthe test was repeated twiaadrandomlyincluded no stimulus conditions

to improve the robustness against validity threats such as type | and Il eponges.

Delays betwee stimuli servel to mitigate against adaptation and learning effekks.
experimenter blinding was used but precaution was made to ensure the subjects could not

see the computer screen controlling stimulus delivery.

The primary outcome measures were pak currents (in mA) for the threshold levels, a
pass / fail rate for the discrimination tests and participant feedback regarding thlkeistim

sensation when coming to a standstillthe treadmill.

2. System Viability(practicality and user acceptance) Practicality was examined by
observation from a technical perspective. The following are important for the correct
operation of the system with amputees, and were considered in this study: The donning and
doffing of electrodes and markers; the sockettlie skinsurface contact of the electrodes

and the equipment robustness. Any issues with the capture, processing and usénud real
kinematic measures from the camera system and the delivery of eksatil® stimulation

were also observed.

Useracept ance was examined from the amputeebod
electrodes within the socket and any encumbrance or distraction to walking were
considered; as were the evenness and comfort of the sensations, and the potential for
discomfort when ransitioning from walking to standing. The ability to understand

feedback and associate the stimulation with the participants walking pattern were
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guestioned. The partici pexantnédso bdtter ainderstandf atte
how prominent differat components of the experience were during the walking trials. The
par ti ci pan tstimulation ale sind offthe traimiag system were also sought.

These practical and user acceptance issues were assessed qualitatively through observation,
disaussion with the participants amlde use of questionnaire repeated after each walking

trial (as described irBection7.3.3). The questionnaire was part of the experimenters
recording sheet and is included in Appendix I8.

3. Therapeutic effects The purpose of the training system was to reduce circumduction

gait patterns. There is a possibility that modifying the extent of circumduction alone may
not result in an overall improvement in gait. For example the biofeedback stimulus may
elicit unrealisic and temporary movement patterns, or the circumduction may be replaced
by a more detrimental compensatory mechanism. As such this study initially sought to

assess changes to participant gait as a whole with the use of video and kinematic analysis.

The magnitude of the circumduction deviation was described in Section 6.3.8 as the
magnitude of the vector representig difference between the actual hip joint angles (in

the sagittal and coronal planes, plotted against each other) and the desired angles
determined from a local population normal data 3&ie primary outcome measure was

therefore the change in the vector magnitude over time.

It was not possible to blind the participanbecause the feedback stimukead to be
perceivedand understoodly the subjects. It was not practical to blind the experimenter. A
one way repeated measures desigis chosen, with time as the independent variable and
the error vectomagnitudeon the prosthetic side as the dependant varifiblthne absence

of a contol or blinding, he one way repeated measures design was chosen as the most
robust designlt is howeversusceptible to changes to stump shape, pain, socket fit and
familiarisation with the treadmill. Changing motivation through participation and seiectio
interaction effects such as competition within the subject group may also be detrimental to
this type of design. However study subjedisnot interact with each otheFhe dependant

variablecould also be measured continuousisoughout thevalking trals.
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7.32 Participants

Inclusion criteria i Unilateral trandemoral amputeesver the age of 18vere sought,
who had undergonan amputation as a result of traume stated irSection5.3.2 it was
assumed thatinlike vascular amputees, the remainprgximal somatosensory pathways
of traumatic amputeesre unchanged byhe pathology and surgery¥stablished amputees
were required, i.e. those who hagceived prosthetic provision no less than 12 months
prior to the start of the studynder the assumph that their gait pattern and any
deviations are habitual and not linked to pogerative issues or an ongoing gait

rehabilitation programme.

Individuals were required to have good mobiliscgred as level E or above using the
SIGAM tool: "walks 50 netres or more without walking aids except to improve confidence
in adverse terrain or weatheo¥, equivalent Kcodes A3 and A4)to walk without the use

of crutches or stickend to have been identified displayingciecumduction/ abduction
gait patternSubjects were required to have hackaiew with their prosthetist withitwo
months prior to the study, to ensure there wer@utstanding issues with the prosthesis fit

or stump

Exclusion criteria - The exclusion criteria weras follows:those withvisual, auditory or
vestibular impairments that affected walking or balance. Those with injury that affected
mobility, or required the use of mobility aids (other than the use of a prosthesis). Subjects
who used donning socksa method of fitting the s&et which may cause the electrodes to

pull away from the skin. As in the naamputee study, commonly cited conindicators to

the use of electrical stimulation were applied as a conservative precaution. Subjects who
experienced seizures (managed or otis®) were excluded, as were those with known
cardiac arrhythmias, Ipgrreflexia, and implanted electrical devices. Pregnant subjects
were also excluded. If subjects were unwilling to confirm pregnancy for whatever reason,

they were excluded.

Subjects wee sought with healthy skin and stump tissue, so those with dermatological

conditions or oedema were excluded. Subjects were required to havendiions
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affecting the nervasisystem or sensory nerves, other than amputaborextmplestroke,
multiple sclerosis cerebral palsynerve entrapment or peripheral neuropathies). Finally
individuals were excluded if they werecently or concurrentlyinvolved in another
research projects this may introduce unknown confounding factors and possibly indicate

over-enthusiasm to perform.

Sample size A convenience sample of 8 subjeetas chosen, in common with other
studies in thdield of gait rehabilitation A drop-out rate of 40%was taken into account,
requiring 1lvolunteersResults from this pilot stdy could inform a power analysis

calculation for future work.

Recruitment- Subjectsvererecruited from the population of patients under the care of Mr
Thomas Wickerson, Lead Prosthetist at the Douglas Bader Rehabilitation Centre, Queen
Mar yo6s IDecagsiontoakIplace betweerProfessorDavi d Ewins ( Queen
Hospital) and Mr Wickerson to identify potential participamtwitation letters(Appendix

14) weresent to potential p#cipants, withcopies of the information sheet, consent form

and sceening questionnairePotential participants exprest an interest toProfessor

Ewins, who discussd the study and answed any questions raised\ppointmentswere

arranged by the Author, an@npicipants receiwiéatelephone call prior to the appointment

to confirm the date, time and any special travel requirements

Participant timecommitmenti Subject attendeane session which laed approximately
3 hours, betweerdune and August 2012 at the Centre for Biomedical Engineering,
University of SurreyThis allowed time for travel, preparations and all testing to be carried

out. No followrup sessions were required.

