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ABSTRACT

Recent research indicates that the shear stresses acting on a diabetic’s foot are one of
the major mechanical contributors to the high incidence of ulceration experienced by
these patients. These stresses together with direct pressure are thought to have an
effect on blood flow occlusion elsewhere in the body. The reduced blood flow may -
relate in moderation to reduced tissue tolerance or repair capability or even in more
severe cases to cell death. Repeated vascular occlusion in a normal person would
produce a minor blister or a swollen area, but with a diabetic patient it has the ability
to create large incisions and ulcers. This is because diabetic patients are unable to
redistribute the load on their feet due to the lack of sensation in their lower
extremities. This results in diabetes being the number one cause of all lower limb
amputations and accounting for 50 to 70 % of all non-traumatic amputations in the
U.S. In the same country, it accounts for $200 million a year in treatment costs
directly related to diabetic foot infections. Quantifying the magnitude and duration of
these shear stresses therefore has the potential to play a crucial role in assisting
podiatrists and clinicians in their diagnosis and treatment of these patients. However
these stresses have not been widely evaluated due to lack of suitable instrumentation

for their measurement.

A technique which has proven to be the most successful in measuring these stresses
involves placing a discrete transducer inside a customised insole and fitting it to a
patient’s shoe. This report sets out to design a similar technique but with the use of a
differently designed transducer. The validity of and confidence in the proposed
transducer was established by assessing and comparing the results of the transducer
under a series of controlled tests with the results of other transducers presented in the
literature. To allow an accurate assessment of the transducer to be made, the tests
which were performed on the transducer were controlled and conducted at a fixed

walking speed.
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The first stage in the design process involved selecting the anatomical site for the
transducer. The first metatarsal head was selected because the maximum vertical and
maximum shear stresses have been shown to occur simulténeously in this region. The
significance of this similarity is that it allows pressure sensing devices to locate the

shear transducer.

The computational theory used was based on the assumptions and equations of two
dimensional plane strain for linear elastic isotropic homogeneous materials. The
transducer is based on the principle that a shear angle is induced on a plane when a
shear stress is applied to a plane continuous and orthogonal to it. This principle was
adapted into the design of the transducer in the form of a square block of material,
whose two orthogonal lateral surfaces were used to measure the shear stress applied to
its top surface. The design of the transducer consists of a block of material, two

laterally positioned rectangular strain rosettes and a circular base.

The first series of tests conducted on the transducer were intended to verify and
establish its material properties and characteristics. A model of the transducer was
then constructed using the finite element package ABAQUS. Two Shape Factors - one
for calibration purposes and the other for in-shoe testing - were generated for the
transducer to allow for the effects of the geometrical inconsistencies present in its
design to be accounted for. Without these Shape Factors the equations and

assumptions of linear elasticity would not have been appropriate.

A series of controlled pilot and analysis tests were then performed using the custom
designed insole and transducer fitted to a diabetic shoe. The diabetic shoe was worn
by a subject who performed the tests on a treadmill at a laboratory in the Sports

Institute of South Africa.



vii

The repeatability, timing, direction and magnitudes of the shear profiles obtained were
found to compare well with the literature. It was concluded that the transducer is able
to measure the maximum shear stresses acting at the first metatarsal head under
controlled conditions. It is recommended that the effects of temperature on the
material properties of the transducer be accounted for and a software package
developed to present the transducer’s data in a format which is immediately available

for inspection.
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GLOSSARY

Abductory twist Inward movement of the forefoot relative to the heel
during the push-off phase of the gait cycle.
Amino acids Together form the basis and structure of all proteins. A

protein is a polymer of amino acids.

A priori Based on theory instead of experience.

Articulation point Point of attachment.

CHS Cross Head Speed of the tensile testing machine.

COP Centre Of Pressure. Relates to the position of resultant

pressure acting on the sole of the foot during gait.

Diabetic neuropathy Neuroligically related disorder effecting diabetics.
Dorsal surface of foot Top surface of tﬁe foot.

FEM Finite Element Method

Gait cycle Single sequence of one limb from initial heel contact to

second heel strike.

MTH 1 First metatarsal head of the foot.

Occlusion Blockage of blood flow

Plantar surface Bottom surface or sole of the foot.

Prominences Projecting or noticeable bony areas of the foot.
Proteins Major structural component of cells. Mediating every

metabolic process within the cell.

PVA Polyvinylacetate.‘ (Type of polymer.)
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UHI-PMMA Ultra High Impact Polymethylmethacrylate. (Type of

amorphous polymer.)

Radiographic Study of gait using X-rays.
R-Value : Reliability coefficient
Tibia | Larger of the two bones between the knee and ankle.
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Chapter 1 Introduction - 2

One of the side effects of diabetes mellitus is a loss of sensation in the feet and a poor
blood supply to their lower extremities. This results in a diabetic’s foot becoming
sensitive to the repeated stresses developed during gait. As diabetics loose sensation in
their feet, they do not adjust their gait patterns to relieve the affected areas from the
abnormally high levels of stress which they are experiencing. As a result, diabetics
generally only receive treatment for their injury when it has become very serious.

Often the only means of treatment is to\amputate the infected foot.

The most appropriate means of treatment is regarded as regular consultation with a
clinician. Possible areas of high stress might then be predicted and treated before
becoming harmful. The scope therefore exists for the development of in-shoe gait
analysis devices which measure the maximum shear stresses on the plantar surface of

the foot during gait.

There are presently two types of in-shoe stress measurement techniques. One
technique uses a matrix of pressure sensitive sensors in the form of an insole. The
other uses discrete sensors at selected anatomical locations to specifically measure
shear stresses. Considerable success has been achieved with pressure sensitive matrix
devices, yet the design and progression of discrete sensors have been limited. This has
been attributed largely to the complexity required in the design of the sensor and the

environment into which the sensor is placed.

There are two means of locating discrete sensors inside the shoe. Each sensor may be
attached directly to the sole of the foot. Alternatively, an insole is used to mount the
sensor at the required location. This is the preferred method. The insole, which is
made of two different density materials, provides stability and protection for the
sensor. The higher density material is used in the region surrounding the sensor and

the lower density material makes up the rest of the insole.
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The discrete sensor is designed to measure the two orthogonal shear components
which the foot experiences during gait. The components are referred to as the anterior-
posterior and the medial-lateral shear stresses. The former acts in the forward-back
direction and the latter in the inside-outside direction of the leg. The vertical

component acts perpendicular to the plantar surface.
The objectives of this thesis are :

1. To perform an extensive literature survey to acquire information which will assist
in the understanding of the anatomy of the foot, its behavior during gait, the
environment into which the sensor is to be placed and the design of discrete
transducers which have previously been used. The limitations, advantages and
findings of the studies reviewed are intended to provide the guidelines for the

design and analysis of a new instrumented in-shoe device.
2. To locate a position on the plantar surface for the new sensor.

3. To design a sensor which functions according to the principles of plane strain linear
elasticity. The sensor is required to measure the two maximum orthogonal shear

stresses which occur at a selected anatomical site on the plantar surface during gait.

4. To select a material to function as the sensor. The material is to behave in a linear,

isotropic, homogeneous manner.

5. To develop a computational model of the sensor using the Finite Element Method
(FEM) provided by ABAQUS. The FEM model is intended to account for the
geometrical discontinuities of the sensor. This will allow the equations of small
displacement linear two dimensional plane strain to be used in the design of the
sensor. Without the FEM model, the equations of linear elasticity cannot be used as
they are only valid when the elements of a material are continuous with one

another.

6. To develop a means of verifying the theory used in the design of the sensor. The
same technique is intended to assess the performance of the sensor as it is not

possible to calibrate the sensor inside the shoe.
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7. To design and construct the insole in which the new sensor is positioned.

8. To perform a series of controlled tests on the new instrumented insole in a
laboratory. Controlling the tests will allow the results obtained from the sensor to
be directly compared with the literature. The correlation between the results of the
new sensor and the literature provides the means for assessing its performance, as

well as validating the design and theory used to construct it.

9. To comment on and compare the results of the new instrumented insole to the

results presented in the literature.

The thesis begins in Chapter 2 with an overview of the research which has been
applied to the science of gait analysis. Chapter 3 covers the design protocol which is
adopted in the design of the new in-shoe sensor. Chapter 4 presents the results of the
controlled tests performed on the sensor. It also analyses the performance and validity
of the new in-shoe gait analysis device. Appropriate conclusions based on the
performance, findings and results of the new in-shoe sensor are drawn in Chapter 5
and recommendations for the possible improvement or further development of the

new gait analysis device are made Chapter 6.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

The literature review provides the guidelines for the design of a new instrumented in -
shoe gait analysis device which measures the shear stresses occurring at the first

metatarsal head of the foot during the stance phase of the gait cycle.

The different techniques which are used to quantify the parameters that define gait are
investigated. The findings, limitations and advantages of the studies which have been
devoted to the study of gait, assist in developing the design criteria for the new

instrumented in - shoe gait analysis device.

