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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 teclmique 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 perfom1ed 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 simultaneously 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. 
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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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xviii 
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Based on theory instead of experience. 

Point of attachment. 

Cross Head Speed of the tensile testing machine. 
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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 mean~ 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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Chapter 1 Introduction 3 

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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Chapter 1 Introduction 4 

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 m 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 5 

CHAPTER2 

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[1l. In most cases, gait dysfunctions are 

multifactorial in origin. Appropriate intervention requires a clear understanding of 

normal locomotion, 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[2
,31 . 

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. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Chapter 2 Literature Review 6 

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 analysisi21 . 

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 basel21. 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 three major categories of etiologiesl1
l : 

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 : 

• Structural : The use of a walking aid or the realignment of a prosthesis. 

• Joint and soft tissue pathology : The application or modification of an orthotic or a 

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

• 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[4J. 

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[51 . 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 ulcerationl31. A 

major reason why diabetic feet ulcerate is that the decreased sensation interferes with 

the person's ability to limp when normally painful stimuli occurl6l. 

The statistics relating to diabetics are alarming: 
I 

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

infectionsl71. 

• There are 600,000 new cases of diabetes each year in the U.S. [SJ_ 

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

amputationsl9l which amounts to 35,000 major diabetic related amputations being 

performed each year in the U.S[lOJ. 

• Diabetes is the number one medical cause of lower limb amputationsl111
. 

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

yearsl12J 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 

could be prevented by adequate foot carel131. To reduce the risk of amputation, 

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 

diabetic neuropathyl14
,I

5l. These clinical studies established a clear relationship 

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

formation in diabetic neuropathy. 
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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[16l. Bennett[!?] reported that at a sufficiently high level of shear stress 

(roughly lKpa or 0.145PSI) the pressure necessary to produce vascular occlusion of 

the microcirculation was half that required when little shear was present. Pollard and 

LeQuesne[ISJ showed that sites of healed ulcers correspond with the area of greatest 

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

reg10n. 

Tappin and RobertsonP 9l 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 maxim~m 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['9l. 

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 bodyl20l. 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[l 9l. 
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2.2 INTERNAL AND EXTERNAL FACTORS ASSOCIATED 
WITH GAIT ANALYSIS 

10 

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 runningl51. 

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. 

2.2.1 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 stressl21 J. 

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 infigure2.1. 

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 one 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 footl211
• The structure and terms used 

to define the foot are shown in.figure 2.2. 

2.2.3 TERMS USED TO DEFINE THE FOOT 

• Anterior I 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 metatarsa1C211
. 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. 

• Medial I 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 lateratl211
• 

• Inferior I Superior: 

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

surface of the foot1211 is known as the inferior superior axis. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Chapter 2 Literature Review 12 

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/dorsiflexionl51 . 

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 supinationl5l. 

1. Plantar - Dorsijlexion: 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 footl41 . 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 

lilJUfleS. 

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 contro1l4l. 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 : 

• It allows pathological gait to be correlated to the normal gait cycle to ascertain the 

causes and effects of any abnormalityl31 . 

• It shows the sequence and relative timing of events which occur during gaitl 191
• 

• It defines the terms which are necessary for any assessment of human 

locomotion l221
. 

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 subjectsl22l. Footstrike is designated 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 phasel1l. 
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Tappin and Robertson1191 compare the timing of the values of the shear forces in the 

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 phasef191
. 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(231
. 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 Muybridgel23J 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 Weberl241 brothers, of the movements that occur during human 

locomotion. Modem 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 modem example is biostereometrics, which 

uses two high-speed videos and active optical sources attached to a subject to create 

three dimensional images of specific gait movements1251. Other modem kinematic 

techniques involve the use of accelerometers1261 and electrogoniometers1271. 

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 itself231. 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 Fisherl281 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 Amarl291 made the first attempt to measure the two components of the ground 

reaction forces during running. In 1934 Elftman1301 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 Millerl311 used a force plate 

to present data which indicated the vertical forces for a single subject during a "slow 

jog". Using a force platform, Cavanagh and LaF ortune1321 measured the three 

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 modem measurement of ground reaction 

forces. Pressure platforms measure only the vertical components (e.g. EMED-SF 

which use the capacitive methodi33
-
351

• Force platforms (e.g. Kistler which use 

piezoelectric technology and AMTI which use strain gauge theoryi26
'
361 measure the 

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)c16
•
37

•
38

•
39

1. , 

The first attempts to use foot-mounted pressure transducers were made by Schwartz 

and Heath in 1932£401
• In 1947 they developed small, discrete stress transducersl411

. In 

1976 Spolek and Lippertc421 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 

principlel371
, the piezoelectric principlec391

, the magneto-resistive principlec161
, the semi

conductor strain gauge theoryl171 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 measurement231 . The former primarily uses 

goniometers and accelerometers while the latter uses cinematography, television or 

optoelectric techniques. 

... 
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2.5.1 DIRECT MEASUREMENT TECHNIQUES : 

2.5.1.1 GONIOMETERS 

Methodology : 

A goniometer 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 used by Spolek and Lippertc421 to measure the angle changes of the foot relative 

to the ground at specific locations during gait. Smart and RobertsonC271 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 RobertsonC2
7l 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 calibrations as a result of movement of the goniometer caused by the 

impact forces experienced during running. 

Advantages I Benefits : 

• A goniometer is inexpensiveC231. 

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

computerl231. 

Disadvantages I Limitations : 

• Relative angular data is given as opposed to absolute anglesC231. 

• It can require an excessive amount of time to. fit and alignC211. 
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• If a large number of goniometers are fitted, movement can be encumbered by the 

straps and cables1231. 

• Slippage and movement introduces error12
7J. 

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

joints (e.g. the ankle joint complex)1231. 

2.5.1.2 ACCELEROMETERS 

Methodology : 

Accelerometers are typically used in gait analysis to measure the accelerations 

occurring on the tibia1261. 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 either strapped to skin of the tibia1431 or fastened into 

the bone of the tibia1441 (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 Frederick1431 evaluating the cushioning properties 

of athletic shoes, it was found that a 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 sheet results in more tensile elements becoming taut, 

thereby increasing both stiffness and damping. 

These factors 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 

Henning and LaFortune1441 a comparison 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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In the same study an evaluation was made between the correlation of ground reaction 

forces and tibial acceleration measurements. The axial acceleration experienced by the 

bone is determined by gravitation, the impact forces and the centrifugal forces due to 

the rotation of the tibia during gait. The method adopted included accelerometers, a 

force plate and cinematography techniques which allowed the centrifugal forces to be 

accounted for. These forces cannot be accounted for when accelerometers are used in 

isolation. The study showed that the accelerations in the anterior-posterior direction 

are higher than the axial accelerations as a result of the centrifugal forces . 

Hennig and LaFortune's study highlighted three important considerations. The first 

was that the acceleration in the anterior-posterior direction is greater than the axial 

acceleration. Secondly, tibial and ankle joint angular motion and gravity contribute to 

axial acceleration during gait. Thirdly, unless intricate and complicated equipment is 

used, it is not possible to correlate the accelerations measured at the tibia to the axial 

accelerations at the ground. These findings indicate that care needs to be taken when 

inferring ground impact magnitudes from tibia attached accelerometer measurements. 

Advantages I Benefits : 

• An output signal 1s available immediately for recording or conversion using a 

computerl231
. 

• The use of accelerometers is well documented. 

• The availability of many different designs. 

Disadvantages I Limitations : 

• The acceleration signal is a relative measurement whereas the limb moves in an 

absolute directionl231
. 

• In order for the accelerometer to produce accurate measurements it has to be 

inserted into the bone of the tibia[441
. This is an unpopular technique. 
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• A considerable amount of equipment (accelerometers, force plate, video/cameras) is 

required in order to correctly represent the ground reactions occurring during 

gaitc441
. 

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

surface of the footl231. 

2.5.2 IMAGING MEASUREMENT TECHNIQUES 

Many types of imaging techniques may be used to quantify gait's defining parameters. 

Two of the most popular techniques are reviewed below. 

2.5.2.1 VIDEO AND CINEMATOGRAPHY TECHNIQUES 

Methodology: 

Kinematic techniques monitor angle changes which occur between markers positioned 

at specific points on the lower limbl45
-4SJ . 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 desired landmark. All movement is then referenced to 

this anatomical 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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Harmonic analysis is based on a signal ' s frequency content. Spectral plots are plots 

that show the amplitude or power of each frequency component plotted against 

frequency. The mathematical process to accomplish this is called a Fourier 

transformation. The Fourier transformation of non periodic signals is defined by its 

lowest frequency, the fundamental frequency, and frequencies incrementally higher 

called harmonics. Any periodic signal can be broken down into its harmonic 

components. The sum of the amplitudes of these harmonics is called a Fourier series. 

At a normal walking speed of 120 steps /min (2 Hz), harmonics at 2Hz, 4Hz and so on 

would be expected[23
J_ Normal walking analyzed by Winter et al[231 showed that 

99. 7% of the signal power is contained in the lower seven harmonics. Above the 

seventh harmonic there is still some signal power, but it has the characteristics of 

noise. Usually the random noise is of a high frequency. The presence of the higher

frequency noise is of considerable importance when trying to calculate velocities and 

accelerations from displacement data. The relative amplitude of the signal changes 

increases with each differentiation of increasing frequency. The first derivative 

velocity, increases amplitude proportional to frequency while the second derivative 

increases amplitude proportional to (frequency)2. 

Assuming that the amplitude of the first three harmonics of a signal are equal, the first 

derivative for all three harmonics increases linearly while the first derivative of the 

third harmonic increases by three times and the second derivative by nine times. This 

means that even a small error in the displacement measurements will amount to 

considerable errors in the velocity amplitudes and even more errors in the acceleration 

amplitudes. The problem can be resolved by smoothing or filtering the raw data. 

The first of the raw data smoothing techniques is curve fitting . The basic assumption 

is that the original signal has a predetermined shape which can be smoothed by fitting 

a best fit curve to the raw data. Various curve fitting techniques include using a certain 

order polynomial, a linear regression or a cubic spline. 
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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 serves 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 frequency of 6 Hz is the most commonly used filter in 

gait analysis[231 . 

A final consideration is the sampling 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 sampling frequency of 24 Hz[231 . 

Findings: 

Kinematic studies which have been 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 

shoec4s-4sJ. The markers are positioned at specific points to determine the absolute 

angular displacements which occur at these points. These results, depending on the 

particular analysis being undertaken, are then interpreted clinically. An illustration 

where Nigg et alC45l placed markers on the lower leg and foot to examine the effects of 

various insoles is shown infigure2.6. They used two video cameras and a force plate in 

their research. The main variables which are shown infigure2.6 are described below. 

y = Initial rearfoot angle and 8 y is the total shoe pronation 

J3 = Initial Achilles tendon angle and 8 J3 is the total joint pronation 

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

frame before ground contact) 

o = Initial sole angle 
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11 = Initial tibia angle 

e = Initial knee angle 

The study by Nigg et al1451 found that the vanous insoles investigated have no 

significant effect on the mean vertical impact force or the time at which it occurred. It 

also found that the regular insole which is the hardest and thinnest insole, describes the 

least pronation. It is postulated by Nigg et al1451 that the reason for this is the lower 

position of the heel in the shoe with the regular insole. By raising the heel, the axis of 

rotation of the subtalar joint moves further away from the ground. As a result, the 

moment arm of the ground reaction force about a vertical axis through the subtalar 

joint increases which increases the moment about this axis. The increased moment 

results in a greater ground reaction force being applied to the ankle. Although Nigg et 

al ' s1451 hypothesis is conceivable, a better explanation is given by Luethi et al1461. 

Luethi et al1461 found that harder shoes can result in lower impact forces than shoes 

with softer soles as a result of a change in foot movement during impact. They 

hypothesize that the greater amounts of initial pronatory movement are as result of the 

leverage of the ground reaction force with respect to the subtalar joint axis. A shoe 

with a stiff sole increases the lever of the impact force and thus produces a greater 

moment about the joint. This increased moment results in greater joint motion and 

simultaneously lowers the ground reaction forces1461 . The results from the study by 

Luethi et al1461 are presented infigure2. 7. 

The studies by Nigg et al1451 and Luethi et al1461 show that the mechanisms of the foot 

are such that it has the ability to dissipate load through movement of its joints. This is 

shown in a study by Stacoff et al1471 who examined rearfoot motion and its effect on the 

design of running shoes. They found that the most torsion occurs during barefoot 

running which indicates again that the foot uses motion to dissipate the ground impact 

loads during the gait cycle. These studies therefore illustrate the importance of having 

an understanding of the various anatomical mechanisms of the foot when designing any 

device which measures either its movement or the forces it transmits to the ground. 
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Stussi et alc481 questioned the validity of using markers on the shoe to evaluate the 

effect of shoes on the motion of the foot. Their study investigated the movement of the 

heel within a running shoe by placing 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 tendon and the line joining the markers on the heel of 

the shoe was called the shoe angle(~s) and the line joining the markers on the heel of 

the foot was called the foot angle(pf). The datum was taken from the angle of the line 

joining the Achilles markers at touchdown. A shift of almost I 0 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 weight bearing condition. 