Ethical consideration- Favourable consideratioaf this study was given bthe NHS
Research Ethics Service (LondBnrrey Borders Researéthics Committee), and locally
by the University of Surrey Researchthics Committegprior to subject recruitment (see

Appendix 17).
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7.33 Study Protocol

Prior to attendance subjedtadreceived garticipantinformation sheet, health screening
guestionnaire and a consent form, avete given aminimum of three weeks to read and
discuss the information with the experimenteas required by the NHS Research Ethics

Committee

1. Introduction and administration (approximatetime 15 minutes)

Subjecs attended individually and were welcomed to the Centre. sty and process
were explained An additional copy of the screening questionnairas providedfor
completionand sibjects not eligiblevould leave the widy. If the criteriawere met an
opportunitywas provided toe-read the information sheet away from the experimeniters.
the subject undersbd and agreed to participatecansent formwas providedfor their
signature Following receipt of informed consent, subjeatsre asked tehange into close
fitting shorts (either their own, or Lycra shorts provided), for the purposes of examination

and motion capture.

2. Treadmill familiarisation and gait assessmeii@pproximatetime 20 minutes)

Subjecs were askedabout their level of experience using @weadmill Prosthetic
component typeveing worn ad any current issues with them were notedbj&ct were

then instructedn the operation of treadmill controls and allesitime to become familiar

with walking on the treadmilllf subject werenot confident, theyvould leave the study.
Subjects were then asked to rest for 30 seconds, followed by a 30 second walk at their self
selecteccomfortable walking speed/ideo was capted in thesagittal and coronal planes

and walking speedwas noted. Subject rested in a chair, while an observational gait
assessmenivas carried oubased on the captured video. Particular note was made of
pelvic-related deviations, and a decision was maden individual basis if and how the

subject may benefit from use of the biofeedback training system.
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3. Sensation Trialgapproximatetime 1 hou

Preparation

Subject height was recorded (with prosthesis and shoes), tigects were asked to
removetheir prosthesis and sit oan examination tableThe stump skin conditiorwas
visually checkedor the presence of pain, ulcerations or other skin conditiBosmparison
was made with the good leyVvith the subjectiaying supine thegood leg lengthwvas
measuredrom the anteriorsupior iliac spine ASI1S) to the medial malleolus using a tape
measure this was required for biomechanical model)inghe stump lengthwas also
measuredrom the greater trochanter tthe distal tip of the stump (determikevisually).
The stumpcircumferencewas measure@/3 distally from greater trochantand eight
electrodeswere placed equidistaaround the surface of the thigh using the-adesive
padsat that height. A T u b islgeve wa$ placeavertheelectrales to protedthe socket
liner and hold the leads inplace Subject were then asketb fit their prosthesis (with
socket liners or socks) and ensuhere wasno encumbrancer discomfortfrom the
electrode leadsSubjecs were then showthe user controls of thelectrical stimulator and

asked taapplyalow level stimulationn orderto become familiar with the sensation

Threshold test

The process followed was similar to that outlined in the ammputee studySection5.3.3).
Subjects werasked tolay supine ora plinth and remain in that posture for 1 minute to
allow adaptation within the socket. Participants were then asked to respond verbally when
they first perceived a sensation and again when they felt the sensation was uncomfortable.
Whilst observing the subject, a stimulus was applied for approximately 2 secoedsh
electrode using pulse widthof 100 psat one of the threkequenges The intensity was
gradually increased untihe first response was giveiit that level thgpeak applied current

was measwd and the stimulus was removed. The ascent was then repeated and the mean
of two recordings was taken. The stimulation was then removed for 5 seconds and the
intensity was thenincreased until the subject gave thecond resptse The current
amplitudewas recorded and the stimulus remaqvagdain this was repeated and the mean
taken The processwvas repeated faall eight electrodes using@erandomised sequence

of electrode locations, and repeated for each frequency irathe eandom order (60, 40
then80 H2).
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Discrimination tests (location, direction and speed)

Each channel was settaie midpoint between the threshetof perceptioranddiscomfort
previously determined. Subjects were asked to remain supine and weregivencard

After a brief demonstration of the cue card numbering, participantsag&esl to indicate
where the stimulatiomwas felt by responding with the electrode number. Stimuli were
applied to each electrode location in a-getermined random sequee for 2 seconds,
pausing for 1 second between each stimulus applicafioa.response was recorded as
correct or incorrect This was repeated twice using different random sequences and
repeated for each frequency value, in the order 40 Hz, 80 Hz thdm.&Ximulation was

then applied at the migoint intensity level and moved around each electrode in order, at
three different s p e @id ;a(ag definkdoinBéction5f8.@)endai u mo
clockwise and counteslockwise direction. After a demonstration of the speeds and
directions, subjects were askedindicate thespeed and direction of rotation. A random
sequence of 12 speeds and directions was used. Reponses@mred as correct or
incorrect The process was regted twice for each frequency. Subjects were then permitted
to rest in a chair if required.

4, Treadmill walking trials (approximatetime 1 hour)

Preparation

Reflective surfacemarkerswere placed on theacrum, left and right ASIS, lateral femoral
epicondyles, lateral malleoli, heels and toes (mifl &hd 3" metatarsal heads)The
prosthetic knee joint centre could be visually determined with manipulation of the joint,
and markers placed accordingly. The cosmetic feet had palpable landmarks Ker mar
placement. However consideration was also given to marker placement symmetry with the
good leg. Markers on wands were placed on the left and right thighs and shanks, making
contact on the socket and the body of the knee housing on the prosthet®agittal and
coronal photographaere takerfor recordif consent was given.ubject were then asked

to adjust stimulation levelg/hilst standingto gain an even intensity sensation around the

circumference of the thigfthese ar@resentedn Section7.5.1).
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Walking trials

The pattern othe walking trials is shown ifFigure68. During the baseline walk subjects
were asked to walk at their sekélected comfortable walking speed for 1 minute.
Kinematics and video in the sagittal and coronal planes were capturadhbra the trials.

A 5 minute training phase then followed where subject were instructed how to respond to
the feedback stimulugheywere given the opportunity to walk with feedback and request
stimulationat particular electrodes in order to understahdt was required. Subjects were

also able to request changes to the intensity level (as repoedtion7.51).