2.1.1 GAIT ANALYSIS

The gait cycle forms the basis for any research which relates to quantifying the forces
experienced by the foot during locomotion™. In most cases, gait dysfunctions are
multifactorial in origin. Appropriate intervention requires a clear understanding of
normal locbmotion, the biomechanics of gait and the underlying pathophysiology of

gait deviations.

In the literature, the various factors which influence the gait cycle are described using
either a qualitative observation technique or a quantitative evaluation technique®.
The former is dependent on the experience of the clinician and relies on the clinician’s
judgment to make an accurate visual diagnosis. This type of analysis does not provide
quantitative information and has many limitations due to the speed and complexity of
human locomotion. This is further complicated by the gait deviations and

compensations present in pathological gait.
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A more scientific approach is the quantitative evaluation technique, where gait is
studied through the collection of a wide range of information in the laboratory. The
quantitative variables which can be recorded are grouped into two categories. These

are kinematics (motion analysis) and kinetics (force analysis)™.

The assessment of comparable and objective parameters has the distinct advantage of
being an objective comparison of therapy results, an investigator independent long -
term control and the creator of an objective data base””. The design, the methods, the
results, the conclusions and the recommendations of the various kinematic and kinetic
techniques used to obtain these quantitative variables, form the basis and background
of the information needed to implement a technique that will be able to determine the
shear stresses under the first metatarsal head of the feet during gait. Each technique has
its own advantages and disadvantages depending on the particular type of application
in which it is used. The application is defined by the type of pathology or condition

which is being investigated.

2.1.2 PATHOLOGICAL GAIT

With each application, the primary objective is to evaluate the dynamic basis for an
observed gait deviation. Pathological gait can result from a variety of clinical

conditions.

There are lthree major categories of etiologies'! :

1. Structural ( musculoskeletal deformities )

2. Joint and soft tissue pathology ( arthritis, soft tissue contractures )

3. Neurological disorders ( pathology of the peripheral or central nervous system )

Each technique allows an objective assessment of the impact of various treatment
interventions. They also develop objective selection criteria for different management

options before and after therapeutic intervention.
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Examples of such interventions could include the following :
e Structural : The use of a walking aid or the realignment of a prosthesis.

e Joint and soft tissue pathology : The application or modification of an orthotic or 4

special shoe. The correct design or use of running shoe.

e Neurological : Nerve or local pharmacological intervention.

2.1.3 GAIT ANALYSIS ASSOCIATED WITH JOINT AND SOFT TISSUE
PATHOLOGY '

As a result of the unprecedented growth of human physical activity in recent years the
most common application of gait analysis, has been in the field of joint and soft tissue
pathology. Particular attention has been focused on shoe research and development!*!.
The main focus has been on the connection between physical activities and the
occurrence of injuries and/or the influence of footwear on the movement and load
characteristics of the foot™™. The research in this field has provided a wealth of
important information which has been applied to many other studies related to gait
analysis. An understanding of the research that has been put into the design and
function of running shoes therefore provides an important insight into the factors, be
they for performance :enhancement or rehabilitation purposes, which can influence and
manipulate the load distributions experienced by different types of feet during

pathological gait.

2.1.4 GAIT ANALYSIS ASSOCIATED WITH PERIPHERAL NEUROPATHY

The symptoms and signs of peripheral neuropathy associated with diabetic patients
provides the motivation for the design of the in - shoe gait analysis device developed

in this thesis.

Diabetics loose proprioreception (sensation) in their feet. As a result, they can injure
their feet without even being aware of the injury. This loss of sensation results in the
formation of large painless ulcers or long incisions which, unless correctly treated, can

become infected and even lead to an amputation of the foot.
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Repetitive mechanical stress on the bony prominences of the foot of a patient who has
lost his/her protective sensation, is one of the most common causes of ulceration®®! A

major reason why diabetic feet ulcerate is that the decreased sensation interferes with
the person’s ability to limp when normally painful stimuli occur®.

The statistics relating to diabetics are alarming:
/

e In the U.S. $200,000,000 a year is spent on direct hospital costs for diabetic foot
infections'”

e There are 600,000 new cases of diabetes each year in the U.s®

e Amputations in the diabetic patient account for 50 % to 70 % of all non-traumatic

amputations®! which amounts to 35,000 major diabetic related amputations being
performed each year in the U.S!'?.

e Diabetes is the number one medical cause of lower limb amputations“ 1,

e 20% of patients who have any part of their foot amputated can die within 2

f12]

years' ! as a result of the complications associated with the trauma on their feet.

It is estimated that more than 50% of the amputations within the diabetic population

3] To reduce the risk of amputation,

could be prevented by adequate foot care
podiatrists and clinicians use their qualitative skills together with the appropriate type
of quantitative technology to measure the stresses at particular points on the plantar

surface of the foot at particular times in the gait cycle.

Abnormally high pressures have been measured under the feet of patients with

[M4.15] " These clinical studies established a clear relationship

diabetic neuropathy
between areas of high direct pressure such as the plantar metatarsal heads and ulcer

formation in diabetic neuropathy.



Chapter 2 Literature Review 9

The mechanical stresses that are experienced under the plantar surface can result from
two factors : direct pressure normal to the surface and shear stresses parallel to the
surface. Shear stress is thought to be contributory to the damage process leading to

ulceration'®!

. Bennett!!” reported that at a sufficiently high level of shear stress
(roughly 1Kpa or 0.145PSI) the pressure necessary to produce vascular occlusion of
the microcirculation was half that required when little shear was present. Pollard and

(8] showed that sites of healed ulcers correspond with the area of greatest

LeQuesne
horizontal shear stress and confirmed that the vertical force was also maximal in this

region.

Tappin and Robertson!'? investigated the relative timing of the shear forces and
vertical forces under the foot and found that at two sites (the first metatarsal head and
the fourth/fifth metatarsal heads) the mean vertical and shear peaks lie within two
standard errors of one another, indicating that the maximum shear force and the
maximum vertical force are occurring at the same time. Therefore intermittent
occlusion of the blood supply to the skin may occur. The results show that in normal
subjects the shear and vertical forces acting at certain sites under the forefoot occur
simultaneously and can be of sufficient magnitude to cause intermittent occlusion of

the blood flow to the skin!'”,

The combined effect of the shear and vertical forces is thought to be a contributory
factor in neuropathic plantar ulceration. It has also been shown to have a cumulative
effect with direct pressure on blood flow occlusion elsewhere in the body"”. Reduced
blood flow reduces the tissue’s tolerance and repair capability. The contribution of
plantar shear stress to ulcer formation has, however, not been widely evaluated due to

lack of suitable instrumentation for its measurement!™>).
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2.2 INTERNAL AND EXTERNAL FACTORS ASSOCIATED
WITH GAIT ANALYSIS

An understanding of the anatomical structures that are either directly or indirectly
involved during the gait cycle is necessary to any understanding of the external
parameters that might effect the cycle. Any form of pathology that is related to gait
can present itself almost anywhere on the human body. Typically the lower extremities
account for 79% of all injuries that occur during running. Of these injuries the knee
region accounts for 25%, the leg 32%, the ankle joint complex 15% and the foot 7%

of all injuries diagnosed during running®).

As the feet are the first contact points which the body experiences during gait all the
loads which are transmitted through the body initially have to travel through the feet.
How these loads are transmitted by the feet is important to an understanding of the
quantitative results which are measured. This is because the foot has its own complex
means of adjusting to the loads that it experiences. Section 2.2.1 is concerned with
understanding the basic anatomy and biomechanics of the feet. The anatomical terms

used are also defined in section 2.2.1.

2.21 BASIC ANATOMY AND BIOMECHANICS OF THE FOOT

The foot is a complex part of the human anatomy consisting of 26 bones and allowing
movement in six different directions. Its complexity often leads to responses that are

confusing unless one has an understanding of how it behaves under stresst'’.

2.2.2 THE STRUCTURE OF THE FOOT

The heel or rearfoot is made up of the calcaneus and talus. The talus articulates with
the tibia and the fibula at the ankle joint complex. The name of the joint at the
articulation point of the tibia and talus is the talocrural joint. The articulation point of
the calcaneus and talus is the subtalar joint. The joint complex is shown in figure2.1.
The midfoot is comprised of the navicular, cuboid and cuneiforms which together

with the metatarsals form the arch of the foot.
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The metatarsals are numbered ornie through five, such that metatarsal one is connected
to the phalanges of the big toe and metatarsal five to the phalanges of the little toe. The
phalanges form the forefoot. The sole of the foot is known as the plantar surface of the
foot and the top surface the dorsal surface of the foot*!). The structure and terms used

to define the foot are shown in figure 2.2.