The study showed that the heel of the foot inside the shoe, under load in a standing 

position, is initially pronated. This initial 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 I Benefits : 

• Uncomplicated to attach markersc23
,
461

. 

• Instant replay with the capability to convert data immediately471
. 

• Relatively inexpensive equipment requiredC23
l. 

Disadvantages I Limitations : 

• The effect of projection errors as 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 planec251
. 
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• Errors due to movement of the markers on the skin surface. This results m a 

misrepresentation of the bone and joint movementsl231. 

• Errors due to movement of the foot inside the shoe. This has an effect on 

establishing a reference datum from which all the kinematic measurements are 

madec481
. 

• Errors due to digitization of angular 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 experimentl23l. 

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

footc231
. 

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

Two main techniques are used when attempting to quantify the forces which are 

transmitted through the feet during gait. The first technique uses force sensitive plates. 

These are either specially designed mats which provide quantitative information about 

the three components of force acting at a particular point on the plate (e.g. Kistler 

force platel321
) or they are pressure platesl33

-
35

l which indicate the pressure at particular 

points on the foot during the stance phase. 

The second technique involves specifically designed apparatus which simulates the 

loads experienced by the feet during gait (e.g. a pendulum with a force transducer 

striking the heel of the footl361
). 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 crucial importance as shown in section2.5.J . This 

thesis will therefore only examine the technique which uses force sensitive plates. 
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2.6.1 PRESSURE PLATES 

Methodology : 

Pressure plates are unidirectional force transducers which measure the normal vertical 

forces over specific areas. Such devices work on the principle that an electrical signal 

can be calibrated to be proportional to an applied force. There are many ways to 

convert a force into an electrical signal. The various techniques use resistive 

technology (e.g.Musgrave systems), optical methods (e.g.Pedobarograph) and 

capacitive methods (e.g.EMED systems). The experimental technique usually follows 

the following protocol : 

• Familiarization period - so that the individual strikes the platform at the correct 

cadence and with a natural uniform gait pattern. 

• The subject then walks or runs on a set walkway and strikes the platform once with 

the selected foot. 

• Measurements are taken and analyzed. 

The various methods which are used to determine the pressures on the feet during gait 

are presented below. 

2.6.1.1 RESISTIVE METHODS 

These sensors either use resistive foams or are based on the carbon microphone 

principle. The latter technique involves using a semi-conductive ink (carbon) which is 

applied between two layers of plastic mylar and covered with a conductive silver-based 

ink121. When pressure is applied, the contact area between the semi-conducting carbon 

and the conducting silver is increased simultaneously decreasing the resistance. A 

limitation is that the resistance at zero load is infinite. This makes the calibration very 

difficult. Another limitation is that the semi-conducting carbon may change its shape 

due to shear forces over time. The changes alter the assignment of pressure to a certain 

resistance. 
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2.6.1.2 OPTICAL METHODS 

These methods measure pressure by filming the underside of a lighted glass plate 

across which a person walks. The top of the glass plate is covered by a thin sheet of 

opaque reflective plastic. The amount of light escaping from the glass which is seen 

by the camera varies according to the pressure at each point. These gray scale images 

are then converted to pressure values. A limitation is the inability to calibrate the 

entire plate or calibrate each single sensor. It is therefore difficult to relate gray scale 

values to absolute pressure values. The Podotrack System is a commercially available 

system which has been developed using the pedobarographic technique. This 

technique uses a reference card calibrated to relate different shades of gray to footprint 

pressures left on a specially treated piece of carbon paperl2J. 

2.6.1.3 CAPACITIVE METHODS 

The capacitive method utilizes the phenomena that when the distance between two 

plates separated by a dielectric material changes, there is a corresponding change in 

the capacitance of the sensor[2
'
231

. The quality of a capacitive sensor depends on the 

material and shape of the dielectric used. The advantage of capacitive sensors is their 

simple calibration. Even for large sensor numbers (platforms containing up to 4096 

sensors), each sensor can be calibrated individuallyl49l. An example of a commercially 

available system which uses capacitive technology is a pressure platform (EMED-SF) 

developed by Novel GMBH of Munich, Germany. The EMED-SF offers numerous 

features, one of which includes being able to mask a sensor or a group of sensors and 

do an analysis of the parameters involved which quantify the pressures at a particular 

point on the sole of the foot. Figure2. 9 gives an illustration of the various windows 

which are available on the software provided by Novel GMBH. 
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2.6.1.4 THE CONCEPT OF CENTER OF PRESSURE - (COP) 

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

stance phasec321
. On a pressure plate supported on it's four comers, the location of the 

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 during the stance phase. An example of rearfoot and 

midfoot strikers using the COP concept 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 shoec331
. 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 centered 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 the 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 distinguish subtle changes in pressure distribution which may 

seriously affect the well-being of the runnerl321
. 

Findings: 

Bennett et a1C35
l determined the pressures 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 maximum pressures at selected anatomical locations 

on the plantar surface of the foot. The results from the study are presented in Table2.l. 
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Anatomical location Mean Pressure Standard 

Deviation 

(kPa) (kPa) 

Second to fourth 420 100 

metatarsal heads 

Big Toe 350 110 

First metatarsal head 310 90 

Fifth metatarsal head 230 100 

Table 2. J Peak pressures measured in the foref oot region by Bennett et al !351 

The order of mean peak pressure of each plantar structure from highest to lowest was 

the second, third, fourth metatarsal heads (considered collectively), then the big toe, 

followed by the first metatarsal head. 

In a study by Henning et al [SOJ the pressures under the right foot were recorded during 

barefoot walking at a slow walking speed of approximately 1 m/sec with the 

capacitive pressure distribution platform developed by Novel GMBH. The necessity to 

target the small area of the platform (200mm*340 mm) during walking at a prescribed 

gait velocity was found to cause a disturbed gait pattern. Clarke[SIJ showed that an 

increase in gait speed from 1.33m/sec to 1.79m/sec created an increase in the peak 

pressure values across all foot regions of only 7.2%. Patients were therefore asked to 

walk at their own comfortable walking speed. The average mass of the 111 adults 

tested was 70Kg with a standard deviation of ±11.8Kg. The study protocol used five 

dynamic recordings of each foot. According to Hughes et a1r49l , averaging five trials 

for each subject achieves a high coefficient of reliability for peak pressure (R=0.94). 

The results of the study by Henning et al[SOJ are presented in Table2. 2. 
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Anatomical location Mean peak pressure 

(kPa) 

Second, third and fourth metatarsal 380 

Big toe 416 

First metatarsal 314 

Fifth metatarsal 216 

Table 2.2 Peak pressures in the forefoot region measured by Henning et al f5
0J 

Advantages I Benefits : 

• Pressure plates provide a quantitative means of assessing the vertical forces acting 

at specific points on the sole of the foot during gait without shoes and specific 

points on the sole of the shoe when shoes are worn. [33-351 

• The results are easy to interpret and use and in the case of the capacitive method, 

easy to calibrate. [4SJ 

Disadvantages I Limitations : 

• The use of the COP concept is not entirely indicative of the movement of the center 

of pressure on the plantar surface of the foot during gait. [33l 

• Consecutive steps are not possible with pressure plate analysis. [23l 

• The shoe-foot interface cannot be measured. Only the foot-ground or shoe-ground 

interfaces can be measured. The effect of the shoe is to distribute the pressure over 

a wider area such that measurements between the shoe and the ground do not give a 

clear indication of the pressure being experienced by the various regions of the 

foot.[33J 
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• Pressure plates represent the entire bodies center of gravity. This has an effect on 

the readings which are measured by the pressure plate. For example, when standing 

on the force plate, a movement of the arm produces a pressure on the pressure 

plate. It is therefore fair to assume that the loads which are measured using a 

pressure plate do not all result from foot contact with the groundl351
. 

2.6.2 MUL TIDIRECTIONAL FORCE PLATE 

Methodology : 

In order to measure forces in two or more directions it is necessary to use a bi- or tri

directional force transducer. Such a device consists of two or more force transducers 

mounted at right angles to each other. These plates are able to measure forces in the 

vertical direction and in the two shear directions. These three directions are commonly 

called the vertical, medial-lateral and anterior-posterior components of the applied 

force. 

2.6.2.1 THE PIEZOELECTRIC METHOD 

This method, which utilizes the piezoelectric characteristics of quartz, is the most 

accurate method of measuring dynamic forces. It has a low hysteresis response, 

behaves linearly and is highly sensitive. The signal of quartz is time-dependent (drift), 

and as such problems are encountered when measurements are taken over long periods 

of time. As the contact time in gait analysis is typically below 1 sec, this problem is 

rarely encounteredl2l. 

2.6.2.2 THE STRAIN GAUGE METHOD 

The advantage of this technology is its time-independence. The disadvantages are the 

large amount of deformation required, it ' s high inertia forces and it's limited range 

and speed l2l. 
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Findings: 

The most comprehensive research done using a force platform was done by Cavanagh 

and LaFortunel321
. The ground reaction forces of 17 subjects were analyzed while 

running at 4.5rn/sec. Although this study was done using running subjects, it serves to 

illustrate the forces which occur during running. It also illustrates the type of data 

which is available using force platforms and the method which is used to smooth the 

raw data. The data which is presented 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 expressed as a percentage of the subject's body weight 

(BW). 

The method used to normalize the different subjects in this study321 is to either dilate 

or compress the data to the mean contact 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 components for the contact phase are presented in 

figure2.l l. The mean peak to peak force components were 3BW, lBW 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 occurred at 22% of the stance phase while the point of 

maximum propulsion occurred at 70% of the stance phase. 

Advantages I Benefits : 

• Measures the three components of the resultant force acting on the plantar surface 

of the footc321
. 

Disadvantages I Limitations : 

• 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 cadencel161
. 
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• Presents no information of the response of the foot inside the shoe during 

loadingc521
. 

• Unable to present information at specific points on the plantar surface of the foot. 

Only a resultant force is presented. This is shown by Gross et a1C53
l 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 inside the shoe. Pressure analysis indicated a much 

increased pressure in the area of the marble yet the COP paths produced from the 

force plate data were nearly identical. 

• Force platforms are sensitive pieces of equipment and as such require a stable 

environment in which to operate (i.e. solid foundations)c231. 

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

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

transducers and the other matrix transducerJ.521. 

2.7.1 DISCRETE DEVICES 

Methodology : 

These are devices which are positioned at selected anatomical points on the plantar 

surface of the foot. There are two ways of establishing contact of the sensor with the 

foot. The first method is to attach the sensor directly onto the sole of the foot C54-
55l or 

to the surface of the insole which is in contact with the plantar surface of footc531
. The 

second method is to recess the sensor inside a specially designed insole which houses 

the sensor1161
. 

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 environmentl53
•
55l or 

by using a quantitative method (e.g. pressure plate, force plate) to locate the areas 

maximum pressure on the plantar surface during dynamic conditions. l161 
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Discrete sensors can be made using various types of technology. 

2. 7.1.1 CAPACITIVE DEVICES 

Capacitive devices consist of two conducting plates which are separated by an 

insulated layer of material called a dielectric. A capacitive based in-shoe pressure 

transducer uses a compressive dielectric material. Increasing pressures will tend to 

decrease the separation between the plates, thereby increasing the capacitance. 

Such a device was used by Levinc561
. The dimensions of Levin's sensor were 3mm 

thick with a diameter of l 4mm. The sensor was incorporated in a portable in-shoe gait 

analysis device which consisted of eight transducers positioned at selected anatomical 

points inside an insole. 

2. 7.1.2 PIEZOELECTRIC METHODS 

The piezoelectric effect, found in natural materials such as quartz and manufactured 

materials such as PZT (lead ziconate titanate), results in the generation of charge when 

the material is deformed. This charge, once amplified, can be converted into a voltage 

which is proportional to an applied stress. The response of piezoelectric materials can 

be complex as it does not respond to a shear stress the same way it does to a vertical 

stress and is also sensitive to bending and temperature. Eight piezoelectric transducers 

were used by Gross et a1C53l and six piezoelectric transducers were used by Ekstrom et 

alC54l in their studies of vertical in-shoe stresses. An illustration of the design of the 

discrete sensor is presented in.figure2. l 2. The size of the sensor in the study by Gross 

et a1C531 was (4.83*4.83*1.30 mm) and had a mass of O.Sg and in the study by Ekstrom 

et alc541 the size of the sensor was (4*4*1.2 mm). 
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2. 7.1.3 HALL EFFECT AND MAGNETO-RESISTIVE DEVICES 

When a current-carrying conductor is placed into a magnetic field, a voltage is 

developed perpendicular to both the direction of current flow and to the magnetic 

field. This principle is called the Hall-effect. Magneto-resistive devices operate on a 

similar principle except that resistance is changed rather than voltage output. 