Pretest questionnaire

1 minute baseline walk no stimulation
5 minute walk with biofeedbadktraining phase
30 second rest, mitestquestionnaire
1 minute walk with biofeedback

30 second rest, mitkst questionnaire
1 minute walk with biofeedback

30 second rest, mitkst questionnaire
1 minute walk with biofeedback

30 second rest, mitkst questionnaire
1 minute walk, postestno stimulation
Posttest questionnaire

Figure68 Pattern of walking trials, training phase (light greevglking with biofeedback (light red) and
guestionnaire data collection periods (light blue)

During the feedback trialsubjects were asked to walk in a manner that avoided any
sensations felt. No response was required when no sensation was felt. For example: if a
sensation was felt on the anterior aspect of the thigh, subjects were expected to reduce their
hip flexion. If a sensation was felt on the posterior aspect subjects were expected to reduce
hip extension. Likewise with abduction and adduction movements and combinations of
both planes as discussed in Section 6T3@feedback deliverywaried fa each subject
accordng to the 30 second familiarisatigait assessmenbDecision makingvas made on

an individual basis, so details of tleedbackused and the number of walking trials

undertaken are presented on a subject by subjectib&astion7.6.

After each walkig trial and at various stages thie session participants were asked a
series of questions. The questions (showFRigure 69) included a mix of positively and

negatively phrased questions, which explored the comfort of the system, the-&letifeo
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sensation and the associatie®npawrttihc itphaen tpdasr tf
attention and finally the usability of the training system. Each question was scored using a
five item Likert scale from strongly disagree, disagree, neutral, agree and strongly agree.

Pre-test questions
Comfort
Theelectrode wires are comfortable
The prosthesis is comfortable
The prosthesis and liner are fitting well
The electrodes are comfortable
The kit feels cumbersome

Mid -test questions

Sensation
The sensation felt even around my thigh
There were moments when the sensation was unpleasant
There were unexpected sensations under the electrodes
There were unexpected sensations from other parts of my body

Association with movement
It was easy to associate the sensation with my movement
It was easy to correct my movement to avoid the stimulus
| found the experience frustrating

Focus of attention
Walking
The stimulus
My balance
The prosthesis
The equipment (leads and markers)
Pain and discomfort

Posttest questions
Usability
The electrodes remained in place for the duration of testing
| would have been happy to wear the system during my rehabilitation
| would be happy to wear the system on a longer term basis

Figure69 User acceptance questions

Pretest questions were asked once after the subject preparation and sensation threshold
testing had been carried out. The #tedt questions were asked after each walking trial, in
addition tothe set of pretest questions. The petgst questions were kel after the final
walking trial. On completiorof the trialsthe markers and electrodes were removed and the
skin checked under the electrode surfaces for any irritation. An opportunity was provided
to discuss the study with the experimenters and seénaames and data. Subjeatsuld

thenleave the study.
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7.4  Results- Participants

20 potential test subjects were identified and contacted. 6 people expressed an interest in
participating, of which Svere available and attendéuke study sessior2 subjecs usel a

donning sock to fit the prosthesisontrary to the exclusion criteria. Thepalled the
electrodes away from the skin. Suction was not maintainetiecase, and after repeated
attempts it was not possible to adequately secure the lithktle electrodes in place. He
therefore withdrew from the study. 4 subjectampleted andra included in the final
analysis, giving a 20% recruitment raldone of the subjects walked with a circumduction

gait pattern contrary to the inclusion criteridhe individual anthropometrics and group
descriptive statistics are shown Trable 22. All items are presented for discussion in
Section7.7. Iltems 7 to 11 were celited for modelling and electrode placement. Non

amputee subject anthropometrics are included for reference.

Table22 Individual subject anthropometrics and group statistics

3|33 ?s_, Amputee | Non- Difference
Item 3’_). _i _§ _§ group amputee between
5 5 5 T | mean group mean groups
| o | d | » |values value$
1 | Gender M M M M - - -
2 | Age 56 |25 |42 |48 |43 28 15
3 | Height (m) 1.75] 1.75] 1.66| 1.87| 1.76 1.82 0.06
4 | Weight (kg) 77 |78 |85 [87 |82 77 5
5 | BMI (kg/m?) 25 |25 [31 |25 |27 23 4
6 | Thigh circumference (mm) | 460 | 390 | 460 | 488 | 450 506 56
7 | Non-prosthetic knee width | 102 | 101 | 104 | 102 | 102 - -
(mm)
8 | Non-prosthetic leg length | 860 | 951 | 880 | 920 | 903 - -
(mm)
9 | Prosthetic leg lengft(mm) | 861 | 952 | 878 | 922 | 903 - -
10 | Leg length discrepancy 1 1 2 2 15 - -
(mm)
11 | Stump length(mm) 380 | 540 | 390 | 400 | 428 - -

At 2/3 the distance from the ipsilateral ASIS

? Distal to the medial and lateral epicondyles

3From ipsilateral ASIS to medial malleolus

* From ipsilateral ASIS tapproximatedinklejoint centre
°From ipsilateral ASIS to the distatost endpoint

® Only male subjects are included (n=6)
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7.5 Resultsl - Amputee Sensation Thresholds

7.5.1 Overall patterns

The following plots Figure 70) show the group mean responses for the perception and
discomfort thresholds fothe amputees and neamputees in the supine task. Data are
presented for each electrode location and the gtmewilation frequencies used. Individual
subject data are included in Appendix J

Amputee mean threshold levels Non -amputee thresholds (supine)
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60 Hz 60 Hz
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Figure70Perceptior(bottom) and discomfort thresholds (top)for eatictrode and frequency (with 40 Hz
shown in red, 60 Hz in blue and 80 Hz in green) for the supine task with (n=4) amputees (left) and (h=13
non-amputees (right)
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The absolute difference between the amputee anédamputee threshold levels asbown

below Figure71) by electrode and for each frequency. Data are averaged across subjects.