2.2.3 TERMS USED TO DEFINE THE FOOT

o Anterior / Posterior;

This is the axis from the center of the calcaneus to the contact point of the second
and third phalanges, parallel to the plantar surface of the foot. An advancement
from the rearfoot to the forefoot is movement in an anterior direction. The most
posterior point of the foot is the tip of the calcaneus and the most anterior point is
either the big toe or the third phalange of the second metatarsal®). Therefore any
structure that is closer to forefoot than another anatomical structure is regarded as
being anterior to the forefoot and any anatomical structure that is closer to the tip of

the calcaneus than another structure is regarded as being posterior to it.
e Medial / Lateral:

This is the axis from the inside to the outside of the foot, parallel to the plantar
surface of the foot. The big toe is regarded as being medial and the little toe as

being lateral®"),

e Inferior / Superior:

The axis from the plantar to dorsal surface of the foot perpendicular to the plantar

surface of the foot™®! is known as the inferior superior axis.
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2.2.4 GENERAL MOVEMENT DESCRIPTION

Clinical : Relates to arbitrarily defined axes or coordinate systems. Clinical movement
descriptions are torsion, abduction and adduction, inversion and eversion and

plantarflexion/dorsiflexion”’.

Functional : Relates to movement of actual joint axes which are related to actual
anatomical functions. It is however at times difficult to quantify functional movements
clinical movement descriptions are therefore introduced. A functional movement

description is pronation and supinationt™.

1. Plantar - Dorsiflexion: Rotation of the foot around a medial - lateral axis of the

foot. This movement occurs primarily at the talocrural joint.

2. Abduction - Adduction: Rotation of the foot around an inferior - superior axis of
the foot. Abduction is movement away from the midline of the body and adduction
is movement towards the midline of the body. This general movement occurs

throughout all the joints of the foot.

3. Inversion - Eversion: Rotation of the foot around an anterior - posterior axis of the

foot. This movement occurs primarily at the sub - talar joint.

4. Pronation - Supination: Rotation of the foot around the sub - talar axis. It is a
combination of the clinical movement descriptions presented above. Pronation is a
combination of dorsiflexion, abduction and eversion while supination is a

combination of plantarflexion, adduction and inversion.

5. Torsion: Rotation of the forefoot with respect to the rearfoot around the anterior -

posterior axis of the foot.

Pronation and supination are the two most important parameters which are used to
detect irregularities in gait patterns. A considerable amount of research has gone into
establishing the effects of shoes on these two parameters. This is shown in section2.5

and section2.6.
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2.2.5 THE BIOMECHANICAL STRUCTURE OF THE FOOT

Lower limb mechanics of injured runners are associated to two types of feet, namely
the clunk foot and the hypermobile foot'*). The clunk foot is a rigid, stable, immobile,
high arched structure which lacks adequate cushioning properties. The hypermobile
foot has cushioning properties because of its ability to pronate, but is unstable as a
result. It is the excessive inward rotation (pronation) which causes the most common

injuries.

These two cases are regarded as the two extremes and as such show that shoes need to
be designed either for shock absorption or for motion control®!. As each condition has
quite different characteristics, their requirements in shoe design are mutually
exclusive. Research aimed at assisting in the treatment of these two types of feet is

presented in section2.5 and section2.6.

2.3 NORMAL LOCOMOTION - THE GAIT CYCLE

An understanding of the gait cycle is important for a number of reasons :

o [t allows pathological gait to be correlated to the normal gait cycle to ascertain the

causes and effects of any abnormality™!.

o [t shows the sequence and relative timing of events which occur during gait!"?,

e Jt defines the terms which are necessary for any assessment of human

locomotiont??],

A single sequence of functions by one lower limb is called the gait cycle. The gait
cycle has two basic components: the stance phase during which the foot is in contact
with the ground, and the swing phase during which the foot is the air for limb
advancement. The convention is to describe the cycle in terms of a percentage, rather
than the time elapsed, as it has been observed that the events occur in a remarkably
similar sequence and are independent of time, thus allowing normalization of the data
for multiple subjects[zz]. Footstrike is désignated as 0%, toe off as 62% and second
foot strike as 100% as shown in figure2.3. The stance phase makes up 62% of the

cycle while the remaining 38 % consists of the swing phase!".
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%) compare the timing of the values of the shear forces in the

Tappin and Robertson
horizontal plane with the vertical forces under the forefoot. The comparisons are made
as a percentage of the stance phase of the gait cycle and are therefore not influenced by
the velocity of walking. The results from the study show that the forefoot is initially
subjected to shear under the lateral metatarsal heads at 10% of the stance time,
thereafter as a result of sub-talar joint pronation, the shear force is transferred across to
the medial metatarsal heads at 15% of the stance time and finally to the big toe at 28%

of the stance time.

The peak shear forces occur laterally in the forefoot region at 58% of the stance phase,
medially at 68% of the stance phase and at the big toe at 73% of the stance phase.
Shear at push-off ends at 86% laterally before medially at 89%. Shear ends at the big
toe ends at 94% of the stance phase. Shearing forces occur between 73% and 80% of
the stance phase™. The fact that the shear forces end sooner than the vertical forces is
an indication that at push-off, the final motion is an elevation rather than a motion in
the forward direction. The important findings from this study are the times at which the
shear stresses occur during the stance phase and that the shear and vertical forces
acting under the forefoot in the first, fourth and fifth metatarsal heads, occur

simultaneously.

2.4 HISTORICAL DEVELOPMENT OF GAIT ANALYSIS

Interest in the actual patterns of human motion goes back to prehistoric times, as is
depicted in remnants of cave drawings, statues and paintings. Such replications were
however, subjective impressions of the artist. It was not until the early part of the
nineteenth century that the first quantitative study of human locomotion was made by
Marey, a French physiologist in 1885®! He used a photographic “gun” to record
displacements in human gait and chronophotographic equipment to create a stick
diagram of a runner. During this same period Muybridge!”! sequentially triggered 24

cameras to record the patterns of a running man in the United States.
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The advent of photography produced numerous detailed studies, such as those
performed by the Weber®" brothers, of the movements that occur during human
locomotion. Modern systems now involve the use of high speed video or film
recording or specialized optoelectronics apparatus in which active optical sources
attached to the subject serve as markers. A modern example is biostereometrics, which
uses two high-speed videos and active optical sources attached to a subject to create

[25]

three dimensional images of specific gait movements ™. Other modern kinematic

[26] [27]

techniques involve the use of accelerometers ™ and electrogoniometers“".

The term used for the description of human movement is kinematics. Kinematics are
not concerned with the forces, either internal or external, which cause the movement,
but rather with the details of the movement itself®). In the field of kinematic analysis,
human movement is described using a reference system which can either be absolute-
which is movement described relative to the ground or relative-which is movement
described relative to another anatomical structure. Parameters that are involved in a
kinematic analysis are anthropometric data (anatomical dimensions), angle changes
(goniometers), displacement changes, velocity changes and acceleration changes

(accelerometers).

The first attempt to quantify the kinetics experienced during gait was made by Braune
and Fisher™ in 1900 who calculated the ground reaction forces based on the
kinematics of a movement with an assumed mass distribution of the human body. In
1920 Amar'®! made the first attempt to measure the two components of the ground

reaction forces during running. In 1934 Elftman®”

successfully advanced plantar stress
measurement from static footprint analysis to the instantaneous recording of vertical
plantar stress by using a rubber mat with a surface of rubber pyramids whose
deformations were recorded cinematographically. In 1978 Miller®" used a force plate
to present data which indicated the vertical forces for a single subject during a “slow

B2 measured the three

jog”. Using a force platform, Cavanagh and LaFortune
components of the ground reaction forces of 17 subjects in 1980. This study
introduced the concept of Center Of Pressure (COP). The COP is considered to be the
point of application of the resultant force on the plantar surface of the foot at any time

in the stance phase.
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Two methodologies are available for the modern measurement of ground reaction
forces. Pressure platforms measure only the vertical components (e.g. EMED-SF

33-35
)[ |

which use the capacitive method . Force platforms (e.g. Kistler which use

)22 measure the

piezoelectric technology and AMTI which use strain gauge theory
resultant three dimensional ground reaction force and the point of application of this
force. Recently measurements have been made using instrumented insoles which are

placed inside the shoe (e.g. EMED-PEDAR and FSCAN)!!6-7-38:31 ‘

The first attempts to use foot-mounted pressure transducers were made by Schwartz
and Heath in 1932%%, In 1947 they developed small, discrete stress transducers''!. In
1976 Spolek and Lippert*? developed an instrumented shoe with two load cells which
was based on strain gauge principles and beam theory. One cell was positioned under
the heel and the other under the forefoot of the shoe. The components of foot-to-
ground forces and moments were measured with the use of goniometers which
simultaneously monitored the position of the lower leg. The forces measured were
transformed into three orthogonal components relative to the ground. Modem-day
techniques involve various different methodologies. These include the capacitive
principle®”), the piezoelectric principle®, the magneto-resistive principle!’®) the semi-
conductor strain gauge theory!'” and the force-sensing resistor ink theory as developed

by Tekscan (Tekscan, Inc., Boston, MA).

The various techniques which have been developed to analyze gait are presented in

section2.5, section2.6 and section2.7.

2.5 AN ASSESSMENT OF THE KINEMATIC TECHNIQUES
USED TO QUANTIFY THE PARAMETERS DEFINING GAIT

There are two measurement techniques used in the kinematic analyses of human gait.
They are direct measurement and image measurement™. The former primarily uses
goniometers and accelerometers while the latter uses cinematography, television or

optoelectric techniques.
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2,51 DIRECT MEASUREMENT TECHNIQUES :

2.5.1.1 GONIOMETERS

Methodology :

A goni'ometer is an electrical tri-planar potentiometer that can be attached to an
anatomical structure to measure its joint angles. A constant voltage is applied across
the outside terminals and as the angle changes, the voltage across the terminals

changes linearly.