Magneto-resistive devices were first implemented into gait analysis by Tappin et a1l57
l 

to measure the shear stresses on the sole of the foot. The design which is illustrated in 

figure2.13 has been used in numerous other studies[46
'
49

'
581

. The device operates on the 

principle that the resistance of a semiconductor varies with the strength of the 

magnetic field in which it is placed. 

By using a center-tapped magneto resistor bridge configuration, with a magnet placed 

centrally above it, any lateral movement of the magnet will unbalance the bridge and 

give an electric signal proportional to the movement of the magnet. It consists of two 

discs separated by a silicone rubber and a guiding middle disc. The silicone rubber 

supplies the restoring force and the guiding disc has the magnet attached to it while 

also only allowing movement in two orthogonal shear directions. The dimensions of 

the transducer are 2.7mm with a diameter of 15.96mm. 

A similar sensor, based on the principle developed by Tappin et a1l57l , is used by Lord 

et a1l 16l to investigate the shear stresses acting on the plantar surface of the foot under 

the first metatarsal head. The motivation for locating the sensor under the first 

metatarsal is that although it is typically only the third highest area of stress in the 

forefoot region[3s,so,ssi, the maximum shear stresses and maximum vertical stresses 

under the first metatarsal head have been suggested to occur at the same time(16
'
18

'
19l. 

There is also a high incidence of ulceration in this region(IS,I9,s9
J_ The significance of 

the similar timing of the maximum vertical and maximum shear stresses is that 

pressure measuring devices can be used to locate the shear sensor(16l. 
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Lord et alfl61 found that locating the points of maximum pressure using the palpation 

method resulted in the points of maximum pressure being 20mm posterior to the points 

of maximum pressure found using a pressure measuring device (T ekscan matrix 

insole). They also found that peak pressures measured under the areas determined 

using the palpation method were substantially lower than those determined using the 

Tekscan matrix insole. These findings are illustrated infigure2.15. andfigure2.16. 

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 loaded, the skin will tend to remain in the position at 

which it first came into contact with the shoe sole, whereas the underlying bony 

structure will distortcs3
J_ Flattening of the longitudinal arch of the foot results in an 

anterior motion of the metatarsal heads as the midfoot lowers and the foot pronatesP61. 

This is consistent with a radiographic study done by Shereff et alC601 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. l 4. 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 during toe off, the higher density band is not extended 

too far anterior, similarly extending the band too far posterior would interfere with the 

flexibility of the foot at heel lift. 

Findings: 

Gross et alcs3
J studied a rearfoot striking runner running at 3.58 m/sec on a treadmill. 

Eight piezoelectric transducers are placed under the plantar surface to measure the 

magnitudes of the peak vertical stresses. The results of the study are presented in 

Table2.3. 
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Anatomical location Mean peak stress Standard 

deviation 

(kPa) (kPa) 

Big toe 420 90 

Second metatarsal 340 50 

Third metatarsal 305 35 

First metatarsal 280 40 

Table 2.3 Peak stresses in the f orefoot region measured by Gross et af l53l 

Lord et al[161 presented information on the two orthogonal axes of shear acting at the 

first metatarsal head using a shear transducer. The transducer was based on the 

magneto-resistive principle, mounted in a stock orthopedic shoe commonly prescribed 

for diabetic foot problems. In the study, a series of pilot trials were performed on 

normal subjects who walked at their own comfortable pace with the in-shoe device 

positioned inside an orthopedic shoe. The sampling rate of the data measured by the 

shear transducer for this particular study is 50Hz per channel. The results from one of 

the subjects of the study are illustrated infigure2.17. 

Advantages I Benefits : 

• Allows the two shear components of the applied force acting at a particular plantar 

area to be evaluated[16
'
571

. 

• They permit the most important interface, that between shoe and foot, to be 

monitored, thus providing a better means to understand the effects of shoe design 

modifications on the mechanics of the foot[ 52l. 

• They allow for increased versatility of measurement for the calculation of more 

robust statistical estimates[52l. 
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• They allow a multiple step analysis to be performed thus allowing variability within 

a given condition to be examinedcni. 

• The problem of trying to target a force or pressure plate is eliminatedc161
. 

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

outdoors, rather than being limited to a controlled lab environmentc16
•
561

. 

Disadvantages I 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. 

• The transducer cables can experience bending as they travel from the sensor, 

through the insole and out of the shoec521. The repeated bending in the area around 

the transducer, unless reduced, can result in artifact informationc161
. 

• The inside of the shoe can be described as a "hostile environment" since it can be 

warm, damp and contouredc521
. 

• 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 ideal157J . 

• Discrete sensors positioned at specific 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 possible1521 . 
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2.7.2 MATRIX DEVICES 

Methodology: 

Matrix systems consist of numerous 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 interestr521
. 

At present there are two commercially 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., Boston, 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 performance of matrix devicesr491
. A matrix device should 

be treated as an assembly of discrete devices because individual elements do have 

markedly different calibration characteristics. As a result, Novel developed their own 

air bladder calibration device that applies a known uniform pressure to each sensor at 

the same time. In this manner each sensor can be calibrated individually. The air 

bladder calibration device, developed by Novel and used by McPoil et a1C37
l in their 

comparison of the EMED and F-SCAN insole systems, is shown infigure2.19. The 

normal F-SCAN calibration procedure involves the subject standing on the insole prior 

to movement. 

Both systems use software to sampling data at a rate of 50 Hz. 
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Findings: 

A study by McPoil et a1l37l in 1995 compared the validity and reliability of the two 

insole systems manufactured by Novel and Tekscan. The study investigates three 

different loading conditions on the two insoles. The creep test involves applying a 

static uniform pressure of 150kPa over the entire area of the insoles for a fixed time 

period of 11 minutes using the air bladder calibration device. The second test also uses 

the air bladder device to apply a series of pressures from 0-500kPa to the insoles. The 

third test involves a series of actual dynamic tests. The performance of each insole 

during the dynamic tests is judged by the repeatability of each test to predict the two 

normal force peaks which are present in the normal gait pattern - either between the 

three steps of each trial, between each session on a particular day or between each day. 

The results of the creep test are illustrated injigure2.20. The total creep of the EMED 

insoles is found to be 3.4% or less and linear whereas the total creep for the F-SCAN 

insoles is found to be 11.6% and non-linear. 

The results of the calibration technique are shown injigure2.21. The average error at 

50kPa for the EMED is 16% and 0.8% at 500kPa, whereas the error for the F-SCAN 

is 4% at 50kPa and 24% at 500kPa. The reproducibility and reliability of the two 

insoles is presented in Table2. 4. The * indicates extremely poor reliability. 
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Between trial Between session Between day 

PEAKl 

EMED 0.99 0.99 0.84 

F- SCAN 0.82 0.97 0.76 

PEAK2 

EMED 0.99 0.99 0.97 

F-SCAN * 0.66 * 

Table 2.4 The reproducibility and reliability of the EMED and FSCAN insole/371 

The most important conclusion from this study is that although the normal force values 

and pressure values measured with the EMED insole demonstrated a high level of 

reliability and validity, those of the F-SCAN insole are less than satisfactory, raising 

serious questions regarding the ability of the F-SCAN insole system to accurately 

measure plantar pressures. 

Advantages I Benefits : 

• The matrix devices have the same advantages as the discrete devices except that 

matrix insoles, to date, are only able to measure the normal forces on the plantar 

surface of the foot and not the shear stressesc521
. 

• Matrix devices permit larger areas of the foot to be examined1521
. 

• Areas of the foot can be monitored without any need for a priori decisions about 

the regions of particular interestc521
. 
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Disadvantages I Limitations : 

• The position of the sensors inside the insole relative to the floor prevents the 

measurement of a true vertical force, especially during the initial and late portions 

of the walking cycle. At best the sensors can only measure the normal force because 

of their orientation to the groundC231. 

• Only the normal force is calculated when using matrix devices. No information of 

the shear stresses is providedC571. 

• A reliable means of calibrating each sensor is important to the performance of the 

matrix device as each sensor can have markedly different calibration 

characteristics[ 491
• 
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FIGURES FOR CHAPTER 2 
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Talocrural joint 

Subtalar joint 
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Calcaneus 
Calcaneus 

Figure 2.1 The bones of the rearfoot and ankle showing the location of the talocrural and 
(See text, pagel O) subtalar joints 
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Structure of the foot and terms used to define the foot 
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Figure 2.2 b The bones of the right foot from above 
(Su text, pagel J) 

head 

Phalanges 

Big toe 
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Figure 2.3 
(See text, pagel 3) 

Figure 2.4 

(See text, page J 7) 
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Typical normal walk cycle illustrating the events of gait 
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Figure 2.5 
(See text, page I 8) 

Figure 2.6 

(See text, page2 2) 
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Cantilever mounting of miniature accelerometer in tibia 
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Illustration of the markers and angles used in the film analysis for the 
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Figure 2. 7 Illustration of the effect of hard insoles on the measured ground reaction forces 
(See text, page23) 

Figure 2. 8 Illustr:ition of the postions of markers on the heel of a shoe and the heel of a foot 
(See text, page24) 
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f ile f;dit Mas i:: Frame Yi ew Window 

Figure 2.9 
(See text, page27) 
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Illustration of the various windows that are available using the EMED - SF software 
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Figure 2.10 
(See text, page28) 
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Mean centre of pressure ( COP ) locatio ns under the shoe during gait 
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Figure 2.11 Mean force - time intervals (in units of body weight - BW) and range (shaded area) 
(See text, page32) for the contact phase during gait 
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Figure 2.12 Exploded view of a discrete piezoelectric stress transducer 
(See text, page34) 
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Figure 2.13 
(See te.xJ, page35) 
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Illustration of a customized insole with an exploded view of the shear transducer 
mounting 
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Figure 2.15 
(See text, page36) 
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Comparison of the location of the metatarsal heads by palpation ,0, and location of 
the peak pressures, t;,, recorded using the Tekscan gait device 
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Locat ion 

Figure 2.16 Comparison of peak pressure, shaded, to pressure under the palpated markers 
(See text, page36J ( derived from Tekscan recordings and averaged over a 15 mm by 15 mm square 

area ) -(MTH=Metatarsal Head) 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Chapter 2 Literature Review - Figures 

20 

-20 

On 
-4o~-

-60 

Figure 2.17 
(See text, page3 7) 
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The anterior-posterior (solid line) and medial-lateral (dotted line) shear 
stresses recorded in the trials performed by Lord et a1116l 
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Figure 2.18 
(See text, page39) 

Literature Review - Figures 54 

~l i e : FRAK I R l OAT NA: MPP Flle: 

The Pedar in - shoe gait analysis device manufactured by Novel GMBH 
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Figure 2.19 
{Seetext,page39) 
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The EMED insole ( above ) and the F-SCAN insole ( below) being postioned under 
the air bladder calibration device 
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Figure 2.20 The effect of time and constant load on the actual pressures measured by the EMED 
(See texi, page40) Pedar and F-Scan systems 
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Figure 2.21. 
(See text, page40) 
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The relationship between the known applied pressures versus the actual pressures 
measured by the EMED Pedar and F-Scan systems (above) and the amount of error 
associated with the actual pressures measured by the two systems (below). 
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CHAPTER 3 

THE DEVELOPMENT OF AN IN - SHOE SHEAR 

STRESS MEASURING DEVICE 

58 

There are many different techniques which can be used to quantify the various 

parameters which affect gait. Only one however allows the shear stresses on the 

plantar surface of the foot to be examined at a specific anatomical point during 

uninterrupted gait. The technique involves placing a discrete transducer under the 

particular point of interest. The advantage of being able to quantify the stresses 

occmTing under the foot inside the shoe, which is actual environment in which the 

foot is placed, is that it assists in the initial diagnosis, prognosis and monitoring of the 

recovery period of pathological gait conditions. 

Discrete in-shoe transducer technology is being applied to the treatment and care of 

patients suffering from diabetes mellitus. Diabetes is a disease which is related to an 

inadequate amount of insulin being produced by the pancreas. Insulin is needed in the 

blood for the uptake of glucose, the removal of amino acids and the steady state repair 

and replacement of damaged tissues. An excessive amount of glucose in the blood can 

·lead to numerous complications; one of which is the spontaneous attachment of 

glucose to proteins other than haemoglobin. This process can damage the basement 

membranes of certain cells of the lens of the eye and the peripheral neurons of tissue 

in the feetf6 11
. The reduced uptake of amino acids and damaged neurons means that the 

tissues of the lower extremities are vulnerable to trauma, can be become quickly 

infected, take longer to repair and injuries occur without any pain. The result is that 

patients are unaware of the trauma that they are inflicting upon themselves. 