Absolute difference between amputee and nemmputee threshold levels
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Figure71 Absolute difference between antpa and noramputee threshold levelgositive values indicate
non-amputee threshold > amputee threshold

The participanselected stimulation levels are showrigure72. Data shown include the
mean perception and discomfort levels found with the amputee participants adopting a
supine posture, the mjgbint levels used for presentation of biofeedback selected prior to
treadmill walking, and the adjusted levels affae minutes of training. The absolute

difference in selselected feedback level is showrFigure73.
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Figure72Mean simulation levels for perception . o
(blue) and discomfort (red) during supine posture, Figure73Absolute change in migoint
andchosen biofeedback level before (green) and stimulation level for each subject after five
after (purp|eﬁve minutes of training minutes of familiarisation tralnlng
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7.5.2 Separation betweenthreshold levelsand data variation (amputee and non

amputee groups)

The bands between the perception and discomfort levels during the supine tasks for the
amputee group are shown below alongside theamputee group dat&igure41). The
group maximum, minimum and mean values are given, indicating the extent of overlap

between bands in some cases.
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Figure74Groupmean, minimum and maximum perception (blue) and discomfort (red) threshold levels
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7.5.3 Amputee ability to discriminate stimuli, location, direction and speed

The stimulus locations were correctly identified 100%, 98% and 100% of the time for 40,
60 and 80 Hz respectively (expressed as group mean percentages). Tl@®%oscore

was attributed to one incorrect answer from one participant. The stimuli directébn a
speed were identified 100% of the time in all cases.

7.5.4 Amputee experience of electrdactile sensations

Two participants commented on the sensations experienced during the study. When
prompted the remaining two said they were indifferent abaitsénsations. One subject
described the sensation as producing a fnic
muscle twitches were felt, giving fAa positiyv
year so. He r eatpoee stimuatdr foa exsise aused A second subject

commented t hat the sensations Atickledo and
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7.6  Results Il - Use of Biofeedback System

7.6.1 Data quantity, analysis and presentation

A large quantity of data was collected during the treadmill walking trials, which required
consideration in terms of peptocessing, presentation for interpretation and presentation
within this thesis The limitations of this are discussed in Cha@daut it is important to
note the following points before the results are presented.

Subjects walkingn a gait laboratory typically produce approximately 6 strides per walk.
However in this study data were collected throughout 1 minute walks, with théanteh
capturinga change in error vector over time. 998 strides were collected in total. 12
parameters were of interest (the left and right pelvic and hip angles in three planes),
resulting in approximately 12000 series of data being saved:pRustssing required
normalsing these data to the gait cycle, the calculation of means and standard deviation
bands and the production of graphs. 4 subjects undertook a total of 22 walking trials, which
would require 264 graphs in order to present the left and right pelvic anchdigsan

three planes. Practically the data quantity exceeded the number of permissible columns in
Microsoft Excel, and a number of limitations were found within the report generation
toolkit in LabVIEW that prevented programmatic output of graphs intoitalde format.

To tackle these issues a separate program was written using LabVIEW to carry out the
following postprocessing: data were read from the TDMS files, normalised to the gait
cycle and groups of strides were displayed onscreen for each waikind\rtefacts were

then manually removed and the mean and standard deviation bands were calculated. The
data were then saved and written to Microsoft Excel. A series of macros were then used

within Excel to help with the production of graphs.

This pracess was not an issue when viewing data in-tieed or during the capture
sessions, but it became problematic during manual data interpretatiean tBe large
number of graphs that could be presented displaying different trial conditions, a number of
sd graphical formats were chosen from the outset. For exarAgere 75 is one format

chosen which shows all of the walking trials undertaken by subject 4, including t
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minute baseline trial without biofeedback (blue), two walking trials with biofeedback
(BFB1 and BFB2, purple and red respectively), the 1 minute-tpsstwalk without
biofeedback (orange) and the normal reference data (green). The thick line sitheate

mean, and 2 standard deviations from the mean are shown by the error bands.

Left hip (+ve flexion)

Degrees

IC % Gait cycle IC

Figure75 Left hip joint angles nonalised to the gait cycle foru§ject 4, including the baseline condition
(blue), BFB1 conditiongurple), BFB 2 condition (red), post BFB (orange) and normative reference (green).
The thick line indicates the mean and £2SDs are shown by error bands

Other formats chosen show specific groups of trials, to improve clarity. All the data are

included in Apendix J2 and only subsets are included in this section.

The interpretations provided in the following Resulisction include descriptive
assessment of the data, including brief comments on possible causes and effects. This is to
aid presentation of &hdata. Broader comments and observations regarding individual
results and across the group are included in the Discussion section. Photographs are

included vhere consent was given.
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76.2 Subject 1

Subject 1 (S1)s a56 year oldmale who underwent a right trasiemoral amputatiomas a

result of cancer at an early adg#¢e used a suction socket with a sock, a sensor hydraulic
knee (Ortho Europe), a TT Pro shock absorbing ankle (Blatchford Ltd, UK) and a carbon
flex foot. He reported norpblems with the prescription. On inspection there was good
skin condition, with no scaring, pain or ulcerations. Electrodes were placed equidistance
around his right thigh with a spacing of 58 mm, at 253 mm from his right AS1S.
requested that theetadnill beinclined (2 degreesbecause on the level he had a feeling of

walking downbhill.

During the treadmill familiarisation period prior to the tri§lsselected a walking speed of
0.50 m&. The following trials were then carried oufaple 23) with questionnaires
completed after each walk. Video was recorded throughout in the sagittal and coronal

planes.

Table23 Walking trials for Subject 1

Data capture period*

Walk Condition Strides seconds (& frames)

Pretest questionnaire
1 1 minute baseline walk (no BFB) 90 123 (14713)
5 minute walk with stimulatioin training phase
30 second rest, mitkst questionnaire

2 1 minute walk with biofeedback (BFB1) 95 135 (16319)
30 second rest, mitkst questionnaire

3 1 minute walk with biofeedback (BFB2) 46 60 (7227)
30 second rest, mitkst questionnaire

4 1 minute walk with biofeedback (BFB3) 73 97 (11624)
30 second rest, mitkst questionnaire

5 1 minute walk with biofeedback (BFB4) 58 79 (9463)
30 second rest, mitkst questionnaire

6 1 minute walk, postest no stimulation @BFB) | 46 62 (7430)

Posttest questionnaire
*The data capturperiod indicates the total time during which data was collected. Times were greater than
planned with the first subject because this was the first exploratory session.