It was ﬁsed by Spolek and Lippert“? to measure the angle changes of the foot relative
to the ground at specific locations during gait. Smart and Robertson™” used a tri-
planar electrogoniometer to study the effects of corrective orthotic devices on selected
parameters of running gait (figure 2.4). They investigated the angular displacements

occurring at the left ankle during running.
Findings :

The findings of Smart and Robertson'*” were that corrective running orthotics
significantly reduce the amount of support phase eversion. This can be clinically
interpreted as a reduction in foot pronation. The study also reflected an inherent error
between trial calibratidns as a résult of movement of the goniometer caused by the

impact forces experienced during running.

Advantages / Benefits :

e A goniometer is inexpensive™).

e Output signal is available immediately for recording or conversion into a

computer®!,
Disadvantages / Limitations :
e Relative angular data is given as opposed to absolute angles'>!.

e It can require an excessive amount of time to fit and align®’.
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e If a large number of goniometers are fitted, movement can be encumbered by the

straps and cables™!,
. . l_[27]
¢ Slippage and movement introduc  error~".

e More complex goniometers are required for joints which do not move as hinge

joints (e.g. the ankle joint compl )i,

2.5.1.2 ACCELEROMETERS

Methodology :

Accelerometers are typically used in gait analysis to measure the accelerations
occurring on the tibia®®). The accelerations experienced by the tibia are used to infer
what ground reaction accelerations the foot is experiencing during gait. The research
using accelerometers focused primarily on evaluating the effects of varying shoe

designs. The accelerometers are eit 'r strapped to skin of the tibia!*"

or fastened into
the bone of the tibia*" (figure 2.5,). A considerable amount of research was done to

check the validity of using accelerometers in gait analysis.
Findings :

In a study by Valiant, McMahon and Frederick!**! evaluating the cushioning properties
of athletic shoes, it was found that low mass and high strap tension are desirable for
an adequate transducer frequency response. This suggests that the soft tissue between
the accelerometer and the tibia may be modeled as a reinforced elastic sheet. When
loaded in either direction the she results in more tensile elements becoming taut,

thereby increasing both stiffness and damping.

These fac__rs were highlighted when the results were compared with data obtained
simultaneously using a force plate. The accelerometer measurements were found to
overestimate the accelerations by as much 20% to 30%. It showed that a stiff
attachment for accelerometers is required for accurate measurements. In a study by
He ~  and LaFortune™! a com; -ison was made between bone mounted and skin
mounted accelerometers. It was found that the amplitudes from the skin mounted

accelerometers were two times higher than those mounted in the bone.
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¢ A considerable amount of equipr nt (accelerometers, force plate, video/cameras) is
required in order to correctly present the ground reactions occurring during

gait!*¥,

o It is not possible to isolate the accelerations at particular points on the plantar

surface of the foot=!.

2.5.2 IMAGING MEASUREME! I TECHNIQUES

Many types of imaging techniques 1 y be used to quantify gait’s defining parameters.

Two of the most popular techniques are reviewed below.

2.5.2.1 VIDEO AND CINEMATOGRAl Y TECHNIQUES

Methodology :

Kinematic techniques monitor angle changes which occur between markers positioned
at specific points on the lower lim ***!. The angle changes are then translated into
displacements which with a given time frame can be translated into velocity. This can
also be translated into acceleration. The most common method of establishing an
absolute reference frame is to move a mechanical x - y - z coordinate system until a
pointer lies on the center of the des :d landmark. All movement is then referenced to

tt a mical datum.

Movement of the camera, imperfect alignment of the film in the sprockets, human
errors in determining the center of a body marker and the precision of the analog-to-
digital conversion all result in raw data that is imperfect. Such data is described as
having noise or additional artifact data. Calculation of the angles measured by the
video cameras requires that this raw data be smoothed by means of a harmonic (or

frequency) analysis.
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Digital filtering is achieved by analyzing the frequency spectrum of both the signal and
the noise. The objective is to select a cut-off frequency or frequency band which will
allow the maximum amount of actual data to be measured while eliminating as much of
the noise as possible. Essentially it  ves the purpose of a filter which can be either a
low pass, band pass or high pass filter. The order of a filter determines the sharpness of
the cutoff. The higher the order the sharper the cutoff. A fourth order Butterworth-
type low pass filter with a cutoff fr¢ 1ency of 6 Hz is the most commonly used filter in

gait analysis'®.

A final consideration is the samplit frequency. The sampling theorem states that the
process signal must be sampled at a frequency at least twice as high as the highest
frequency present in the signal itself. If the signal is sampled to low, aliasing errors are
encountered. These result in false frequencies which are not present in the original
data. For normal and pathological gait studies, kinetic and energy analyses can be done

with negligible error using a samplir  frequency of 24 Hz!.
Findings :

Kinematic studies which have bee done on feet are primarily concerned with the
movement of bare feet or the effect of shoes on the movement of the feet inside the
shoe*>** The markers are positic =d at specific points to determine the absolute
angular displacements which occur at these points. These results, depending on the
particular analysis being undertak , are then interpreted clinically. An illustration
where Nigg et al'*"! placed markers on the lower leg and foot to examine the effects of
various insoles is shown in figure2.6. They used two video cameras and a force plate in

their research. The main variables v ich are shown in figure2.6 are described below.
y = Initial rearfoot angle and 0 ¥y is the total shoe pronation
B = Initial Achilles tendon a :le and O B is the total joint pronation

o = Initial lower leg angle (all initial variables are determined from the last film

frame before ground contact)

d = Initial sole angle
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Stussi et al*®! questioned the validity of using markers on the shoe to evaluate the
effect of shoes on the motion of the ot. Their study investigated the movement of the
heel within a running shoe by placit markers on the heel of the shoe and on the heel
of the foot. The markers were visible through windows in the heel of the shoe.
Figure2.8 shows a schematic of the test procedure. The angle between a line joining
the two markers on the Achilles ter »n and the line joining the markers on the heel of
the shoe was called the shoe angle( ) and the line joining the markers on the heel of
the foot was called the foot angle(3f). The datum was taken from the angle of the line
joining the Achilles markers at tour down. A shift of almost 10 degrees between the
heel-pronation and the shoe pronation was found. This was accounted for by the fact
that the datum which was made in a weight bearing condition at touchdown is different

to a datum that is made in a non we it bearing condition.

The study showed that the heel of 1e foot inside the shoe, under load in a standing
position, is initially pronated. This tial pronation cannot be detected from inspection
of the markers on the heel of the shoe. The finding casts doubt on the validity of using
markers on the heel of the shoe to infer how the foot is responding to load because
there is movement of the foot inside the shoe during the stance and swing phase. It also
casts doubt on the correct manner in which to establish a datum from which all the

angles are eventually calculated.
Advantages / Benefits :

e Uncomplicated to attach marker >*.

e Instant replay with the capability to convert data immediately™”.
e Relatively inexpensive equipment required™’.
Disadvantages / Limitations :

e The effect of projection errors : a result of having a two-dimensional rather than a

three-dimensional analysis. It is evident that two -dimensional angles in one plane

are influenced by rotations in another plane™®!,
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e Errors due to movement of the markers on the skin surface. This results in a

misrepresentation of the bone an¢ int movements®!,

e Errors due to movement of the foot inside the shoe. This has an effect on
establishing a reference datum m which all the kinematic measurements are

made!*®).

e Errors due to digitization of anj lar data. Any noise that is present in the initial
kinematic data which has not been correctly removed, will greatly attenuate the

overall error of the experiment!®!,

e Unable to evaluate the loads at particular points on the plantar surface of the

foot®,

2.6 AN ASSESSMENT OF THE KINETIC TECHNIQUES USED
TO QUANTIFY THE F RAMETERS DEFINING GAIT

Two main techniques are used w n attempting to quantify the forces which are
transmitted through the feet during it. The first technique uses force sensitive plates.
These are either specially designed ats which provide quantitative information about
the three components of force acting at a particular point on the plate (e.g. Kistler

[33-35)

force plate®™) or they are pressure ates which indicate the pressure at particular

points on the foot during the stance phase.

The second technique involves specifically designed apparatus which s 1lates the
loads experienced by the feet duri ; gait (e.g. a pendulum with a force transducer
striking the heel of the foot®®). This second technique is limited by the fact that it does
not simulate the loads experienced by the feet during gait (i.e. inertial effects and
centrifugal effects) which are of  icial importance as shown in section2.5.1. This

thesis will therefore only examine t!  technique which uses force sensitive plates.
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2.6.1.4 THE CONCEPT OF CENTER( PRESSURE-(COP)

The COP is the position of the resi ant force at a particular point in time during the

B2 On a pressure plate supported on it’s four corners, the location of the

stance phase
COP is calculated from the proportion of the overall force which is distributed in each
of the four support bases. The path of COP is used as a means of clinically determining
the overall movement of the foot di ng the stance phase. An example of rearfoot and
midfoot strikers using the COP cc ept is illustrated in figure 2.10. A shift too far

medially or laterally of the COP is indicative of some abnormal gait condition.