The loss of sensation means that diabetics do not adjust their gait patterns when they 

are causing harm to their feet. This results in the formation of large ulcers or long 

incisions on the plantar surfaces of their feet. The statistics relating to the treatment 

and care of diabetics suffering from gait related problems are presented in 

section2.1 . 4. 
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Findings relating to the treatment of diabetic related gait disorders tend to suggest that 

the shear stresses which the feet experience during gait could play a significant role in 

the damage process leading to ulceration in the regions of the first , fourth and fifth 

metatarsa1l 16l . It was also found that the vertical forces in these areas were also a 

maximumri s1. The compounding effect of shear and vertical force in these regions 

reduces the amount of blood to these areas, which has the effect of reducing the 

tissues resilience and increasing the likelihood of tissue damage, ulceration or 

infection. Although considerable research has gone into quantifying the vertical 

stresses at specific points on the plantar surface[l 4
, 15• 

18
· 
19

,
26

•
32

-35.3 3.39
.
5o.5 

i ,
53

.
54

•
56l , very 

little work has been dedicated to quantifying the shear stresses(I 6
•
42

•
571

. The primary 

reason has been due to a lack of suitable instrumentation for its measurement. 

This chapter presents the methodology which is adopted for the design of a new in

shoe gait analysis device that is intended to measure the shear stresses at the first 

metatarsal head (MTH 1) on the plantar surface of the foot during walking. 

3.1 A DISCRETE TRANSDUCER 

3.1.1 LOCATION OF THE SINGLE DISCRETE TRANSDUCER 

The first metatarsal head was chosen as the point of interest for the following reasons: 

• It is an area commonly associated with ulceration in diabeticsl 14
•
15

,
18

•
19

•
59l. 

• The maximum shear stresses and maximum vertical stresses are suggested to occur 

simultaneously at this pointl16
•
18

•
19l. This phenomena allows a pressure measuring 

device, rather than a palpation technique to be used to locate the sensor. Palpation 

techniques have been shown to locate the point of maximum static pressure 20 mm 

posterior to the actual maximum pressure experienced during gait(1 61. 

• The first metatarsal head typically experiences the third highest pressures in the 

forefoot regionl35
•
50

•
531

. 
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3.1.2 METHOD USED TO LOCATE SENSOR 

It has been shown that the pressure distribution and weight bearing of the foot when a 

subject is stationary, is different to when the subject is walking(l 6
•
621

. When a subject 

transfers weight onto the foot during walking, the shape of the foot changes, altering 

the location of the maximum pressures[60
•
621 (Figure 3.1). It is also important to note 

that although there is commonly a 20 mm anterior shift of the maximum pressures in 

the forefoot region during walking, this can vary marginally from subject to subject. 

Two separate methods were used to locate the area of maximum pressure under the 

first metatarsal of a person during walking. The person used to test the new in-shoe 

gait analysis device was referred to as the subject. 

3.1.2.1 THE PODOTRACK PRESSURE MEASURING DEVICE 

The Podotrack gait analysis device which was developed by Medical Gait Technology 

in The Netherlands consists of a specially designed mat which is placed on the ground 

for a subject to stand on, walk across or run over. The mat consists of a sheet of 

carbon paper which, when stood upon, leaves a black copy of the plantar surface on a 

scaled x -y grid positioned under the carbon paper. Darker areas left by the carbon 

paper are an indication of areas of higher pressure. Adhesive strips underneath the mat 

maintain its stability and an adhesive clear cover sheet which folds over the carbon 

imprint prevents any smudging when the imprints are being analysed. A reference 

card is provided to match the shades of grey left on the grid to known pressures 

established in the laboratory (figure 3.2). 

Although there is evidence suggesting that walking velocity has little effect on the 

location of maximum pressure[491
, conflicting evidence suggests that walking velocity 

does have a marked effect on the pressures on the plantar surface[32
·
53l . For this reason 

a controlled velocity of 1.3 m/sec ( 4.68 Km/h), which is regarded as a normal walking 

speedf 191
, was selected. It is also a velocity which allows a direct comparison between 

the results produced by the proposed sensor and the results presented in the literature 

to be made. 
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The controlled distance over which the tests were performed was 15m. The mean time 

between the controlled markers on the 15m runway at this velocity was 11.5±0.5 

seconds. Once the subject had become used to the stride length and was comfortable 

with striking the area which marks the position of the mat, the mat was put into 

position and a series of five tests were conducted. Tests which did not occur within 

the given time limits were rejected. 

To check that there was an anterior shift of the maximum pressures during walking as 

compared to standing, five static tests and five dynamic tests were performed. 

The definitions below are illustrated in figure 3.3 which is an actual template of a size 

44 insole with the average bone structure of the foot for this size insole superimposed 

upon it. The size of the insole was the size which was suggested by a podiatrist for the 

subject[711 . 

The definitions used infigure 3.3 are: 

VDMP: Ve11ical Dimension for Maximum Pressure 

TOP : Toe Off Point 

MWF : Maximum Width of Foot 

HDMP : Horizontal Dimension for Maximum Pressure - measured from MWF 

AMBP : Anterior Metatarsal Break Point 

PMBP : Posterior Metatarsal Break Point 

HCP : Heel Contact Point 

The MWF was the maximum width of the contact surface of the foot in the forefoot 

region. The maximum width of the insole was larger than the contact surface of the 

foot. To ensure that the sensor was in the correct position relative to the foot during 

walking, a correction was made when locating the sensor inside the insole. 
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Using the results from the Podotrack the maximum width of the foot was calculated to 

be 9lmm. The maximum width of the insole, allowing for medial and lateral 

movement was 96mm. In order to place the sensor in the insole at the correct point of 

maximum pressure on the foot , it was assumed that the foot lies in the centre of the 

insole during walking. This equates to a 2 Y2 mm clearance on either side. The 

importance of the MWF position is that the HDMP point for the sensor was measured 

from it. This effectively meant that the HDMP was 17 Yi mm from the medial border 

of the insole at the MWF position. 

The AMBP and PMBP were the two limits which separated the last contact point of 

the metatarsal region from the first. These points are indicated in one of the walking 

imprints shown in figure 3. 4. These limits were required in the design of the insole 

because a higher density band of material is necessary in this area to provide stability 

and support for the sensor, yet at the same time the higher density material must not 

interfere with the movement of the lower density material used in the rest of the 

insole. The lower density material allowed unhindered movement of the foot during 

the stance phase, particularly at heel off and toe off. 

The results from the five different tests using the Podotrack for the static and walking 

imprints are presented in Table 3.1. The maximum en-ors and confidence intervals are 

also presented using statistical techniques described by Miller et al [631. 
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TOP PMBP AMBP MWF HDMP VDMP 

Static ( mean ) 265.60 185 .80 214 .60 91.60 

Max error of mean with a 0.68 1.04 0.68 1.42 

95 % confidence interval 

Max error of mean with a 0.92 1.40 0.92 1.91 

98 % confidence interval 

Walking (mean) 292 .80 202.80 232.60 90.80 14.60 219.40 

Max error of mean with a 1.40 1.40 0.92 1.40 0.92 1.50 

95 % confidence interval 

Max error of mean with a 1.04 1.04 0.68 1.04 0.68 1.11 

98 % confidence interval 

Difference in means 27.50 17.00 17.00 0.50 

Toe difference 9.00 - 10.00 

Heel difference 16.50 - 17.50 

Table 3. J Static and walking tests using Podotrack to locate the maximum pressures at MTH J (units 
are in mm) 
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According to Lord et a1r 16l the points of maximum pressure during walking are 20mrn 

anterior to the points of maximum pressure when standing. When two imprints 

obtained from the static and dynamic tests were placed together with their heel contact 

points at the same level this ce1iainly would seem to be the case. However, it is felt by 

the author that the 16 .50mm to l 7.50mm anterior shift was actually a roll effect which 

occurred when the heel initially came into contact with the ground. The roll effect was 

described as the section of the imprint created by the foot when it was in a non

horizontal contact position relative to the ground at heel strike and toe off. The same 

roll effect occurred at the big toe during toe off. The roll effect therefore only occurs 

during gait and not while standing. This would explain why a size 44 insole with a 

overall length of 292 .8mm was better suited for the subject's foot, even though the 

actual static plantar contact surface of the subjects foot was 265.6 mm. The extra 27.5 

mm was required for the rolling effects which occurred when the foot was in motion. 

The rolling effect was seen to oc.cur in the walking imprint at the heel, big toe and the 

other four toes at heel strike and toe off respectively as shown inji.gure3.4. This effect 

was however not seen during the static imprint shown inji.gure3.5. Although there can 

be other reasons why there was the anterior shift of maximum pressures but the 

important fact about the tests perfo1med using the Podotrack, was that the point of 

maximum pressure of the first metatarsal head was located at the point at which the 

maximum pressures occur during walking at l .3m/sec. 

3.1.2.2 THE ADIDAS PRESSURE MEASURING DEVICE 

The ADIDAS footscan is a pressure mat consisting of 3500 pressure sensitive 

transducers. It is linked to a computer via an analogue to digital card which allows a 

recording speed of 300 images per second. The computer is also equipped with an 

extens ive amount of software for gait analysis. The data is presented in a 2 

dimensional and a turning 3 dimensional view. The image which is presented by the 

data is colour coded to represent the pressure values which occur on the plantar 

surface during the stance phase. The software performs an automatic self calibration 

before any test. The ADIDAS footscan is shown inji.gure3. 6. 
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Thefootscan is customised to meet the specific needs of ADIDAS. The images which 

are generated by the footscan are compared to a data base of typical gait patterns from 

which the shoe most suitable to the particular client is recommended. The data base 

developed by Adidas is shown in figure 3. 7 as a selection of 12 different pressure 

traces. The data base offers a range of shoes for those with hypermobile feet (far left 

trace) to those with rigid feet (3rd trace from the right). The last two traces on the 

right are special cases indicative of forefoot strikers. Additional features include a 

frame by frame animation in 3-D, a playback option and the time elapsed of the 

pressure distribution under the plantar surface. 

The total time of foot contact for the subject as determined by the footscan, walking at 

l .3m/sec, was 647±52msec. This is equivalent to a gait cycle time of 

1083±52msec. The maximum pressure at MTH 1 occurred at an average of 67% of the 

stance phase which clearly correlates with Tappin et al 's[' 9l findings. 

Another feature which is shown in figure3 . 7 and figure3.8 is the COP (Centre Of 

Pressure) line. The COP line for the subject indicates a pronatory movement at toe off. 

A final feature of the footscan is that it is able to recommend the correct size of shoe. 

The shoe size is determined during dynamic gait and not while standing. This is 

shown infigure 3.8 by the dimension lines which include the roll effects which occur 

at the heel and at the big toe during walking. 

Although the footscan offers a considerable number of software options, some of 

which have not been mentioned, the main purpose of using it in this thesis was to 

determine the point of maximum pressure at the first metatarsal head during walking. 

The same testing environment and conditions were used as with the Podotrack, the 

only differences being that the subject struck the pressure mat of the footscan rather 

than Podotrack mat and that only walking conditions were analysed. The same 

parameters shown in figure 3. 3 were also used to locate the sensor. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Chapter 3 The Development of an In - Shoe Shear Stress Measuring Device 66 

The shoesize window shown in figure 3.8 was used to scale the size of the foot and 

locate the green coloured area in the first metatarsal region. The conversion factor on 

the shoesize printout is Imm is equal to 29.27 mm. Although the value injigure 3.8 is 

correct a software problem located the width-indicating line and its length 

inaccurately. This problem was pointed out by the clinicians at ADIDAS during the 

tests. They did give assurance that the numeric value was correct and that the line 

should be located as shown injigure3.3. The results from the footscan tests are shown 

in Table 3. 2. 