S6s confidence with wasdeddrorm7goutofiO (tvhere 10tlse e a d mi | |

most confidentduring the baseline recording, t@@t of 10for the rest of the session.
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Baseline knematics

The following results show the kinematics for the {imefeedback condition against the
normative reference for the pelvis and both higee contralateral pelvis is not shown here
and in subsequent subjects because it is symmetrical, however the data are included in

Appendix J2.
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Figure76 Pelvic and hip joint angles f@ubject 1 for the baseline condition (blue) and the normal reference
database (green). Data are normalised to the gait cycle and are indicated by mean values (thick line) and
+2SD error bands
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Interpretation of baseline kiematics

S Ispelvis wa anteriorly tilted throughout the gait cycle on the right side in relation to the
normal reference, and showing a relative increase in posterior tilt during swing. This
corresponds with a noticeable right superior obliquity in gWiight side up) There was a
greater range of motion in the sagittal and coronal planes compared to the normal

reference, notably so in the coronal plane.

Hip motion was within the normal range from late swing into initial contact, but reduced in
both hips throughout the rest of the gait cycle, more so on the left side. The data suggest
the right side of the hip was adducted during swing and the left albddateng stance.
There was an égrnal rotation on the right during mglance, and throughout swy on the

left side.

The difference in anterior pelvic tilt from the normal may result from poor placement of
the sacrum marker. The right pelvic positive tilt and obliquity during swing indicate a
prominent hip hiking motion to clear the prosthesisotigh swing. Hip hiking would

account for theppearancef adduction on the right and abducted on the left hip in relation

to the pelvis. These features were evident during observation and were supported by video.

Despite reporting a confidence of 7 out of 10 walking on a tread®diliyalked at 0.5 mis

! which is half the sel§elected comfortable speed previously reported for akoge
amputeegPerry 1992 He also had a forward trunk lean, whialith the anterior tilt,

would result in the apparent hip flexion seen in the kinematic data. The transverse plane
calculations were not validated during system dgwelent and typically have greater
variation compared to the sagittal and coronal planes, so these are interpreted with caution.
Rotation on the prosthetic side may result from poor marker alignment, or relative
movement of the socket around the stump. Biohanical causes of the rotation patterns in

this case were not clear.
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Feedback delivered

Following the observational assessment, feedback was initially set to focus on the
correction of the hip adduction seen during switiggyre 76). Figure 77 shows a
screenshot of redime data during walk 1, indicatifgld s gait deviation in
coronal planes, and their combination that forms a bimodal pattern in the error vector. The
feedback delivery window was set to bound the swing phase peak, and the threshold was
arbitrarily set to encompass as muchtbé peak as possible without artefacts, after
observing a number of strides. The feedback delivery thresholds for all of the walking

trials are shown iTable24. In this case stimulation became active between 46% and 96%

of the gait cycle, when the error vector exceeded 6.5 degrees. Only deviations in the

coronal plane contributed to the error vector and feedback delivery.

p 7w | [sso]mmenlenz] €—— Contribution
= i from each plane

o &l «—— Normalised hip

- Sam|EE joint angles in
sagittal (left) and
coronal  (right)
planes

8 PATIENT
window

| — Lower boundary
| — Upperboundary

/ Threshold

Figure77 Feedback delivery during walk $16s hip flexion/extension (white) is shown (top left) against the
normal reference (red), and thddaction/doduction is shown (top right). The error vector is shown below,
windowed in yellow.

Table24 Feedback window settings used during walking trials for Subject 1

Walk Contribution from Lower % Upper % Band % Threshold
each plane (degrees)

2 100% coronal 47.2 97.2 50 6.5

3 100% coronal 47.2 97.2 50 6.5

4 100% sagittal 38.7 98.7 60 15.3

5 100% sagittal 38.7 98.7 60 15.3
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Walk 3 was arepetition ofWalk 2 Walks 4 and 5 attemgd to modify the hip flexion

deviation seen inFigure 76, by providing feedback in the sagittal plan. Mixing the
contributions from each plane was not tried at this stage, because the response to
biofeedback in individual planes was not knowhe effect of walks 2 and 3 are therefore
viewed combined and the intervention is des

and 5 are combined and termed fisagittal BFBO

Response to biofeedback in the coronal plane

For clarity only the mean values of the last 10 strides of walk 3 (out of 141) are shown in
Figure 78 and Figure 79. All data are presented in Appendix J2. Generaifily alight
differences were seen in response to the feedback stimuli. The pelvis became more
anteriorly tilted and rotated further away from normalovdment in the coronal plane
remained the same. There was no noticeable change in hip flexion/extension. The left thigh
followed a similar pattern to the baseline condition and the right became slightly more
adducted following response to feedback. Botft End right thighs became more

externally rotated away from normal.

Right pelvic tilt (+ve up) Right pelvic obliquity (+ve up) Right pelvic rotation (+ve ext)
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Figure78Pelvic angles for S1 for the baseline condition (blue),-postnal BFB conditions (purple) and the
normal reference database (green). Tiamge shaded region indicates the period during which feedback was
presented
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Left hip {+ve flexion) Left hip (+ve adduction) Left hip rotation (+veint)
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Figure79Left andright hip joint angles for 8bject 1 for the baseline conditi¢blue), postcoronal BFB
conditions (purple) and the normal reference database (green). The orange shaded region indicates the period
during which feedback was presented
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Response to biofeedback in the sagittal plane

Figure80 shows the pelvic and hip kinematics following application of biofeedback in the
sagittal plane. Again only the mean values of the last 10 strides of walk 5 are shown (out of

176 grides).
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Figure80 Pelvicand right hip joint angles forubject 1 for the baseline condition (blue), psagittal BFB

condition (red) and the normal refererdagabase (green). The orange shaded region indicates the period
during which feedback was presented
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Referring toFigure 80 there was greater anterior pelvic tilt during stance, with a slight
reduction in range of motion. Pelvic motion in the coronal plane remained similar to the
baseline and the cororBFB condiions. The range of rotation was closer to normal, but
there was still a large difference compared to the reference data during swing.

At the hips, the ight side wasmore flexedin stance (when feedback was not being
received), whilst the left was shgly more flexed throughout the gait cycle. The right hip
was more adducted throughout stance and into swing. But there was little change to the
mean left hip abduction/adduction. Both thighs were more externally rotated away from

normal, but remained wilth the variation in the data.

Postbiofeedback kinematics

Referring toFigure81 the pelvis wa seen to be more anteriorly tilted from early stance to
mid swing, following biofeedback. However the excessive range of motion reduced. There
was still a hip hike on the rightide, butthis reduced. The left hip range of motion in the
sagittal planevas closer to the normal reference, ahdrewas a slight delayed flexion on

the right side. This may be due to the greater rotation of the pelvis (from external rotation
at IC, irternal into swing and returning to external rotation at 1C). Following biofeedback
the right hip add / abduction moved closer to the reference, but ranadducted
throughout.