One of the limitations of the COP concept is shown in figure 2.10 where the COP is
seen to fall outside the borderline of the shoe®!. One reason for this could be that
placement of the foot is preceded by a scuffling phase when forces greater than
threshold exist between the foot and the floor but final placement has not yet been
made. A second cause could be the “abductory twist” which occurs at the time when
the pressure distribution is center in the forefoot. The twist describes the small

medial movement of the heel.

Another limitation of the COP concept is the phenomena which occurs at mid stance
where preSsure is distributed over ¢ : rear and forefoot. The COP concept places the
COP in the center of the foot where there is little or no pressure regardless of the load
on the foot. Research is ongoing as to whether the technique of COP measurement has
the required sensitivity to distinguis subtle changes in pressure distribution which may

seriously affect the well-being of the runner®?.
Findings :

Bennett et al®®! determined the pre: ires beneath the big toe, the metatarsal heads and
the heel in healthy adults walking at 100 steps/min using the-Musgrave force platform
system. They found the average m dmum pressures at selected anatomical locations

on the plantar surface of the foot. The results from the study are presented in Table2. .
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Findings :

The most comprehensive research d ie using a force platform was done by Cavanagh
and LaFortune®. The ground reaction forces of 17 subjects were analyzed while
running at 4.5m/sec. Although this study was done using running subjects, it serves to
illustrate the forces which occur ¢ ing running. It also illustrates the type of data
which is available using force platfi ns and the method which is used to smooth the
raw data. The data which is pres ited using force platforms, is presented as the
resultant force acting over the area of the foot which is in contact with the force plate

at a particular time. It is usually exp ssed as a percentage of the subject’s body weight

BW).

The method used to normalize the fferent subjects in this study®? is to either dilate
or compress the data to the mean ntact time, average the peaks for each particular
curve and then fit the best fit curve between the averaged peaks, thereby producing
one normalized curve. The mean force-time curves representing the mediolateral,
anteroposterior and vertical com nents for the contact phase are presented in
figure2.11. The mean peak to peak force components were 3BW, 1BW and 0.3BW in
the vertical, anteroposterior and mediolateral directions respectively. The transition
from braking to propulsion occurred at approximately 48% of the total support time.
The point of maximum braking occ red at 22% of the stance phase while the point of

maximum propulsion occurred at 7! o of the stance phase.
Advantages / Benefits :

e Measures the three components f the resultant force acting on the plantar surface

of the footP®?.

Disadvantages / Limitations :

e As with pressure plates, force plates only allow a single step analysis and can result

in a subject adopting an abnormal gait pattern in attempting to strike a platform at a

specific cadence!™®.
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e Presents no information of the response of the foot inside the shoe during

loading"®?.

e Unable to present information at ecific points on the plantar surface of the foot.
Only a resultant force is presented. This is shown by Gross et al*®! who placed a
marble inside a shoe beneath the first metatarsal. The subject first walked across the
pressure platform and a force plate without the marble and then repeated the
procedure with the marble insic the shoe. Pressure analysis indicated a much
increased pressure in the area of e marble yet the COP paths produced from the

force plate data were nearly ident al.

e Force platforms are sensitive p es of equipment and as such require a stable

environment in which to operate (i.e. solid foundations)®..

2.7 AN ASSESSMENT OF THE METHODS USED FOR IN -
SHOE STRESS MEA UREMENT

There are two types of in-shoe stre measurement devices. The one type uses discrete

transducers and the other matrix transducers®>.

2.7.1 DISCRETE DEVICES
Methodology :

These are devices which are posit ned at selected anatomical points on the plantar
surface of the foot. There are two ays of establishing contact of the sensor with the
foot. The first method is to attach e sensor directly onto the sole of the foot ®***! or
to the surface of the insole which is in contact with the plantar surface of foot>). The
second method is to recess the sensor inside a specially designed insole which houses

the sensor!'*!

Sensors may be placed by using a qualitative technique (e.g. palpation of the bony
prominences) to locate the points of maximum pressure in a static environment">>* or
by using a quantitative method (e.g. pressure plate, force plate) to locate the areas

maximum pressure on the plantar  rface during dynamic conditions.!"®!
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Lord et al™ found that locating the points of maximum pressure using the palpation
method resul  in the points of maximum pressure being 20mm posterior to the points
of maximum pressure found using a pressure measuring device (Tekscan matrix
insole). They also found that peak pressures measured under the areas determined
using the palpation method were si stantially lower than those determined using the

Tekscan matrix insole. These findings are illustrated in figure2.15. and figure2.16.

The deviation can be explained by the fact that gait is a dynamic phenomena and the
palpation method measures the points of maximum pressure when the foot is static.
When the foot is progressively loac 1, the skin will tend to remain in the position at
which it first came into contact v h the shoe sole, whereas the underlying bony
structure will distort®. Flattening of the longitudinal arch of the foot results in an
anterior motion of the metatarsal heads as the midfoot lowers and the foot pronates!'®.
This is consistent with a radiograpt  study done by Shereff et al®® who showed that
out of 20 normal subjects, 19 of them showed significant lengthening of the first

metatarsal.

Once the location of the sensor has been determined, it is placed inside a customized
insole as illustrated in figure2.14. The region surrounding the transducer must be of
higher density than the rest of the insole so that the sensor remains flush with its
surroundings during loading and provides stability for the sensor. To avoid interference
with the flexibility of the foot durir toe off, the higher density band is not extended
too 1 ior, st ly dii e band too far p.  erior would inter e with the

flexibility of the foot at heel lift.
Findings :

Gross et al®® studied a rearfoot striking runner running at 3.58 m/sec on a treadmill.
Eight piezoelectric transducers are laced under the plantar surface to measure the
magnitudes of the peak vertical st ;ses. The results of the study are presented in

Table2.3.
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e They allow a multiple step analysis to be performed thus allowing variability within

a given condition to be examined™?,

e The problem of trying to target a force or pressure plate is eliminated!"®.

e Measurements can be taken during a wide variety of activities, both indoors and

outdoors, rather than being limit¢ to a controlled lab environment!'**°,
Disadvantages / Limitations :

In-shoe stress measurement is technically more demanding than stress measurement on
a flat walking surface. There are various factors which have the potential to increase

measurement error and device failure.

e The transducer cables can experience bending as they travel from the sensor,
through the insole and out of the shoe!®”). The repeated bending in the area around

the transducer, unless reduced, ¢ result in artifact information*®.

e The inside of the shoe can be d¢ :ribed as a “hostile environment” since it can be

warm, damp and contoured®?,

e The transducer may act as a foreign body in the shoe and alter the mechanical
conditions at the foot-shoe interface. Not recessing the discrete sensor enough in an
insole will result in it becoming a natural pressure point. Recessing it completely
will result in it not being able to establish contact with the foot. Minimal contact

between the sensor and the foot is regarded as ideal®".

e Discrete sensors positioned at ecific points are limited to gait patterns of a

particular individual. Normalization of sensor locations so that any person can use

the instrumented insole is not possible®?.
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2.7.2 MATRIX DEVICES
Methodology :

Matrix systems consist of numerou pressure sensing elements arranged in rows and
columns. Unlike discrete systems, this pattern permits a larger area, usually the entire
surface of the foot, to be monitored at one time without the need for a priori decisions

about the regions of particular interest” .

At present there are two commerc ly available matrix systems, the EMED PEDAR
insole shown in figure 2.18, (Novel GMBH, Beichstrasse 8, 8000 Munich 40,
Germany) which consists of an array of 99 capacitive sensors per insole and the F -
SCAN insole (Tekscan, Inc., Bostc , MA, USA), which consists of an array of 960
force sensing resistors per insole. The F - SCAN consists of two printed circuits
separated by a conductive ink layer. Applying pressure changes the composition of the
ink layer, altering the output of the circuit elements which are variable resistors. An

actual F - SCAN insole as developed by Tekscan is presented in the Appendix E.

Calibration is essential to the perfor ance of matrix devices™*”. A matrix device should
be treated as an assembly of disc :e devices because individual elements do have
markedly different calibration characteristics. As a result, Novel developed their own
air bladder calibration device that a )lies a known uniform pressure to each sensor at
the same time. In this manner each sensor can be calibrated individually. The air
t ider calibration device, de of | by Novel and used by McPoil et al®” in their
comparison of the EMED and F-SCAN insole systems, is shown in figure2.19. The
normal F-SCAN calibration proced : involves the subject standing on the insole prior

to movement.

Both systems use software to sampl g data at a rate of 50 Hz.






