TOP PMBP AMBP MWF HDMP VDMP 

Walking (mean) 295 .20 202.00 230.00 89.80 14.40 217.80 

Maximum error of 0.93 1.24 1.24 0.76 0.68 1.04 

mean for 95% 

confidence interval 

Maximum error of 1.25 1.68 1.68 1.03 0.92 1.40 

mean for 98% 

confidence interval 

Table 3.2 Walking results using Footscan to locate the maximum pressure at MTH I (units=mm) 

3.1.2.3 ANALYSIS OF RESULTS FROM THE PODOTRACK AND FOOTSCAN 

Although there were marginal differences in the dimensional values between the two 

methods, combining the values from both methods enabled the point of maximum 

pressure at MTH 1 to be located at a gait velocity of 1.3 m/sec with a maximum error 

of 1 mm at a chosen confidence level of 95% as shown in Table 3.3. The values 

presented in Table 3. 3 are the x-y values which were used to locate the sensor inside 

the insole. The actual test values are presented in the Appendix A. 
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TOP PMBP AMBP MWF HDMP VDMP 

Walking (mean) 294.00 202.40 231.3 90.28 14.50 218.6 

Maximum error of mean 0.93 0.62 1.00 0.56 0.34 0.75 

for a 95% confidence 

interval 

Maximum error of mean 1.30 0.86 1.40 0.79 0.47 1.05 

for a 98 1Yo confidence 

interval 

Table 3.3 Mean values and maximum error of combined dimensional values from Podotrack and 
Footscan maximum pressure location devices 

Errors were most likely to occur during the measuring of the dimensional parameters 

from the imprints on the Podotrack and the plots from the footscan. A maximum error 

of 1 mm with a 95% confidence level, was however, considered acceptable. 

The results from the two test methods indicated that pressure was evenly distributed in 

an area of 12*12mm in the region of maximum pressure at the first metatarsal head. 

The area which indicates the location and size of the sensor using the Podotrack 

technique is shown in figure] . 4. The green area in the first metatarsal region m 

figure3.8 is the area where the sensor is located using the footscan technique. A 

detailed explanation of the shape and size of the sensor is presented in section]. 2. 
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3.2 CONCEPTUAL DESIGN PARAMETERS 

The proposed shear stress measuring device consists of a sensor mounted inside a 

specially designed insole which fits inside a size 44 diabetic shoe. It is mom1ted such a 

way that the transducer measures maximum shear stresses which occur under the first 

metatarsal head while the subject is walking at a controlled velocity of 1.3 rn/sec. 

This section is concerned with the theory used to design the sensor. The material 

properties of the sensor, as well as the calibration procedure which is used to assess 

the performance of the sensor, are presented in section 3. 3 and section 3. 6 

respectively. 

This section also provides information gathered from the literature which assisted in 

understanding the limitations of using discrete sensors and the environmental 

conditions inside the shoe which need to be considered. Previous discrete sensor 

designs which assisted in designing and dimensioning the discrete sensor are also 

examined. 

Info1mation which assisted in establishing the design parameters of the new discrete 

sensor positioned inside the shoe is presented first , followed by the design protocol 

which was used to design the new sensor. 

3.2.1 ESTABLISHING THE DESIGN PARAMETERS FOR THE NEW 
DISCRETE IN-SHOE SENSOR 

• Discrete sensors which do not have solid attachments can migrate from their 

original placement site thus producing results which are not indicative of the area 

which is being investigated. The cables travelling from these types of sensor and 

along the foot and inner lining of the shoe are also unsupported which makes them 

susceptible to damage or unwanted bending. Bending or movement of the sensor 

can affect the signal travelling from the sensor to the data recording equipment. 

Recessing the sensor inside a customised insole is a means of alleviating these 

problems as it provides a rigid support and protection for the sensor. 
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• Further support and stability is provided in an insole design by having a higher 

density strip of material over the entire width of the insole in the area of the 

transducer. As previously discussed the strip of material in the metatarsal region 

must not interfere with the movement of the foot, because it can create an unnatural 

gait pattern and itself impose bending on the sensor. The region requiring the 

higher density material is called the metatarsal break region and is shown in 

figure]. 3 as the band of material between the PMBP and AMBP limits. 

• Recessing the sensor inside an insole creates new problems however, in that feet of 

different dimensions cannot be measured without altering the location of the 

sensor. This can be overcome by providing an aITay of custom insole sizes and 

designs for different people. Research by Miller et al[641 showed that variations in 

the angle of the metatarsal heads and the longitudinal axis of the foot remain 

relatively consistent under load bearing conditions. This allows for most feet of a 

given size to be studied with a single design of insole. 

• The degree to which the transducer is recessed can also affect the results obtained. 

An overly exposed sensor results in it becoming a natural pressure point and a 

sensor that is recessed completely will not establish contact with the measurand. A 

compromise must be reached. 

• The environmental conditions inside the shoe are important when designing 

sensors which are pyroelectric, affected by moisture or dependent on accurate 

alignment. 

• An important consideration is the comparison between the measured stresses at 

specific anatomical sites which are recorded in the literature. Although stresses are 

related to the forces transmitted by the feet on a known area of a transducer, 

different results will be obtained at the same anatomical sites from transducers of 

different sizes. 
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• The sizes of the sensors used in previous studies to measure the shear stresses at 

the MTH 1 are significant as they are indication of the accepted area over which the 

forces acting on the foot can be assumed to be unifo1m. Designing a sensor that is 

similar in size allows a direct comparison of results of the new sensor to be made. 

A list of the sizes of various discrete sensors that have been used by various 

researchers to measure plantar stresses at the first metatarsal head is presented 

below in Table 3.4. 

Researcher Type o(Stress/es Contact Area Dimensions Thickness 

( mm) (mm) 

Tappin et Shear Diameter = 16 t = 2.3 

al [I9J 

Pollard et Shear Diameter = 15.96 t = 2.3 

al(I8] 

Gross et Vertical Square 4.83 * 4.83 t = 1.3 

al[39J 

Lord et Shear Diameter= 16 t=4 

al(I6l 

Levinr561 Vertical Diameter = 14 t=3 

Table 3.4 Sizes of discrete sensors reported in the literature 
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3.2.2 EXPECTED MAGNITUDES OF MAXIMUM SHEAR STRESSES 

The magnitude of the shear stresses which are commonly measured in the literature 
[1 6] define the performance range of the new sensor. Lord et al reported maximum 

shear stresses in the region of the MTH 1 of between 3 .54kPa and 2 l.2kPa in the 

medial-lateral directions respectively and values of between 14kPa and 58kPa in the 

anterior-posterior directions respectively. The design range of the sensor developed by 

Lord et a1 r16J was 0 to 250kPa. The tests conducted by Lord et al[ 161 involved a normal 

subject walking in a standard diabetic shoe with an instrumented insole placed inside 

it. A typical output produced by the sensor is shown infigure2. l 7. A similar range of 

values to those presented by Lord et al l'61 were measured by Pollard et a1 r55l in their 

study of forces under the foot. Pollard et a1r55l reported values of 8. l 7kPa and 

41.83kPa in the anterior-posterior directions respectively and 17.34kPa and 14.23kPa 

in the medial-lateral directions respectively. 

In a study by Tappin et a1l57l the maximum shear stress value in the posterior direction 

for subjects wearing leather shoes was 127kPa. For subjects wearing leather shoes 

plus a soft lining the maximum posterior shear stress value was 39kPa and for 

subjects wearing special soft fitting shoes was 69kPa. 

The sampling rate for the studies by Lord et a1l 16l , Pollard et a1r55l and Tappin et a1l57l 

was 50 Hz. 

As the maximum shear stress values presented in the literature vary depending on the 

type of shoe the subject wears, the subject's weight, the size of the transducer and the 

anatomical shape and gait pattern of the subject's foot, the values presented in the 

literature act as a means of providing a guideline for determining the performance 

range of the new sensor. 
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3.2.3 DIMENSIONING OF THE INSOLE 

The first stage of the design process involved dimensioning the insole into which the 

sensor was placed . The shape of the insole was taken from a template of a size 44 

insole as was prescribed by a podiatrist for the size of the subject's foot. Figure 3.3, 

excluding the dimension lines, is an example of a template prescribed for a size 44 

insole. The size of the insole, with the exception of the MWF dimension, 

corresponded to the dynamic dimensions which are presented in Table 3. 3 . 

The MWF of the template was 96mm whereas the average MWF presented in 

Table3. 3 was 90.28mm. In order to account for this difference, the foot was assumed 

to be evenly positioned at the centre of insole. Based on this assumption there is a 

2.86mm clearance at either side of the shoe at the MWF position. This meant that the 

sensor was located at l 7.36mm (HDMP) from the MWF position and not l 4.5mm as 

presented in Table3.3 . The rest of the dimensions presented in Table3.3 were mapped 

directly onto the template. The maximum length of the template insole, for example, 

corresponded to the TOP dimension measured using the Podotrack and Adidas 

Footscan as presented in.figure 3.3. The HDMP and VDMP dimensions indicate the 

centre position of the sensor in the insole. 

The insole was constructed from a 6 mm thick polyvinylacetate (PV A) material. Two 

different densities were used. A higher density PV A of Shore hardness 50 was used in 

the metatarsal break region to provide rigidity and support for the sensor. A lower 

density PV A of Shore hardness 25 was used in the rest of the insole to allow easier 

unrestricted movement of the foot inside the shoe. The lower density material 

prevented bending from being transmitted from the arch of the foot to the metatarsal 

region. The thickness of the higher density PV A was quality controlled so as to have 

thickness of 6.1±0.05 mm. This ensured that the sensor did not protrude from its 

housing in the insole by a more than O. l 5mm and less than 0.05mm. 

Cutting and shaping of the insole was done using a computer driven cutting machine . 

The tolerance allowances in shaping the insole were limited to a maximum of ± 

0.05mm. The two different density PV A materials were joined at the metatarsal break 

region using a contact adhesive. 
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3.2.4 THE DESIGN OF THE SENSOR 

The concept which was used in the design of the sensor is based on the assumption 

that stresses imposed upon a material can be predicted by measuring the 

deformational strains which they induce. The reliability and accuracy of the strain 

measurements depend on the properties of the material, its behaviour in its 

environment, the theory used to convert the strains to stresses and the equipment used 

to convert the material's deformations to measurable strains. 

The theory which was used in the design of the sensor is based on the assumptions of 
, , 

linear Hookean mechanics for isotropic homogeneous materials. The theory states that 

below a certain stress, a material will behave in a predictable, repeatable and linear 

manner. The defining parameter which determines a material's ability to behave in 

such a manner is its stiffness. The defining parameter which quantifies a material's 

stiffness in the linear region is Young's modulus. 

Young' s modulus is the essential parameter which allows a conversion to be made 

from strain to stress. Any parameters which might change the value of Young's 

modulus therefore needed to be accounted for. Assuming that the parameters which 

can alter the value of Young's modulus can be accounted for, and that the material is 

subjected to loads well within its elastic range, then it is possible to use the governing 

equations and assumptions of linear elastic mechanics to predict the behaviour of a 

material and relate its deformational strains to the stresses applied to it. 

The sensor was designed so as to measure the maximum shear stresses m two 

orthogonal directions. The two directions were the anterior-posterior and the medial

lateral directions. The design of the sensor consisted of a square block of material 

with a circular base of the same material incorporated in its bottom surface. The 

circular base provided stability and a mounting for the block of material in the 

customised insole. The top surface of the block was in contact with the foot , the 

bottom surface of the block was continuous with the top surface of the base and the 

bottom smface of the base was flush with the bottom surface of the customised insole. 

There was complete continuity between the base and block. 
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Two rectangular strain gauge rosettes, consisting of three gauges (0°,45°,90°) in each 

rosette, were placed on two of the lateral surfaces. These measured the shear angles 

induced on the lateral surfaces of the block by the uniform shear stresses acting on the 

top contact surface of the block. The assumption that the shear stresses were 

uniformly distributed over the top surface of the sensor was based on the findings in 

section3. l. 2 and the contact areas of other sensors used by other researches as 

presented in Table3. 4. The magnitude and direction of the shear stresses that were 

applied to the top surface were calculated from the shear angles which were induced 

on the two lateral smfaces. The lateral surfaces of the block were orientated in the 

shoe such that the shear angles which were induced on its lateral surfaces were 

representative of shear stresses applied to its top surface in the anterior-posterior and 

medial-lateral directions. The base and block, together with the two rosettes, were 

tenned the sensor. 

The design of the sensor is illustrated infigure3.9. Gaugel indicated infigure3.9 was 

used to measure the shear strain produced by the uniformly distributed shear stress 1. 

The same applies for gauge2 and the uniformly distributed shear stress2. 

The desired performance range of the new sensor was to measure shear stresses 

between 7kPa and 350kPa over an area of 12*12 mm with a sampling rate of 50Hz. A 

shear stress of 7kPa corresponded to a shear strain of 10 microstrain which was the 

minimum recommended strain the amplifier could measure with a specified accuracy. 