In both sets of biofeedback waJKsnited changes were seen in responseitdeedback,

with some deviation away from the normal reference kinematics. There is no clear
distinction between the extent of gait deviations during the periods where feedback was
delivered or when it was not. From observation S1 was leaning forwaetcinof the
walks, and reported that he was concentrating on this gait throughout. This may explain for
the presence of hip flexion seen in the data. The compensatory hip hiking movement
remained evident in all of the walks, andliing speed remained atslower than normal

0.50 ms.
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Figure81 Pelvic and right hip joint angles for Subject 1 for the baseline condition (bluephiptestdback
condition (orange) and the normal reference database (green)

After the fnal walking trial, stimulation was applied to each channel at the levels indicated
in Figure 73, whilst S1 stood quietly on the treadmill. S1 reponbeddifference in the

sensations felt compared to the walking frialbut not ed t he | evels
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7.6.3 Subject 2

Subject 2 $2) is a25 year oldmale who underwent aight belowknee amputatiorn

1987, followed by aright throughknee amputation 2002 as aresult of a surgical
accident. He walked with a-lge lining and stump socks within a suprandylar
suspension, a KX06 knee and an Echelon foot (both from Blatchford Ltd, UK). No
problems were reported with tipeescription. On inspection there was good skin condition
with no scaring, pain or ulcerations. Electrodes were placed at 360 mm from his right ASIS
with 49 mm spacing, as shown belokigure82).

T .

Figure82 Subject 2, showing placement of electrodes (far left) and reflective markers

During the treadmill familiarisation perio2walked at a speed of 0.74 Thand remained

at this speed throughout the session. Four walking trials were carried out (as indicated in
Table 25) with questionnaires completed after each walk.edidiasrecorded throughout

in the sagittal and coronal planes. Sagittal and commatiigraphsweretakenwithout the

prosthesis (detailing electrode placement) and whilst walking.

Table25Walking trials for Subjec®
Walk Condition Strides

Data capture period
seconds (& frames)

Pretest questionnaire
1 1 minute baseline walk (no BFB) 42 60 (7316)
5 minute walk with stimulatioin training phase
30 second rest, mitkst questionnaire

2 1 minute walk withbiofeedback (BFB1) 45 60 (7193)
30 second rest, mitest questionnaire

3 1 minute walk with biofeedback (BFB2) 66 86 (10384)
30 second rest, mitst questionnaire

4 1 minute walk, postest no stimulation mBFB) 46 62 (7408)
Posttestquestionnaire
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The readmillremained level throughout, aig® indicated a treadmill walking confidence

level of 10 (out of 10) in each trial.

Baseline knematics

The following results show the mean pelvic and hip joint angles of the last 10 strides of
walk 1 (the baseline trial in blueggnd the normal reference data set (green). Again all data
are included in Appendix J2.

Right pelvic tilt (+ve up) Right pelvic obliquity (+ve up) Right pelvic rotation (+ve ext)
30 20 20
25 15 15
20 10 / 10 \\\__,/
» \_/-\/ . .
w w w
E . g, E jir T ey
o A 1 T m T T 1
a a 0 40 0 /J 100 a o0 e0 B0 \1_90
5 5 5
0 T T T T 1 -10 10
20 40 60 80 100
5 -15 15
-10 -20 -20
% Gait cycle % Gait cycle % Gait cycle
Left hip (+ve flexion) Left hip (+ve adduction) Left hip rotation (+ve int)
60 20 30 Z
@)
50 15 20 >
T
©
40 10 10 =
a0 U o
i (7))
: : $ 07 =+
o 20 i o 1 : ; ; it by 20 10 6 100 >
@ @ @
a \\ a 5 30 8 10 - D
10 ~ il | L =,
0 \ \ i i -20 ©
20 t}\ b 80 100 @,
-10 -15 -30 Q.
@D
-20 -20 -40
% Gait cycle % Gait cycle % Gait cycle
Right hip (+ve flexion) Right hip (+ve adduction) Right hip rotation(+veint)
60 20 30
50 15 20

10 \ / 10 10

" e 5 gl

20 ] /{ 10 50 \ﬂ\loo
W Vi ' a0

10 \ \// 5

0 . y : . . -10 20
20 %\ 59/ 80 100

-10 15 30

-20 -20 -40
% Gait cycle % Gait cycle % Gait cycle

Degree
Degree
(=]
Degree

apIs dnaYIsold

Figure83 Pelvic and hip joint angles forubject 2 forthe baseline condition (bluapd the normal reference
database (green). Data are normalised to the gait cycle and are indicated by mean values (thick line) and
+2SD error bads
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Interpretation of baseline kinematics

S2walked with an apparent anterior pelvic tilt throughout the gait cycle. One cause of this
may be poor placement of the sacrum marker. The pelvis had a superior obliquity (with the
prosthesis side up) which wasore evident during swing. The pelvis followed a similar

rotation pattern to normal but does show an external rotation offset throughout the cycle.

Both hips had limited extension in late stance, more so on the rightasideshowed
excessive flexiomhroughout the gait cycld he left side was abducted in stance, tending to
normal in swing, and externally rotatedstance Conversely the right hip was abducted
greater than normal in stance and adducted in swing. There was also an internal rotation

throughout.

The pelvic tilt and exaggerated obliquity during swing indicate a hip hiking motion, which
is also apparent in the right adduction and left abduction of the hips in relation to the
pelvis. These features were evident during observation. $1k&2 displayed a hip hiking
compensation to clear the prosthesis through sw82glso commented that he had been
recently taking shorter steps than he normally would, out of personal preference. This may

account for the reduced hip extension seenearttita.
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Feedback delivered

After observation of the error vectors during the baseline walking trial (showigume

84), and video assessmentQi s

gai t ,

t he

del i

very

of

f eedba

planes of hip joint motion individually. The first biofeedback session (walk 2) focused on

reducing be hip abduction seen in swing (in thede#ind image oFigure84). The second
session sought to bring the range of hip flexion/extension closer to that seemanrtize

data set (as indicated on the rigiaind image oFigure84).
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Figure84 Feedback delivery windows during walk 2 (left) and walk 3 (righ#s hip joint angles are shown
against the normal reference (top) and the error vector is shown (below) windowed in yellow.
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During walk 2 the feedback delivery window was therefore smtirel the peak coronal
plane error in swing. Whilst in walk 3 the feedback was delivered during the greatest range

of error in the sagittal plane only. The thresholflable 26) were chosen to minimise the

influence of secondary peaks in the error signal, after observing the variation in 4 strides.