Ml



























ly








































































i

cer






ob
























10C

i CC

us






o

BlY






























ATl

1€


















r sf






















































Chanter 3 The development of an Tn-Shoe Shear Stress Measuring Nevice 129

MODULUS DETERMINATION

Strain Rates ( 0.001 and 0.01/sec )

All ) tests measured up to 10 Kpa

11

10 Fy(0.01) = 1879x
9 1Y(0.001) = 1869x

8 1 Yav=1874x
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Figure 3.15  Young’s modulus as measured in the tensile tests up to a stress

See text,
(See text, page89) Of 10 Mpa
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Figure 3.16  ABAQUS model of the sensor

(See text, page9l)
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Figure 3.22  Typical predicted deformation characteristics of the sensor when a
(See text, pagel00) . .
single component of shear stress is applied to the sensor during the

calibration procedure

2
Vi

Figure 3.23  Typical predicted de rmation characteristics expected of the sensor
(See text. pagel00) when a single component of shear stress is applied to the sensor when

the sensor is inside the shoe
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The shoe was removed from the frid; at a temperature of approximately 21°C. A test
was conducted when the sensor was at 23°C+0.2°C. It was found that the temperature
of the sensor had increased by an average of 0.3°C after each test. This is attributed to
the contact of sensor with the skin ai  the heat generated by the sensors. The average

erature of the sensor during : the tests was 23.2°C. Any test whose final
temperature was greater than 23 'C was rejected. Using this quality control
procedure allowed the errors induced by temperature to be kept below an average of
+0.26% of the Full Scale Output when calculating the stresses from the strains

measured by the gauges.

4.2 PILOT TESTS

The pilot tests were used to examine 2 following four phases.
1. Zero Load Phase.

2. Scuffling Phase.

3. Standing Phase.

4. Walking Phase.

An illustration of one of the pilot sts, illustrating the four parameters presented

above, is shown in figure 4.1.

4.2.1 THE ZERO PHASE

The sensor was allowed to experience zero load for an average of 12 seconds before
the foot was placed inside the instt nented shoe. This time period is explained in
section 4.2.5. Figure4.2a and b illus 1te the drift which was experienced during one

of the pilot tests.
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A linear regression provided the means of predicting the average value of stress after
12 seconds. The difference between the initial value and final value of stress indicated
the error which was imposed on the sensor as a result of drift. The average drift over
12 seconds for the five tests was + 92Kpa (£0.263% of Full Scale Output) for the

ial-Lateral gauge and +£0.99Kpa 10.283% of Full Scale Output) for the Anterior-
Posterior gauge. Although it is impossible for the amplifier to measure strains at this
level, the results which were obtaine were used to indicate the ability of the amplifier

to maintain a fixed setting.

4.2.2 SCUFFLING ANALYSIS

The scuffling phase (2) illustrated in gures 4./a and 4.1b showed that when the foot
was placed inside the shoe, the sensor was initially subjected to stresses in the posterior
and lateral directions. The initial stresses in the lateral direction are attributed to the
position of the foot inside the shoe and the tightening of the velcro around the foot
which pulled the foot laterally. T! initial stresses in the posterior direction are
attributed to the foot being placed‘ in the shoe from the front and the presence of the
small camber in the front part of tt shoe. The camber is visible in figure3.3/ and
figure3.33. The variation of these s ‘sses is attributed to the movement of the foot
inside the shoe and shoe having being partially lifted off the ground to allow the shoe

to be attached to the foot.

4.2.3 STANDING ANALYSIS

The subject stood on the treadmill in the standing position for an average time of one
second before it was switched on. ( 1e second of standing provided SO data points.
The reason for having the subject stand stationary prior to walking was to provide an

alternative means of obtaining footsv ch data.

Footswitch data enables the contact me of the foot with the ground, i.e. the stance
phase, or the time of one gait cycle to be evaluated. Footswitch data is usually
obtained using video techniques or highly sensitive pressure transducers placed on the
heel and big toe of the foot. The footswitch data must be synchronised with the data

being gathered by the transducers ins e the shoe.
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Synchronising the footswitch data with the transducer data enabled a trigger,
controlled by the footswitch data, to activate the shear transducer when the foot first
came into contact with the ground. This enabled the data presented in the literature to
be referenced to zero and the effects of any scuffling which occurred inside the shoe

to walking to be ignored. An illustration of footswitch data is presented in
figure2.17. The time between each “on” signal in Lord et al’s study'® is indicative of a

gait cycle.

To reduce the complexity and costs . the experimental apparatus, a simpler method of
obtaining a datum was used. The da m was produced using the average stress which
occurred during the standing position. Any deviation of stress above or below this
datum was indicative of a stress in either the Medial/Anterior or Lateral/Posterior
directions respectively. The datum also allowed the total time of the gait cycle to be
determined. The use of the datum is shown during the walking phase discussed in
section 4.2.4. The datum therefore allowed the data measured during the walking
phase of the tests conducted in this thesis to be compared to data presented in the
literature. An illustration of the stanc g phase, the datum line and the walking phase is

presented in figure4.3.

4.2.4 WALKING ANALYSIS

The final stage of the pilot tests was ie walking phase. In order to present the data in
a format comparable to the literature, the average value of the stress which determined
the datum line was normalised to zero (figure4.4a and b). Although a full analysis was
not performed on all the results of the pilot tests, being done rather on the analysis
tests, the following parameters were investigated to assess the validity of the

magnitude and profiles of the stresses measured by the sensor.

e The results showed repeatability, which indicated the consistency and reliability of
the sensor(figure4.4a and b). The magnitude of the stresses experienced by the foot
in the anterior and posterior directions were in close agreement with the results
produced by Lord et al'*®! and Pollard et al’™!. The results produced by Lord et al'"®

are summarised in Table 4. 1.
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4.2.5 DISCUSSION OF THE PILOT TESTS

4.2.5.1 SELECTION OF A 12 SECOND 'RIOD FOR DRIFT EVALUATION

The average time from the beginning of the standing phase to the end of the walking
phase was a time less than 12 seconds. The average maximum time of each analysis
test was expected to be 10 seconds. As a result of the findings of the pilot tests and the
format of the data presented in the terature, it was decided that the analysis tests
would only start from the beginning of the standing phase. The analysis tests would
therefore exclude the zero load and scuffling phases. The drift experienced by the
sensor during the zero load phase was therefore calculated to be used as an indication
of the drift of the sensor during the analysis tests. This allowed any errors associated

with drift to be accounted for during 2 analysis tests.

4.2.5.2 SCUFFLING PHASE STRESSES

The scuffling phase produced interest g results, as the sensor consistently experienced
the same type of stresses in the posterior and lateral directions. The reasons for this
pre-load, including the fastening of the foot inside the shoe and small camber present in
the shoe, have been discussed, but another important consideration is the fact that any
measurement made with a sensor is ultimately relative to the sensor’s orientation to the
foot, not to the ground. There is a ¢ nber at the front part of the shoe which points
upward. This type of camber will tend to orientates the foot inside the shoe causing the
sensor to experience a posterior stress. This provides another possible explanation for

initial posterior stress in the sensor.

Although the zero and scuffling phase results are omitted during the analysis tests, the
data obtained from these phases dur g the pilot tests provides essential information
relating to the understanding of the | :-stress which was present on the sensor when
the foot was inside the shoe. The data provided by the zero phase also allowed the drift

of the sensor to be measured.
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4.2.5.3 WALKING PHASE STRESSES

The shear profiles, relative timing of the maximum stresses and repeatability produced
during the walking phase compared well with the literature. However, as the stresses in
the medial-lateral direction were 3-5 mes greater than the medial-lateral shear stresses
presented in the study by Lord et al'  a series of performance-checks were performed

on the sensor to ensure that the med |-lateral gauge was not mis-functioning.

The sensor was loaded separately with approximately the same pressure in both
orthogonal directions. The stresses were applied evenly using the middle finger of the
hand. This test provided a means insuring that the medial-lateral rosette did not
measure a stress three times greater than the anterior-posterior rosette. The two
rosettes were found to measure approximately the same shear angle. The effect of
additional bending of the shoe int region around the sensor and the cables leading

through the shoe were also investigated to examine any artefact data.

All the checks tended to indicate th the stresses measured by the medial-lateral gauge
were indeed accurate. There was also no local square pressure mark left in the region
where the sensor had been in cont: : with the foot. A swelling or redness might have
suggested that the soft tissues of the foot were extruded significantly into the clearance
between the sensor and the high density PVA. The lack of any redness indicated that

the sensor had not been a natural pressure point.

Given the favourable performance 'the sensor in the anterior-posterior direction, it is
conceivable that these high stresses in the medial-lateral direction are as a result of the
particular gait pattern and anatorr al structure of the subject. The first factor is the
weight of the subject. The subject was approximately 10 kg heavier than the average
mass of the subjects used in the literature. Although every attempt was made to allow
a direct comparison of the performance of the sensor with the literature, the subject
was selected because of the availa lity and convenience which is provided in selected

one’s self as the test subject.
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The average duration of each test was 10.12+1.3 seconds and the average number of
gait cycles was 6.6+1.3. The consistency with which the shear stresses were measured
by the sensor indicated that the numl r of cycles was adequate. The duration of all five
of t analysis tests was kept below 12 seconds, so as to allow the drift determined
during the pilot tests to be equival t to the drift experienced by the sensor during

these tests.

The magnitude of the mean maximum shear stresses, presented in 7able 4.3, in the
anterior-posterior directions compar.  well with the results presented by Lord et al''®},
Tappin et al®” and Pollard et al’®. T : medial-lateral stresses, as was the case with the

pilot tests, were found to be higher tI n those presented in the literature.