The shear stress of 350kPa was approximately double the maximum shear stress 

expected inside the shoe. 
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The size of the sensor presented in figure3. 9 was determined by the following 

parameters : 

1. The size of the rectangular rosettes which were commercially available. 

2. The thickness of the material which forms the sensor. Machining the sensor to size 

changes the contact surface properties of the sensor and induces additional micro 

cracks or discontinuities which might alter the behaviour of the sensor. Machining 

was therefore kept to a minimum. Friction was considered to have a minimal effect 

on the magnitude of the stresses induced on the top surface as the skin in the 

contact area of the MTH 1 was assumed not to move during the walking cycle. 

This assumption was based on the foot being rigidly fastened in the shoe. 

3. The area over which the pressure can be assumed to be unifom1ly distributed. 

4. The size of previous discrete sensors which have been used by other researchers as 

presented in Table 3. 4. 

3.2.5 COMPUTATIONAL THEORY USED IN THE DESIGN OF THE NEW 
SENSOR 

This section presents the computational method which was used to calculate 

maximum shear stresses which occur on the top surface of the sensor during walking. 

To use the assumptions and conditions of linear elasticity, the parameters which 

define linear elasticity needed to be adhered to or accounted for. The most important 

of these parameters was the material the sensor was constructed from. 

The material characteristics of the sensor are presented in section 3.3. The material 

had to behave in a linear isotropic homogeneous manner yet, its stiffness had be 

sufficiently low for the electronic equipment to detect and compute the strains which 

occu1Ted in the material. Below a certain threshold the signal to noise ratio becomes 

too large. The result is that it is impossible to distinguish between noise and strain 

measurements. The performance characteristics and limitations of the recording 

equipment are discussed in section 3. 2. 4 .. 
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Another factor which influenced the computational equations of linear elasticity was 

the geometrical shape of the sensor. Its governing equations could not account for this. 

The sensor had edges and elements which were unsupported, which meant that the 

linear elastic laws of continuity and compatibility were infringed upon. To account for 

the geometrical shape of the sensor a Shape Factor was determined using a Finite 

Element Method (FEM) which modelled the loads which the sensor was subjected to. 

The Shape Factor allowed the equations of linear elasticity to be used even though the 

laws of continuity were infringed upon. The FEM model is presented in section3. 4. 

3.2.5.I THEORY AND ASSUMPTIONS OF LINEAR ELASICITY 

The fundamental assumptions of linear elasticity are presented below, together with 

the assumptions which were made to allow the equations of two dimensional linear 

elasticity to be applied in the design of the sensor: 

• The law of compatibility of linear elasticity states that each element which 

describes a structure must be continuous and compatible with every other element. 

Each element has to be properly strained so that when all the deformed elements 

are fitted together the entire structure is free of any discontinuities. The check to 

dete1mine whether the elements are all properly strained, and hence compatible 

with each other, represents the compatibility relations. As the sensor does not have 

a planar shape being defined instead by boundaries and edges, certain elements of 

the structure are likely to experience discontinuity with other elements. This was 

accounted for by establishing a Shape Factor correction, specific to the design of 

the sensor and the location of the rosettes . The Shape Factor was determined using 

a FEM model. 

• Equilibrium was maintained before and after deformation. 
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• Plane strain was assumed in the principle x-x (1-1) and y-y (2-2) directions of the 

sensor. The z-z (3-3) direction was taken as the vertical direction. The orientation 

convention which was used is shown in figure3. 9. This assumption was based on 

the fact that on the deformations in these principle directions were so small that 

they could be neglected. The assumption of plane strain on the two lateral surfaces 

allowed the shear angles on the lateral surfaces to be calculated using the two 

dimensional equations of plane strain. The equations of linear elasticity which 

relate the shear angle to the shear stress and shear modulus are presented below. 

y='t/G in 1 - 3 and 2 - 3 directions (Equation 1) 

y is defined as the shear angle induced in a given direction 

't is defined as the shear stress in a given direction 

G is defined as the shearing modulus of elasticity 

Where G = E I 2 * ( 1 + u ) (Equation 2) 

with E defined as the modulus of elasticity 

and u defined as Poisson' s ratio 

• In the f01mation of the transfom1ation of plane strain equations which allows 

strains associated with one set of axes to be related to strains in any direction, the 

shear angle y (gamma) is shown to consist of two y/2 ' s measured from the 

horizontal and vertical axes . This analogy is based on the shear angle being 

induced by some component of a stress tensor. The shear strain is said to be pure or 

irrotational. The shearing strains are defined below. 

y/2=-r in 1 - 3 and 2 - 3 directions (Equation 3) 

Provided the strains are small and that there is no reduction in area during loading the 

fundamental equation for the transformation of plane ' is given for any angle e by : 
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Es= (Ex+ Ey) I 2 +( ( Ex+ Ey) I 2) * Cos 28 + yxy I 2 * Sin 28 

(Equation 4) 

When the rectangular rosettes are separated by the angles 8 1 =0° ,8 2 =45°, and 

e 3 =90° and 0° defines the horizontal axis, the derivation for this equation is given 

by: 

E 1 = (Ex+ Ey) I 2 + ( Ex - Ey) I 2) =Ex (Equation 5) 

E 2 = (Ex+ Ey) I 2 + yxy I 2 (Equation 6) 

E 3 = (Ex+ Ey) I 2 - ( Ex - Ey) I 2) = E y (Equation 7) 

Solving for Ex, yxy and E y, 

Ex= E 1 (Equation 8) 

Ey=E3 (Equation 9) 

yxy = 2 * E 2 - ( E 1 + E 3 ) (EquationlO) 
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These three strain readings enable the maximum shear strain to be calculated using the 

following formula. The formula is derived from the equations of transfo1mation of 

stress. 

ymax = ( ( £x - £y) A 2) + ( y xy )A2) A 0. 5 (Equationl 1) 

The maximum shear stress acts at an angle of ( 90 + cp ), where cp is the angle 

between the direction of the maximum principle strain and the x axis. 

cp =Yi tan_, ( y xy I £x - £y) (Equation12) 

From Equation 1 and Equation 2 : 

-r max= (EI 2*( 1 + u)) * y max {Equationl3) 

To accurately model the loading conditions of the sensor as simple shear rather than a 

tensor induced shear, the shear angle y xy was assumed to be equal to the shear strain 

Exy and not 2*£ xy as is the case when acted upon by a shear tensor. This assumption 

was based on the location of the gauges on the sensor. The deformation pattern of the 

elements at the locations of the gauges was indicative of simple shear as shown in 

section 3.4 in FEM model rather than pure shear. The resulting equation which was 

used to represent the maximum shear stresses which occur on the top surface of the 

sensor is presented overleaf. 
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-r max = ( E I 2 * ( 1 + u ) ) * y max * S 

(Equation14) 

y max= E xy 

S =Shape Factor developed using the FEM technique in (section3.4) 

3.2.5.2 MEASURING METHODS AND EQUIPMENT USED TO COLLECT STRAIN DATA 

A six channel strain gauge amplifier (KWS/6A-5) was used to amplify the strains 

measured on the sensor. The amplifier allowed each gauge to be amplified 

simultaneously or separately. Each measuring channel contained a static calibration 

unit which was used to reproduce a known transducer signal. The static calibration 

was acceptable in dynamic conditions up to a limiting frequency of 1500 Hz, which 

was well above the maximum expected frequency of 6Hz. Calibration was performed 

using switches on the gauge amplifier which supply a known resistance to gauge 

bridges. The known resistance was then calibrated to known strains. Using the gauge 

amplifier the minimum recommended strain which can be accurately measured was 10 

microstrain. The gauge amplifier can measure strains as low as 1 microstrain but at 

such low levels it is difficult to distinguish between noise and the actual signal. As a 

result, the performance of the amplifier is not specified for strains below 10 

micro strain. 

The cross talk between the channels of the amplifier were neglected as this error is so 

small as not to have been addressed in the specifications brochure made available with 

the amplifier. The transverse sensitivity of the gauges which is supplied by the gauge 

manufacturer in cases where it is deemed necessary, was also not supplied for the 

particular gauges which were used and as such, these effects were also neglected. 
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Alternating current (a.c.) was used to amplify the voltage changes produced by the 

gauges. These amplified voltages allowed a measurement range of between -1 OV and 

+ lOV. The advantages of using a. c. rather than direct CUITent (d.c.) are the simpler 

amplifications which are possible with a.c. Amplification was essential, given the 

small change in resistance produced by the gauges which was measured. Alternating 

current is also better suited to the measurement of low frequencies . Although d.c. does 

have the advantage that there is no interference from cable inductances or 

capacitances, these interferences can be reduced when using an a.c. supply voltage. 

The cables are screened and the a.c. gauge amplifier balances the resistances and 

inductances in its bridge circuit by using an equivalent offset proportional to the 

interferences. The use of an alternating cunent in a gauge amplifier has the additional 

problem of a common a.c. power supply. This gives rise to an interaction between the 

different bridges, such that the balancing of one bridge can lead to the imbalance of 

the others. This creates difficulties in adjusting the zero balance of the bridges. 

The amplifier used the null method to balance the Wheatstone bridge by redressing 

variable elements incorporated in the bridge circuit. The Wheatstone bridge circuit 

transformed the resistance changes occurring in the strain gauges into measurable 

voltages. The K factor or gauge factor is the proportionality constant between the 

relative change in length and resistance of the gauge. The default setting for the gauge 

amplifier was K =2 but the gauge factor for the gauges which were used 2 .1. All the 

readings were measured using a gauge factor of 2 and corrected using a gauge factor 

of 2.1 after the strain readings were taken. 

A half bridge, which contains six additional temperatme compensation dummy 

gauges, was used in conjunction with the sensor to allow for any temperature 

variations which may occur when the sensor was inside the shoe. 
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KYOWA KFG-1-120-Dl 7-XX-L51\!f-2S triaxial, 3 element 45° rectangular stacked 

rosette gauges were used. Each had an individual resistance of 120 Q ± 0.08, a gauge 

factor of 2.1 , a gauge length of 1 mm, a grid width of lmm and a matrix width of 

diameter Smm. The gauges had screened leadwires Sm in length. When the leadwires 

were added to the cables (which are all screened) from the terminal box (containing 

the dummy gauges) to the amplifier and from the amplifier to the computer, the total 

cable length was approximately 9m. This length of cable amounted to a resistance of 

approximately 2Q. This resistance was accounted for in the bridge circuit of the gauge 

amplifier. 

The gauges were bonded to the surface of the sensor using cyano-acrylate strain gauge 

cement as supplied by KYOW A. 

Once the six gauges were balanced and zeroed, the tests were perf01med and sampled 

by a computer controlled analogue to digital converter. A PC30FG analogue to digital 

converter was used to sample the data at 50 Hz. The software provided by the a-d card 

allowed each channel to be sampled simultaneously and written to a muneric data file 

which could be examined using any spreadsheet package. Options within the software 

allowed the displayed voltage range to be between + 1 OVand -10 V which 

corresponded to. the voltage range of the strain gauge amplifier. Any voltage measured 

by the strain amplifier was therefore exactly represented by the software available on 

the PC30FG card. 
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3.3 MATERIAL MORPHOLOGY 

The theory used to predict the shear stresses acting on the top surface of the sensor 

required that the material chosen was isotropic, homogeneous and responded m a 

repeatable, strain rate independent and linear manner within its elastic range. 

The material selected was required to have a sufficiently low modulus to allow strains 

produced by a shear stress as low as 7kPa to be measured. Materials with high moduli, 

such as metals and ceramics, could not be used as the materials do not strain more 

than 1 Omicrostrain when a shear stress of 7kPa is applied. Elastomers produce 

substantial strains when loaded at 7kPa but do not behave in a linear, strain rate 

independent or hysteresis- free manner. They, however, behave in an viscoelastic 

manner. 

Many types of polymers have suitable moduli. It was however necessary for the 

material used to have the same properties in any orientation of its molecular structure. 

Crystalline polymers have distinctly orientated fibres and a different stiffness matrix 

in each of their orientations. This makes them non-homogeneous. Amorphous 

polymers, which are orientation independent, were therefore the only type of polymers 

which can be used. 

The type of amorphous polymer which was selected was required to behave in the 

same manner in tension or compression. The effect of stain rate on its Young's 

modulus as well as the effect of temperature and moisture on its material properties 

also had to be accounted for. 

The most suitable amorphous polymer found to serve as the new sensor was Ultra 

High Impact Polymethylmethacrylate (UHI-PMMA). 

3.3.1 ULTRA HIGH IMPACT POL YMETHYLMETHACRYLATE 

UHI-PMMA is manufactured in South Africa by Ampaglas from an impact modified 

high molecular weight acrylic polymer. It is a brittle polymer which has a glass 

temperature of 105° making it solid at room temperature. It is a lightweight material 

which can be machined easily because it has excellent forming characteristics. 
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Ampaglas provide an extensive amount of information concernmg the material 

properties of their product. The technical information relating to the performance of 

the material is presented in a four page specification brochure which is provided with 

delivery of the material. Ampaglas also provide literature and additional information 

on the material , specifically relating to the effect of strain rate and temperature on its 

Young' s modulus, the material's behaviour in tension and compression and its 

Poisson's ratio. 