Table26 Feedback window settings used during walking trials for Subject 2

Walk Contribution from Lower % Upper % Band % Threshold
each plane (degrees)

2 100% coronal 51.8 87.5 35.7 37

3 100% sagittal 17.7 75.6 57.9 9.8
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Response to biofeedback in the coronal plane

The mean pelvic and hip joint angles for the last 10 stadesalk 2 are shown below
(Figure85), showing also when in the gait cycle feedback was provided.
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Figure85 Pelvic and right hip joint angles for Subject 2 for the baseline condition (blue);cqrastal BFB
condition (purple) and the normal reference database (green). The orange shaded region indicates the period
during whichfeedback was presented
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The anterior tilt previously seen in the baseline reduced following the biofeedback trial, but
there was a greater range of pelvic sagittal plane motion in swing. There was also a
reduction in pelvic obliquity in swing which idoser to normal, and a reduction in external
rotation which is closer to normal. Generally there is an improveme®2ins pel vi c
motion pattern following the biofeedback.

The left hip motion became closer to the normal reference from swing throughdmdo

response. However there was little change in the coronal and transverse planes.

The right (prosthetic) side appeared flexed earlier than normal in swing. The excessive
internal rotation seen during the baseline reduced and there was greateoabdussting,
which is closer to the reference data. This may result from the improvement in pelvic

obliquity.

There was greater variability during the feedback trials compared to the baseline walk.
This was noted during observation, wh&2tried different strategies to reduce instances
of stimulation. The data show the greatest mean change was in pelvic tilt and rotation,
which may indicate his focus of control. As wili it is not clear what extent gait changes

occurred in relation to the timing ofddback delivery.

Response to biofeedback in the sagittal plane

From the kinematic dataFigure 86) and observationS20 s g ai t changed |
baseline wik following biofeedback in the sagittal plarido notable changes were seen in

the pelvis, other than a slight reduction in pelvic obliquity on the right side throughout.
There was much greater variation in the pelvic rotation data. It is not clear iwmgai be

the case. In the hipS2 walked with an increased range of motion on the right side and
greater extension towards the reference data. The right hip was also more abducted and

externally rotated. There were no notable changes on the left.
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Right pelvic tilt (+ve up) Right pelvic obliquity (+ve up) Right pelvic rotation (+ve ext)
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Figure86 Pelvic and right hip joint angles for Subject 2 for the baseline condition (blue)sagittal BFB
condition (red) and the normal reference database (gfHesprange shaded region indicates the period
during which feedback was presented

Postbiofeedback kinematics

Following biofeedback S26s pelvic motion be
three planes. The left and right hips were more extetisledighout the gait cycle, and

closer to the reference. The left hip appears to be more abducted throughout the gait cycle.
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The right hip was more abducted in stance (away from normal) and less adducted in swing
(closer to normal), however these changes/ e due to pelvic motion. As with S1, the
variation seen in the joint angle data during the-bofeedback trials was lower than the

biofeedback trials and more consistent through the gait cycle.
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Figure87 Pelvic and right hip joint angles for Subjécor the baseline condition (blue), pdsbfeedback
condition (orange) and the normal reference database (green)

After the final walking trial, stimulation was applied at the levels indicategignre 73,
whilst & stood quietly on the treadmill.2Seported no iference in thestimulationlevels

or sensations producedmpared to the walking trial.
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76.4 Subject 3

Subject 3 (S3)s a42 year oldmale weight lifter andight transfemoralamputee since

2005 Figure 88). His left patella has also been removed as a result of osteomyelitis,
following a mechanical aadent during military servicesS3wa | k e d

with an

sealin liner and suction socket, an 3R80 kneet¢@ock, Germany) and a carbon flex

foot. No problems with the prescription were reported. There was good skin condition with

no scaring, pain or ulceratiorislectrodes were placed at 260 mm from his right ASIS with

a spacing of 56 mm spacing.

Figure88 Subject 3 on treadmill, showing placement of reflective markers

During the treadmill familiarisatioB3walked at a speed of 0.98 fnand made changes to

his walking speed as noted beloWable27).

Table27 Walking trials forSubject 3

. Walkin . Data capture period
Walk Condition speed ?mé) Strides secon dsp(&rafnes)
Pretest questionnaire
1 1 minutebaseline walk (no BFB) 0.98 74 89 (10630)
5 minute walk with stimulatioii training phase
30 second rest, mitést questionnaire
2 1 minute walk with biofeedback (BFB1) 0.89 52 88 (10506)
30 second rest, mitést questionnaire
3 1 minutewalk with biofeedback (BFB2) 0.90 32 60 (7177)
30 second rest, mitést questionnaire
4 1 minute walk with biofeedback (BFB3) 1.00 11 16 (1908)
30 second rest, mitést questionnaire
5 1 minute walk with biofeedback (BFB4) 1.00 44 65 (7860)
30 second rest, mitést questionnaire
6 1 minute walk, postest no stimulation @BFB) | 1.00 19 30 (3511)
Posttest questionnaire
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Six walking trials were carried ouf &ble 29), with questionnaires completed after each
walk. Video was recorded throughout in the sagittal and coronal planes. Sagittal and
coronal photayraphswere alsotaken The teadmill remained level, an&3 indicated a
treadmill walking confidence level of 10 (out of 10) throughout.

Baseline knematics

Figure89shows the mean pelvic and hip joangles of the last 10 strides of the baseline
trial and the normal reference data set.
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Figure89 Pelvic and hip joint angles f@ubject3 for the baseline condition (bluapd the normal reference
database (green). Data are normalised to the gait cycle and are indicated by mean values (thick line) and
+2SD error bands
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Interpretation of baseline kinematics

S3 generally walked with a good gait pattern and normal walkingdsp€kere was a
greater pelvic anterior tilt compared to normal throughout the gait cycle, and a greater
range of excursion in tilt. Also the left and right hips appeared to have a 20 degree flexion
offset throughout the gait cycle, however the range ofun@nd pattern was similar to the
normal reference. Both of these features could be expected when the sacrum marker is
placed higher than the sacral landmark.