An explanation of the profiles of the 1ear data is presented below. The described gait
cycle uses the adjusted gait cycle time “T2”. An illustration of the gait cycle time “T2”
is presented in figure4.5a and b..

Anterior - Posterior Shear Profiles (figured4.5b):

Heel-strike — Peak anterior shear stress — Peak posterior shear stress — Toe off
occurs at zero load — Gradual increase in anterior shear stress during swing phase —

Heel-strike.
Medial - Lateral Shear Profiles (fig ‘e4.5a):

Heel-strike — Peak medial shear stress — Peak lateral shear stress — Toe off at zero
load — Increase in medial shear followed by a reduction in medial shear. (The initial
increase and then reduction in medial shear was also experienced by Lord et al"®. It
could be attributed to a movement of the bones in the foot after toe off or a movement
of the foot relative to the leg at the b inning of the swing phase) — Gradual increase

in medial shear — Heel-strike.
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8. As technology progresses, it is hc  d that these improvements will be made on the
proposed sensor, and that eventually it will be used in the clinical environment
ass ng clinicians in their diagnc s and treatment of the side-effects associated

with patients sufi g from diabetes mellitus.
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APPENDIX A

RESULTS FROM PODOTRACK AND
FOOTSCAN
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Results of Sensor

Podotrack
"Standing”

Stdev
Mean
max error

Podotrack
“Walking"

Stdev
Mean
max error

Footscan
"Walking"

Stdev
Mean
max error

C~—hined
"Walking"

Mean
Stdev
Max error 98% Confidence
Max error 95% Confidence

HDMP

15

14

15

14

15
0.547723
14.6
0.917823
0.679978
14

15

14

14

15
0.547723
14.4
0.917823
0.679978

HDMP

15
14
15
14

15

14
15
14
14
15
14.5

VDMP

220

220

219

218

220
0.894427
2194
1.498799
1.110398
217

218

218

217

219
0.83666
217.8
1.401998
1.038683

vDMP

220
220
219
218
220
217
218
218
217
219
218.6

0.861824 0.787632 0.470163 1.047103
0.616464 0.563395 0.336309 0.748995

Podotrack a 1 Footscan Results
focation te s
TOP AMBP PMBP  MWF
266 214 186 90
266 215 187 91
255 215 186 92
265 214 185 93
266 215 185 92
0.54772256 0.5477226 0.83666 1.140175
2656 2146 185.8 91.6
0.91782298 0.917823 1.401998 1.910601
0.67997774 0.6799777 1.038683 1.415487
292 232 203 92
294 233 202 91
292 233 203 90
293 233 204 31
293 232 202 90
0.83666003 0.5477226 0.83666 0.83666
292.8 232.6 202.8 90.8
1.40199775 0.917823 1.401998 1.401998
1.03868315 0.6799777 1.038683 1.038683
295.7 231 203 89.6
2943 229 201 903
294 .6 230 203 89.3
295.2 231 202 90.5
296.1 229 201 89.1
0.74632433 1 1 0.614817
295.18 230 202 89.76
1.25062151 1.6757078 1.675708 1.030254
0.92653465 1.2414638 1.241464 0.763273
Results ¢f P {otrack and Footscan
TOP A BP PMBP  MWF
292 232 203 92
294 233 202 91
292 233 203 S0
293 233 204 a1
293 232 202 30
2957 231 203 89.6
294.3 229 201 90.3
294.6 230 203 89.3
295.2 231 202 90.5
2961 229 201 89.1
293.99 2313 202.4 90.28
1.46017503 1.5870212 0.966092 0.882924 0.527046 1.173788
1.30258153 1.3378961
0.93173941 0.9999181

98%
85%

98% -
85%

98%
95% :
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APPENDIX B

RESULTS FROM TENSILE TESTS PERFORMED
ON THE PMMA






Appendix C 175

APPENDIX C

RESULTS FROM  FINITE ELEMENT
ANALYSIS

I. ABAQUS INPUT DECK 1
II £ IS <2

IILRESULTS FROM DATA FILES ON FACE 3 (FREE
CASE)

IVRESULTS FROM DATA FILES ON FACE 3
(RESTRICTED CASE)
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FILL3,3,-0.5

FIL .3,-0.25

*CLOAD, FOLLOWER, AMPLITUDE=XLOAD

FILL1,1,0.033

FILL2,1,0.00825

FILL3,1,0.0165

*CLOAD, FOLLOWER, AMPLITUDE=YLOAD

FILL1,2,0.015

FILLZ2,2,0.00375

FILL3,2,0.007S

*EL PRINT, ELSET=MEASURE3, POSITION=AVERAGED AT ALL NODES, FREQUENCY=1
]

E

*EL PRINT,ELSET=MEASURE4, POSITION=AVERAGED AT ALL NODES, FREQUENCY=1
S

E

*END STEP

- . - e - - - = - ———

**END OF ANALYSIS
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APL ENDIX D

RESULTS FR( M CALIBRATION
PROCEDURE

I. DRAWINGS OF THE CALIBRATION JIG

II. LLUSTRATION OF RESULTS FROM CALIBRATION
PROCEDURE

IILILLUSTRATION OF NUMERICAL RESULTS FROM
CALIBRATION1 OCEDURE

IV.ANALYSIS OF DATA BETWEEN 8 AND 12 MICROSTRAIN
V. BEST FIT CURVE EQUATIONS

VILRANDOM ERRC PLOTS
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Drawings of the Calibration Jig

COLLAR

SIDE VIEW FRONT VIEW

3 mm Allen screw

C——— oo 4.0 30.1

o 'S

S
o

1L
--1—-—
v

S LT T e
e mmm oo T

(o)
W
(ew)

DRAWING 1

NOT TO SCALE
Dimensions - mm
Matenal - Mild Steel
All tolerances 0.1 mm
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Drawings [ the Calibration Jig

LOCKING PIN (1) and BOTTOM JIG (2)

(1.)

SIDE VIEW
----- e TR
: 45.0 :
(2.)
SIDE VIEW
. . P 142.0
106 .0 E
fas g 1010 ::
175
‘[ : ST e x
4+ 15.0£0.01
6203 0.05
+ $ 30.0+0.01
[ e AR Y TR +.
- D e— 3 mm Allen screw