3.3.1.1 MATERIAL SPECIFICATIONS PROVIDED BYAMPAGLAS 

The data presented in Table3.5 was determined using the equipment and the technical 

expertise at Ampaglas . The tests were conducted using ASTM standards at a room 

temperature of 23°C±2°C. 

Tensile strength Tensile ComQressive Thermal Water Poisson's 

at vield modulus mod ulus conductivity absorQtion ratio 

(MPa) (MP a) (MPa) (W/m°C) 24hrs@23°C 

(%) 

40 1520 1510 0.19 0.3 0.35 

Table 3.5 Material properties of UHl - PMMA as supplied by Ampaglas 

Table 3.5 illustrates that the difference between the tensile and compressive modulus 

of UHI-PMMA is just 10 MPa. The similarity between the behaviour of the material 

in tension and compression is fu rther illustrated in the tensile-compressive graph 

shown .figure3. l 0. The graph was obtained from tests conducted by Ampaglas using 

ASTM A 370 standards. The value of 0.35 for Poisson's ratio concurs with other 

literature on Poisson's ratio for a UHI-PMMA[65l. 
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• 
Given that the modulus of the material selected was over 1 GP a, the material was 

brittle with a yield stress of approximately 40MPa and the stresses which were 

expected on the sensor were less than 350kPa, the following assumption was made. 

The engineering strain was assumed to be the same as the true strain of the material 

which meant that the area reductions which occurred in the material during loading 

were so small that they do not to have to be accounted for. 

UHI-PMMA only absorbs 0.3% moisture after being totally submerged in water for 24 

hours. This property coupled with the fact that a foot in an enclosed shoe only 

provides about 0.6ml/min of sweat after 15 minutes of walking at 1.56 rn/sec in a 

20°C and 3 5 % humidity environment[661 and the fact that the foot was is in contact 

with the sensor for a period no longer than a minute removed the need to compensate 

for moisture absorption. Given that the tests conducted on the new sensor were done 

using an open strapp.ed diabetic shoe which provides increased evaporation, the 

contribution of moisture to the behavioural properties of the sensor was now regarded 

as even less insignificant. 

An important environmental condition which could alter the performance of the 

sensor was temperature. Data supplied by Ampaglas stated that a change of 1 °C 

between l 5°C and 30°C results in an average change in the Young's modulus of the 

material of 25 .1 MP a. This amounts to a change in the value of the shear stress of 

1.3% for every degree which the sensor varies from its initial temperature. The 

modulus measured by Ampaglas and the tensile tests conducted in this thesis were 

performed at a room temperature of 23°C±2°C. 

Although the core temperature of the body remains remarkably steady at 37°C, it is 

difficult to calculate the temperature of the body's skin. It varies according to the 

circulation and the environment that the particular anatomical area of interest is 

exposed to. The extremities of the body such as the hands and feet can be five to eight 

degrees cooler than other areas of the body such as under the arms or the chest 

depending on the environmental conditions. This is the body's natural means of 

ensuring that the vital areas of the body receive the required amount of circulation in 

preference to other areas. 
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For a subject walking barefoot at 1.56 m/sec in a 20°C and 35% humidity 

environment the surface of the skin in the chest area is approximately 32.5°C while 

the temperature of the skin of the feet is approximate ly 26.8°C[66l. 

As the circulation amongst subjects for different studies varies, even in an area of the 

foot, the temperature of the foot in the region of the MTHl was controlled before and 

after the experiments. In this way the difference between the temperature of the skin 

and the sensor was kept to a minimum. Controlling the temperature of the sensor and 

the foot was regarded as the simplest and most efficient means of catering for any 

temperature changes which might occur before or during the experimental tests (See 

Chapter4). The temperature of the foot and sensor were measured using an infra-red 

mini-laser temperature sensor. The temperature sensor determines the intensity of 

infra-red radiation emitted by an object. The only information which the temperature 

sensor required was the emissivity of the object which it was measuring. The 

emissivity of skin is 0.97 and that ofUHI-PMMA 0.90. 

Monitoring the temperature of the sensor before and after the tests also allowed a 

quality control technique to be applied. All the tests where the temperature of the 

sensor was found to be ±0.5°C greater or less than its initial temperature were 

excluded. Consequently a maximum error of approximately ±0.65% could exist for 

any temperature changes which affected the material properties of the sensor. 

In addition to the environmental conditions during testing, the chemical properties of 

the material were also investigated. As the strain gauges required a cleaning agent and 

a special adhesive it was essential that the chemicals used do not react with the UHI

PMMA. UHI-PMMA reacts with strong acids, esters, ketones, aliphatic alcohols and 

detergents . This meant that the common method of preparing a material ' s surface with 

trichloroethylene before applying an adhesive was not possible . Acetone which is an 

inexpensive cleaning agent which does not react with cyano-acrylate (adhesive used to 

bond the gauges to the sensor) or UHI-PMMA was used. 
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Cyano-acrylate has extremely good adhesive properties. It allows a bonded area of 

12.7*25.4 mm to have shear strength of approximately 6000N which amounts to a 

shear stress of 18.6 MPa[671
. For cyano-acrylate to be effective, the surface it is applied 

to has to be smooth because the adhesive has poor flow properties. This is one of the 

reasons why the sensor was not machined on its contact surfaces. 

As the properties of the material were essential to the performance of the sensor, a 

series of tests were performed on the material. The specification data supplied by 

Ampaglas was confirmed and it was verified that the material supplied by Ampaglas's 

supplier in Cape Town, Cape Plastics, was indeed the material specified in the 

brochure. The first series of tests involved confirming that the Young' s modulus was 

the same as that specified by Ampaglas. The second series of tests involved assessing 

the effects of strain rate on the material's Young's modulus. 

3.3.1.2 CONFIRMATION OF TENSILE MODULUS 

Given that there is only a 1 OMPa difference between the compressive and tensile 

moduli of UHI-PMMA up to a proof stress of approximately 30 MPa taken at 0.2 % 

strain, it was assumed that they were identical in the expected load range. Tensile tests 

were therefore used to confirm the material's properties rather than compressive tests. 

The reason for selecting tensile rather than compressive tests was the complications 

associated with compression testing. If the specimen and platen in a compressive test 

are not of the same size and of the same material, friction tends to retain the ends of 

the specimen. This prevents the specimen from expanding freely in the lateral 

directions, resulting in enors in the measurement of the specimen' s strain. 

A series of five rectangular specimens were tested using ASTM A 370 tensile testing 

standards at a room temperature of 23°C± 1°C. The average temperature of the 

specimens during the testing was 23.0°C. The tests were carried out at the Department 

of Materials Engineering at the University of Cape Town. The testing apparatus 

consisted of a computer driven tensile testing machine and an extensiometer. The 

testing environment and equipment are illustrated infzgure3. l l. All the data obtained 

during the experiments were digitally recorded at a sampling rate of 50Hz. The 

dimensions of the specimens are presented in Table3. 6. 
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Gauge SQecimen SQecimen Overall Strain Cross Head 

Length Width Thickness Length Rate SQeed 

(mm) (mm) (mm) (mm) (/sec) (mm/min) 

25 ± 0.08 6.25 ± 0.05 6.18 ± 0.05 100 0.001 1.5 

Table 3.6 Tensile testing parameters used to confirm Young 's modulus 

The proportional limit is the stress necessary to produce the onset of curvature in the 

tensile stress-strain relationship. To detect this limit a line with a slope of 1520MPa 

and an intercept on the strain axis of 0.2% was added to the tensile test data. This line 

corresponded to the slope of the Young's modulus as specified by Ampaglas. The 

point, at which this line intersected the test data corresponded to the particular stress 

value which was used to produce a new regression line indicative of the Young's 

modulus of the specimens. The results from the first specimen ' s test together are 

shown in figureJ.12 together with the specimen's Young's modulus. The average 

modulus determined from the five tests was 1554MPa which was only a difference of 

2.2% to the Young's modulus of 1520MPa specified by Ampaglas. 

Given the inherent possibilities for error in the testing procedure, such as alignment of 

the specimens in the grips or possible grip slippage, an error of 2.2 % was not 

regarded as substantial enough to indicate that the material supplied was not the 

material_ specified by Ampaglas. The specifications produced by Ampaglas were 

therefore used with confidence. 

3.3.1.3 THE EFFECT OF STRAIN RA TE ON YOUNG'S MODULUS 

Determining Young 's modulus by drawing a line parallel to the initial linear section of 

the stress-strain curve from 0.2% strain was regarded as inappropriate given the 

loading which was expected on the sensor. FigureJ.12 shows that the data used to 

calculate Young's modulus was not entirely linear up to the point where the linear 

regression was fitted. Given that the design loads expected on the material were no 

more than 1000 kPa, using a modulus calculated up to 30 MPa was regarded as 

inappropriate . A lower limit in the elastic range of Young's modulus was therefore 

selected. 
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The tests indicated that the values of Young' s modulus, although 1 % higher with the 

higher strain rate, do not vary significantly enough to doubt the claims made by 

Kitagawa et al[68l. The value of Young' s modulus was therefore regarded as 

independent of strain rate. The average value of Young's modulus was 1874MPa with 

a standard deviation of 6.81MPa and a maximum error of 6.lMPa at a 98% 

confidence level. A maximum enor of 6.lMPa produces a maximum of a 0.32 % 

error in the strain predictions. 

3.4 FEM TO ESTABLISH THE SHAPE FACTOR ( " S " ) 

The finite element method (FEM) is a computational technique for obtaining 

approximate solutions for engineering analysis problems[69l. The advantage of using 

the FEM was the relative simplicity with which it could be used to generate 

approximate solutions to the complex mathematical equations which describe the 

physical phenomena which the sensor experiences. 

The primary objective of using ABAQUS was to determine the Shape Factor which 

accounts for the geometrical discontinuities of the sensor inside the shoe. The Shape 

Factor was used with the equations presented in section 3. 2 to develop a means of 

predicting the maximum shear stresses which occur on the top surface of the sensor. 

The particular FEM technique used was ABAQUS/Standard[?OJ. The essence of the 

method consists of evaluating approximate solutions to partial differential equations. 

The equations are computed using a numerical iterative process at particular points 

called (nodes), in a geometrical representation of a model, (mesh). Boundary and 

loading conditions are assigned and applied to the prospective nodes within the mesh. 
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Once the nodes are defined, the appropriate elements which would best describe the 

behavioural patterns and material properties of the model are selected. These discrete 

elements form the global matrix which is solved using standard linear algebra 

techniques. The accuracy of the model therefore lies within the assumptions made and 

the simplifications of the theory applied. 

Inputting the data related to the model so that it is compatible with ABAQUS is done 

in the form of an input deck. The deck contains all the necessary information about 

the model in such a way that ABAQUS can translate the information into a 

mathematical analysis of the physical phenomena. Once the analysis is complete, the 

results are viewed either graphically using ABAQUS/Post, or numerically using an 

ABAQUS/data file . 

3.4.1 PURPOSE OF USING ABAQUS 

The purpose of using ABAQUS was to determine the Shape Factors for the sensor in 

the calibration technique and inside the insole. The input decks modelled the shape of 

the sensor, its material properties, boundary conditions and loading conditions. The 

first input deck modelled the entire sensor whereas the second input deck modelled 

only the block of the sensor without its base. This allowed the effect of the base to be 

analysed. The first input deck was also used to model the different loading conditions 

the sensor experienced in the calibration technique and inside the customised insole. 

(See section3. 4. 2 and section 3. 4. 3). 

Once the computational analysis of the two decks was complete, the shear stresses at 

discrete points called the sensor nodes, on two of the lateral surfaces of the block were 

analysed. The sensor nodes represented the possible locations of the strain rosettes 

when they were attached to the lateral surface of the block. Figure 3.16 illustrates the 

positions of the sensor node sets. 

Three sensor node sets were presented as it is reasonable to assume that although 

every attempt was made to position the gauges at sensor node set 2, it was possible 

that the gauges were not accurately positioned which meant that the strains measured 

at node set 2 could be influenced by the strains w4ich occur at the sensor node setsl 

and 3. 
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The results from the FEM analysis presented in section 3. 4. 3. 5 give the average values 

of the strains determined at sensor node set 2 together with a variance interval 

associated with the strains measured at sensor node sets 1 and 3. The shear strains 

measured at the sensor nodes in the direction of the applied shear stresses were then 

inse11ed into Equation 14 without the Shape Factor and compared with the shear 

stresses which were calculated by ABAQUS in the same direction. This was done to 

confirm whether the assumptions made and the theory used in section 3. 2. 5 were 

valid. 