Other featuresi®3® s wal king were minor. There was son
side down) in late stance / early swing and the right side moved up fromwmgd to

stance. The pelvic rotation pattern was close to the normal range but was excessively
externally rotated from migdwing through to stance. The left hip motion was normgien

coronal plane, with some external rotation seen in late stance into swing, whilst the right

hip was adducted early in stance and again in swing. The right hip was also externally

rotated throughout stance and into swing.

Feedback delivered

S3 walked with a relatively good gait and reported no issues with his walking. Four
walking sessions were carried out using biofeedback to improve the coronal plane motion
on the right side. During the first two walks application of biofeedback focused on coronal
plane movement only. This was extended in walks 4 and 5 to include contribution from the
sagittal plane gait deviation in the presentation of feedback delivery as outliradaaa8.

The error vector seen during the trial is showRigure90.

Table28 Feedback window settings used during walking trials for Subject 3

Walk Contribution from Lower % Upper % Band % Threshold
each plane (degrees)

2 100% coronal 579 879 30 6.3

3 100% coronal 61.0 909 30 5.6

4 50:50 both planes 559 959 50 12.6

5 50:50 both planes 559 959 50 12.6
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Figure90 Feedback delivery window used during walk 4, which combines equal contribution from hip joint
deviations in the sagittal and coronal planes

Response to biofeedback in the coronal plane

Referring toFigure 91, little change can be seen to the pelvic kinematics following the
application of coronal planedfeedback in walk 3. There is amcrease irmeanpelvic tilt

can be seethroughoutthe gait cycle. But there 0 change to obliquitgnd only a slight
reduction in external rotatioms with other subjects,rgater variatiorcan be seen in the

data fran thebiofeedback trials.

The left hip shows alight increasen extensionbut it is still within 2SD ofthe baseline
mean. There were nwtable changes ithe coronal and transverse plarfes the left hip.

The right hip flexion/extension range apdttern remained the same as the baseline, but
there was a arked improvement ithe right hip in thecoronal plane throughout the gait
cycle The pattern waBought withinthe normal rangehrough themajority of the cycleA

marked improvement can also be seen in right hip rotation.
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Figure91 showsS3 s

in the coronal plane only. The mean and £2SD of the last 10 strides of walk 3 are shown.
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Figure91Pelvic and right hip joint angles for Subject 3 for the basetondition (blue), postoronal BFB
condition purple and the normal reference database (green). The orange shaded region indicates the period
during which feedback was presented

228

n eckhat

apIs onayisoid-uoN

apIS 211BYISoId

CcsS



Chapter 7: Study li Evaluation of the Closeoop Training System with Amputees

Response to biofeedback in both planes

The application of biofeedback in this case continued from the first two walks and used
stimulation in all electrode locationS30 s \gas gemerally similar to the previous walks
presented ifFigure91, so the data are not shown here. All data are included in Appendix
J2. The most prominent difference was seen in the right hip as shown Ibedmre02).

The hip pattern following walk 5 (shown in red) is further abducted throughout the gait

cycle, compared to walks 2 and 3 (shown in purple).

Rigth hip (+ve adduction)

Degree

-15

-20

% Gait cycle

Figure92The right hipabduction pattern for Subject 3 for the baseline condition (blue), thequstal BFB
condition (purple), the po£0:50 BFB condition (red), the pestal condition (orange) and the normal
reference database (green). The orange shaded region inthiegbesiod during which feedback was
presented during walk 5

Postbiofeedback kinematics

Following from the biofeedback walking trials, S3 showedreater anterior tilt of the
pelvis throughout the gait cycl&igure 95). There was little change in obliquity, and the
rotation pattern was closer to the normal reference. The left and right hips retained a 20
degree flexion offset throughout the gait cycle, which may be caused by poor marker

placement. The range of motiondapattern was similar to the normal reference.

Improvements were seen in the coronal plane. The left hip was closer to normal, and there
was a notable improvement in the right hip range of motion and pattern. S3 was confident

walking on the treadmillHe walked with a good gait pattern and maintained a normal
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walking speed throughout the trials. He noted that the feedback stimuli became easier to
understand and respond to during the course of the walking trials. From observation S3
was seen to adopt some upright posture towards the end of the session.
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Figure93 Pelvic and right hip joint angles for Subj@&or the baseline condition (blue), pdsbfeedback

condition (omnge) and the normal reference database (green)

After the final walking trial, stimulation was applied to each channel with S3 standing
quietly. S3 also reported no difference in the levels felt compared to the walking trials.
Participants views on thedfeedback training are included in Section 7.6.6, and discussed

more broadly in Section 7.7.
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7.6.5 Subject 4

Subject 4 (S4)s a 48year oldmale who had aight belowknee amputation asrasult of
a mechanical accident during military service. He used a donning sock to fit a suction
socket, and walked with a Mauch hydraulic knee (Ossur, Iceland) and a carbon flex foot.
He reported no problems with the prescription. On inspection theregead skin
condition with no scaring, pain or ulcerations. Following anthropometric measurements,

electrodes were placed at 266 mm from his right ASIS with a spacing of 61 mm.

As a result of using a donning sock, problems were experienced maintainthgadse
placement during donning, and then maintaining suction during the latter walking trials. As
a result only four walking trials were carried oufable 29). Video was recorded
throughout. Thereadmillremained level, an&4 reported a confidence of 10 walking on

the treadmill. Walking speed remained at 0.8Ztmsughout the session.

Table29 Walking trials for Subject

Data capture
Walk Condition Strides | period seconds (&
frames)

Pretest questionnaire
1 1 minute baseline walk (no BFB) 40 60 (7224)
5 minute walk with stimulatioin training phase
30 second rest, mitkst questionnaire

2 1 minute walk withbiofeedback (BFB1) 46 59 (7098)
30 second rest, mitkst questionnaire

3 1 minute walk with biofeedback (BFB2) 43 59 (7131)
30 second rest, mitkst questionnaire

4 1 minute walk, postest no stimulation @ BFB) 18 28 (3414)

Posttestquestionnaire
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Kinematics

Figure 94 shows the mean and = 2SD of the pelvic and hip joint angles of the last 10

strides of the baseline triahd the normal reference datafeetS4
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Figure94 Pelvic and hip joint angles forubject4 for the baseline condition (blue), the postfeedback
condition (orange) and the normal reference database (green). Data are normalised to the gaitargcle an
indicated by mean values (thick line) and £2SD error bands
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