DRAWING 3

NOT TO SCALE

All Tolerances £0.1 mm
unless otherwise specified
Material : Mild Steel
Units :mm
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[llustration of Numerical Res ts from the Calibration Procedure
138, 0.92 40.385131571] 0.447/ 0852 0.203, 2.1E-05: 8.1E-05. 9.7E-C6 6.33E.0%
141 0.94. 40.82401317 0.447. 0.852] 0.188 21£-05; 8.1E-05/ 9E-06. 6.83E-0%
| 144 0.96. 41.39485302; 0442 0362 0.183 2.1=-C5 3.2E-05 G.2E-C6 6.725.05
147 0.98 41.23593248 0.432° 0857 0.193 21E-05 8.2E-05 9.2€-06 6.7E-05
150 1" 41.47417405] 0.452° 0.867. 0.198] 2.2E-05: 8.3E-05 9.4E-06 6.74E-05
1537 1.02' 4124864426 0.447. 0.862' 0.158, 2.1E-05: 8.2E-05, 9.4E-C6/ 6.72-05
1561  1.04: 4197872797 0.452! 0877 0203, 22E-05/ 8.4E-05 9.7E-06 6.82E-05
153, 1.061 41.82016599 0.447, 0867 0.193 2.1E-05 8.3E-05:. 9.2E-06° 6.76E-05
162°  1.08° 42.25338452! 0.437, 0.877, 0.198 2.1£-05, 8.4E-05 Q.4E-C6 6.85E-05)
165] 1.1. 42.65049056 0.447'° 0.886] 0.198° 2.1E-05: 8.4E-05; 9.4E-06: 6.53E-05
168"  1.12° 42.21735827| 0452 0.877. 0188 22E-05 8.4E-05] 9E-068' 6.86E-05
171, 1.14, 42.45080707 0.462) 0.886] 0.198, 2.2E-05| 8.4E-05, 9.4E-06! 6.9F-05]
174/ 116/ 41.60730951 0.452] 0.872] 0.208] 2.2E-05| 8.3E-051 9.9E-06' 6.76E-05
177 1.18, 42.85043056] 0.447| 0.886! 0.198] 2.1E-05' 8.4E-05. 9.4E-C6. 6.93E-05
180 1.2 42.42968935 0.452] 0.882] 0.193] 2.2E-05| 8.4E-05| 9.2£-06' 6.89E-05
183 1.22° 4275637827 0457/ 0.886| 0.183, 22E-05: 8.4E-05| 8.7E-06. 6.94E-05
18R 124 4360604915 0.447, 0.901] 0.193] 2.1E-05, 8.6E-05/ 9.2E-06] 7.08E-05
iowi  1.26. 43.26043074 0.457. 0.896| 0.188] 2.2E-05 8.5E-05/ 9E-06:! 7.03E-05
192! 1.28. 43.46000454 0.462 0.906i 0.208] 2.2E-05/ 8.6E-05, 9.9E-06 7.06E-05
195! 1.3 43.69836373 0.462| 0.906/ 0.193] 2.2E-05/ 8.6E-05i 9.2E-06! 7.1E-05
198! 1.32' 43.38075573 0.452 0.901. 0.203] 2.2E-05/ 8.6E-05: 9.7E-06 7.058-05
201, 1.34. 43.71164235| 0.471 0911/ 0.203, 2.2E-05; 8.7E-05; 9.7E-06, 7.1E-05
204] 1.36; 4270356032 0.471] 0.891] 0.193} 2.2E-05| 8.5E-05| 9.2E-06! 6.94E-05
207! 1.381  43.5656558 0466/ 0.906] 0.198] 2.2E-05) 8.6E-05] 9.4E-06 7.08E-05
210 1.4, 44441632385 0.466) 0.921] 0.198] 2.2E-05! 8.8E-05, 9.4E-06] 7.22E-05
213] 1.421 44.14962565 0476/ 0.921, 0.208| 21?F-05' ®=E= n=l ©ogE-06: 7.17E-05
2161 1.44, 44 P1”17595] 0.471] 0921 0.208| Z..c-05! o.oc-uo| 9.9E-06, 7.18E-05
2191 1.46) 44.51515051| 0.4661 0.926/ 0.193] 2.2E-05| 8.8E-05 9.2E-06! 7.28E-05
2220 148 45.12630992 0466/ 093] 0.188] 2.2E-05/ 8.9E-05| 9E-06, 7.33E-05
225] 1.5 4504674913 466 0.93] 0.193] 2.2E-05' 8.9E-05/ 9.2E-06' 7.32E-05
228! 1.52° 44.91404992; 476, 0.93] 0.193] 2.3E-05/ 8.9E-05| 9.2E-06' 7.3E-05
231,  1.54; 44.83435208| 476| 0.93] 0.198] ?1F.NRI R QF.NR! g 4F-NR. 7 22F.N5
7747 1 BRI 44 annT4ooc! 481] € 5 0.208 9%E . .___ _Jl
P T 1,00 40.£04000U2 471} 0.94, 0.212) z.cc-ua1  ve-uo:  1E-05 7.35E-05
240 1.6, 4540536654 471] 0.94, 0.203i 2.2E-05| 9E-05, v./E-06' 7.38E-05
2437 162 4564387586 481, 0945/ 0198] 2.3E-05. 9E-05; 9.4E-06: 7.41E-05
2461 1.64° 45.36557595 486 0.94, 0.193; 2.3E-05. 9E-05] 9.2E-06, 7.37E-05
249 166 458562718 4717 0945 0.193° 22E-05 9E-05! 9.2E-06' 7.45E-05
252" 1.68: 4584347846 476/ 0.95, 0.208 23E-05, OE-05. 9.9E-06 7.45E-05
255 1.7 46.01549155) 481 0.95. 0.193] 2.3E-05/ 9E-05. 9.2E-06 7.47E-05
258, 1.72. 45.71027188 0.4861 0.95. 0.208: 2.3E-05 9E-05' 9.9E-06. 7.42E-05
261  1.74 46.09524478 0491 0.955, 0.198 2.3E-05. 9.1E-05. 9.4E-06 7.48E-05
264 176 4572618036 0.496° 0.955| 0217 2.4E-05 9.1E-051 1E-05 7.43E-05
267 1.78 46.44030814 0.481, 0.96' 0.203, 2.3E-05 9.1E-05 9.7E-06 7.54E-05
270 1.8 46.56579451. 0.486° 0.965. 0.203: 2.3E-05 9.2E-05 9.7E-06. 7.53E-05
273 1.82. 46.51979494, 0491, 0.965, 0.208, 2.3E-05 9.2E-05. 9.9E-06 7.56E-05
276 1.84 46.89940138! 0.4861 0.569' 0203 2.3E-05 9.2E-05. 9.7E-06 7.62E-05
279  1.86 46.66579451 0.486  0.965: 0.203: 2.3E-05 9.2E-05. 9.7E-06 7.53E-05
282 1.83. 46.83584267 0.456  0.974. 0.217 2.4E-05. 9.3E-05| 1E-05 7.61E-08
285 1.9 47.04541034 0.491  0.974. 0208 2.3E-05 9.3E-05/ 9.9E-06 7.84E-05
288 192 4762948137 0.491: 0.984° 0208 2.3E-05. 9.4E-05. 9.9E-06 7.74E-05
291 194 47.50996741 0.496. 0.979 0.193. 2.4E-05 93E-05 92E-06 7.72E-05
294 196 47.27091934! 0.496: 0979 0.208° 24E-05 9.3E-05 9.9E-06 7.68E-05
297 198 47.56599479, 0.491 0.984 0212 2.3E-05 9.4E-05, 1E-05 7.73E-05
300" 2  47.86914009 0.51" 0989 0208 24E-05 94E.05, 9.9E-08 7.74E-05
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Analysis of Data between 8 and 12 Microstrain

Assessment of strains measured below and above 10 microstrain
1.40E-05 -
Strains above and befow 10
microstrain
1.20E0S ¢+ = = = Linear (Strains above and
below 10 mirrnstrain)
1.00E-0S
= .
s y = 5E-07x + 9E-06
@ 8.00E-06 -
g
£
= 6.00E-06 1+
o
@
4.00E-06
2.00E-06 1
0.00E+00 —~ + ; +
0 1 3 4 5 6
L Time (sec)
trains from 10 to 12 microstrain
1.40E-05 - - -
Strains above 10 microstrain
1.20805 ¢ - |= = = Unear (Straint  wve 10
microstrain)
__ 1.00E-0S ,{
£ - Slope = SE-07x + 9E-06
§ 8.00E-06 +
g
E
< 6.00E-06 1
s
7]
4.00E-06 +
2.00E06 T
0.00E+00 — - s = -~
0 1 2 3 4 5 6
Time (sec)
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Analysis of Data between 8 and 12 Microstrain

Strain {microstrain)

]
Strains from 8 to 10 microstrain

1.40E-05 -

Strains below 10 microstrain
1.20E-05 ¢+ = = = Linear (Strains below 10

microstrain)
1.00E-0S + -

Slope= 5E-07x + 9E-06
8.00E-06 +
6.00E-06 |+
4.00E-06 +
2.00E-06 +
0.00E+00 = = -
0 2 3 4 5 6
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Test No

Best fit cur :equations

Zwick ir—-* curve

10

y=0.037x*2+6.8129x+25.77
R*2=0.9934
y=0.0296x42+7.5191x+18.519
RA2=0.9994
y=0.0296x"2+7.3728x+16.545
R"2=0.9997
y=0.0291x*2+7.3.
RA2=0.997
y=0.0463x"2+6.7636x+31.063
R42=0.9998
y=0.0501x*2+6.6!
R*2=0.9998
y=0.0529x"2+6.585x+26.975
R*2=0.9997
y=0.0579x"2+6.3708x+25.709
R*2=0.9996
y=0.0814x"2+6.2746x+25.589
R*2=0.9995
y=0.0594x"2+5.6485x+27.937
R*2=0.9999

Ix+16.057

5x+27.481

196

Test No

Experimental curve

1 y=0.0253x*2+7.9513x+25.322
R*2=0.9996

2 y=0.0209x"2+7.9126x+25.045
R*2=0.99396

3 y=0.021x42+7.7024x+26.208
R*2=0.9994

4 y=0.0209x2+7.9879X+20.812
R"2=0.9994

5 y=0.0835x42+6.2499x+34.148
RA2=0.9999

6 y=0.0493x42+6.3371x+35.418
R*2=0.9999

7 y=0.0583x42+5.9723x+38.95
R*2=0.9999

8 y=0.0566x"2+5.8951x+37.693
R*2=0.9998

9 y=0.0569x"2+6.0722x+38.373
R*2=0.9998

10 y=0.0525x"2+6.0262x+26.85
R*2=0.9993
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AP_ENDIX E

F - SCAN INSOLE

I. F-SCAN INSOLE






Appendix F 200

APPENDIX F

IN-SHOE 'EST RESULTS

I. ILLUSTRATION OF RESULTS OBTAINED DURING THE
ANALYSIS TEST

II. ANALYSIS PERFORMED ON THE RESULTS
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[lustration of results obtained during the Analysis Tests

A/P and M/L Shear
Analysis Test 3

Time (sec)
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3 BN
1 :
\
g { 5
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] i B N B B LR AJP Shear (Datum=107)
g 1 ¢ .
b { - !
i
1
1
L]
-120
Time(sec)
A/P and M/L Shear Stress
Al lysis Test 4
40
20 1 u ,
0 1 =
4 N . (]
¢ ] 8\1' Y hd
9 ] . ! 4
-20 1 ¢ i \' §
5’ i N X ¢ M/L Shear (Datum 89)
@ 407 X [N S SR S P A/P Shear (Datum=117)
] i - v
a . S (I ¢
0 1 : j .
L)
b i 5
80 1 . '
{
{
-100 + {
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