The shear stresses which were predicted at the sensor nodes were expected to be 

greater than the shear stresses acting on the top surface of the sensor because of the 

geometrical discontinuities in the design of the sensor. The Shape Factor was used to 

c01Tect these shear stresses measured at the sensor nodes so that they were equal to the 

shear stresses which occur on the top surface of the sensor. 

3.4.2 DEFINING THE INPUT DECK 

The input decks were constructed by defining analysis procedures which are listed 

below: 

• Node generation 

• Element generation 

• Boundary conditions 

• Material properties 

• Load definitions 
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3.4.2.1 NODE GENERATION 

The base of the sensor was made rectangular to simplify the geometry of the model. 

The distance between the nodes was refined to 1 mm. The effect of the base on the 

shear angles measured at the sensor nodes was analysed to ensure that simplifying the 

geometry of the base was feasible. This is shown in section 3. 4. 3. The model 

geometry varied from the actual sensor geometry as shown in Table 3.8. These 

simplifications were made to reduce the complexity of the mesh. A model of the 

sensor is presented in figure 3.16. 

Actual 
Base thickness 

1.08 
ABAQUS Model 1 

Base Geometry 
Sphere r = 11 
Rectangle of 12 * 12 

Block Geometry 
12 * 12 * 5.12 
12 * 12 * 5 

Table 3.8 Simplifications made on the mesh of the model of the sensor (units are in mm) 

The simplifications presented in Table 3.8 were considered acceptable given that the 

area of interest in the model was located a significantly large distance away from these 

geometrically different sections of the model. As such, the changes would not have an 

effect on the stresses measured at the sensor nodes. The effect of making these 

geometrical simplifications is assessed in section 3. 4. 3. 5. 

Two input decks with different node generations were constructed. The one was 

representative of the sensor (Input Deck 1 ), and the other was representative of the 

block without the base (Input Deck 2). The two input decks are presented in Appendix 

C(i). In Input Deck 1 the base was continuous with the block and the only boundary 

conditions imposed on the system were those which act to pin the bottom surface of 

the base. In Input Deck 2 there was no base and the bottom surface of the block was 

pinned. A schematic, showing the definitions and the different node generations used 

in the two Input Decks, is shown infigure3.16 andfigure3.1 7. 
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3.4.2.2 ELEMENT DEFINITION 

The particular type of elements chosen for the base and block were 8-node linear three 

dimensional continuum brick elements (designation C3D8). These elements are 

stress/displacement elements and are suited to meshes that do not necessarily have to 

be very finely defined. The elements do not take into account any thermal effects. 

They have three active degrees of freedom in the form of displacement in the x(l ), 

y(2), z(3) directions. These elements are generally preferred for most cases because 

they are usually the more cost effective of the elements which are provided in 

ABAQUS[?OJ. The only limitation of using C3D8 elements was their inability to rotate . 

This attribute was not however, detrimental to the behaviour of the model but did not 

allow the FOLLOWER load option (ABAQUS load definition) to be used. The 

FOLLOWER option allows loads applied to a surface to always remain orthogonal to 

the loaded surface. The FOLLOWER option can only be used with beam or shell 

elements which allow rotational and displacement degrees of freedom. Shell elements 

allow the load applied to the top surface to always be normal to the shell surface. 

A thin layer of 0 .1 mm shell elements was therefore added to the top surface of the 

block so that the FOLLOWER option could be used when inputting the load 

paran1eters. Its stiffness had no significant effect (1*10E7 times smaller) on the global 

stiffness matrix of the sensor. The shell element chosen was a (S4R) shell element, 

which is a 4-node doubly curved, reduced integration, thin shell. These shell elements 

have six degrees of freedom, both in the form of rotational and displacement freedom 

in the principle 1 ,2,3 directions. The C308 and the S4R elements are shown in 

figure3. l 8 and figure3 . l 9 with their c01Tesponding node ordering and face numbering. 

3.4.2.3 BOUNDARY CONDITIONS 

The bottom surface of the base was pinned. This meant that the nodes which form the 

bottom surface of the base were free to rotate but not free to displace in any of the 

principle directions. The rest of the nodes in the model had no boundary conditions. 
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3.4.2.4 MA TERJAL DEFINITIONS 

As the analysis was for a homogeneous, isotropic, linear, elastic material, only the 

Young's modulus and Poisson's ratio of the material were needed. The material's 

properties are presented in Table 3. 9. 

Element tvQe Young's Poisson's 

modulus ratio 

(Pa) 

C308 1874* 106 0.35 

S4R 100 0.35 

Table 3.9 Type of elements used in the model 

3.4.2.5 LOADING CONDITIONS 

As the analysis was for an isotropic homogeneous linear elastic material, the 

material's properties were assumed to remain constant when loaded. This meant that 

analysing the material response at any point in time with any particular load in the 

elastic range would produce a response that would, without any geometrical 

discontinuities, directly relate the input stresses on the top surface of the sensor to the 

shear stresses measured at the sensor nodes. This elevated the need to do a continuous 

analysis of varying loads through time. As a result, a single set of values (see 

section]. 4. 3) representing the three components of the input stresses on the top 

surface in the vertical, medial-lateral and anterior-posterior direction were imposed on 

the top surface of the sensor. The independence of the Shape Factor to the magnitude 

of the input loads is presented in section]. 4. 3. 
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As the material was an isotropic linear elastic material a STATIC analysis with the 

AMPLITUDE option was used to model the loading of the sensor. The AMPLITUDE 

option allowed a uniform load to be applied the top surface of the sensor for a fixed 

time interval of 1 sec. As the material was elastic, the length of time for which the 

material is loaded was arbitrary. Given the time interval over which the actual loading 

was expected to occur, between 0.4sec and 1 sec, creep was not considered to be 

relevant in the analysis. 

Having two input decks served for three purposes. The first was to assess the effect of 

the base on the strains measured at the sensor nodes. The second was to verify the 

computational theory constructed in section 3.2.5. The third was to simulate the 

different types of loading conditions which were expected when the foot was in the 

shoe and when the sensor was tested in the calibration technique. The calibration 

technique distributed the shear load evenly over the top surface of the sensor without 

allowing any movement in the vertical direction. To simulate this accurately using 

ABAQUS, a condition was built into the STEP definition which prevented the top 

surface from moving in the vertical direction. This is shown Input Deck 1. When the 

sensor was placed inside the insole however, the top surface was no longer restricted 

in the vertical direction and therefore the condition which prevented the top surface 

from moving in the vertical direction in the STEP definition was omitted. This is 

shown in Input Deck 2. Illustrations and comparisons between the two conditions 

used within the STEP definition are shown in section 3. 4. 3. 
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The loads on the top surface of the sensor were defined using the CLOAD option. 

This option allowed concentrated forces to be applied to all of the nodes on the top 

surface of the sensor. Based on the assumption that the load was distributed evenly 

over the entire top surface of the sensor, the loads were appl ied to the top surface of 

each node in the model such that total load on the top surface was the sum of all the 

individual nodal loads. Each node then experienced the correct proportion of the 

overall load applied to the top surface of the sensor. Loads were simultaneously 

applied in the three principle directions by using three separate CLOAD definitions 

(Z-Load, X-Load and Y-Load). In this way a realistic model was developed which 

described an actual loading condition at some point in time in the contact process. It 

also allowed one or two of the load components to be isolated in order to check that 

the theory of superposition was maintained. 

3.4.3 ANALYSIS OF THE RESULTS PREDICTED USING ABAQUS 

These results aimed to show that the ABAQUS model could predict the correct Shape 

Factor to calculate d3. which was the shear stress in the anterior-posterior direction 

and -r23, which was the shear stress in the medial-lateral direction on the top surface of 

the sensor from the strain measurements calculated at the sensor nodes on the lateral 

faces 3 and 4 respectively. 

The results which are presented were extracted from the ABAQUS data file which 

was produced by ABAQUS during its analysis of the model. The numerical data could 

also be presented in the form of graphical plots, which illustrate the stresses developed 

in the sensor during actual loading. Figure3. 20 is representative of the response of the 

sensor to an applied load during the calibration technique and figure3.21 is 

representative of the response of the sensor to an applied load when it was mounted 

inside the insole. 
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The following parameters, which are defined as Parameter Numbers No 0 1, 2, 3 and 

4 were examined using ABAQUS: 

Nol. The effects of the base on the strains measured at the sensor nodes. 

No2. The theory of superposition of stresses. 

No3. The Shape Factor was independent of the magnitude of the applied 

stresses within the design range. 

No4. A Shape Factor for the sensor during the calibration procedure and for 

the sensor when it was mounted in the insole. 

3.4.3.1 THE EFFECT OF THE BASE ON THE STRAINS MEASURED AT THE SENSOR 
NODES 

Input Deck 2 differed from Input Deck 1 in that it did not have a base. Its geometrical 

mesh is shown in .figure 3.17. If the base was found to have no effect on the readings 

taken at the sensor nodes, then it could be assumed that the geometry of the base had 

no effect on the readings either. 

3.4.3.2 THE THEORY OF SUPERPOST/ON OF STRESSES 

To ensme that the laws of superposition of stresses were obeyed, the three 

components of the induced stresses were applied to the top surface of the sensor 

simultaneously or as individual components. This allowed the theory of superposition 

of stresses to be confirmed. 

3.4.3.3 THE EFFECT OF THE MAGNITUDE OF THE APPLIED STRESSES 

In the ABAQUS model the maximum component of stress, which is the vertical 

direction, was 1000 kPa. The loads which were applied to the model were the loads 

which are expected to occur on the sensor during gait. As the Shape Factor was 

independent of the magnitude of the load applied to it, the loads which were applied to 

the model were randomly designated within the design range. 
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3.4.3.4 SHAPE FACTOR PREDICTED FOR CALIBRATION PROCEDURE AND SENSOR 
MOUNTED INSIDE THE INSOLE 

As the sensor cannot be calibrated inside the shoe, a separate calibration technique 

was developed to ensure that the assumptions made and the theory used to relate the 

strains on the lateral surfaces to the shear stresses occurring on the top surface of the 

sensor were valid. The only difference between the calibration technique and the 

conditions describing the behaviour of the sensor inside the shoe was the type of 

loading which the sensor experiences. The loading experienced by the sensor in the 

vertical direction dming the calibration technique was ideally zero whereas the sensor 

inside the shoe experienced a vertical component of the stresses applied to it by the 

foot. 

If the calibration procedure produced the correct results using the theory developed in 

section 3.2, then all that needed to be examined to confirm the effectiveness of the in

shoe sensor was the effect of a load applied to it in the vertical direction. 

If a load applied in the vertical direction was shown to have no effect on the strains 

measured at the sensor nodes, then the same theory used in the calibration procedure 

could be used for the sensor inside the shoe. Assuming the same theory could be used, 

then there was a single difference between the two procedures. The single difference 

being the different element restrictions in the vertical direction. The Shape Factors 

were intended to account for this difference. 
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Input Deckl and Input Deck 2 were also modified to allow the different loading 

conditions expected on the sensor in the calibration procedure and inside the shoe to 

be examined. Input Deck 1 restricted the top surface of the sensor from moving in the 

vertical direction during loading whereas Input Deck 2 allowed the top surface to 

move freely in the vertical direction during loading. The response of the sensor in the 

calibration technique to a single shear stress of a magnitude of 33kPa applied in the 1-

3 direction is shown in figure3.22. The loading of the sensor in the calibration 

procedure is referred to in section3. 4. 3. 5. as the restricted case. The response of the 

sensor to an expected in-shoe single shear stress of a magnitude of 33 kPa applied in 

the 1-3 direction is shown in figure3. 2 3. The loading of the sensor inside the shoe is 

refen-ed to in section 3.4.3.5 as the free case. Both figure3 .22 and figure3.23 are 

magnified by a factor of 5000. These figures are not to scale because images become 

distorted when revolved in ABAQUS. The images were revolved to present a three

dimensional view of the sensor. 

The response of the sensor shown in figure3.23 is the type of response which was 

expected. The side closest to the direction from which the stress was applied being 

"lifted up" and the side furthest from the direction from which the stress was applied 

being "pushed down". The "lifting up" phenomena occun-ed because of the pulling 

effect the supported elements further down from the direction of the applied stress had 

on the unsupported edge elements closest to the side the stress was being applied 

from. The "pushing down" phenomena was because the edge of elements furthest 

down from the direction of the applied stress was not supported by any elements on its 

boundary and as a result the elements were free to collapse downwards. 

To examine the effect of a vertical stress on the response of the sensor inside the shoe, 

the three components of stress were applied separately as well as simultaneously to 

the top surface of the sensor. This method provided a means of examining the effect 

of the vertical component on the deformation of the sensor and the strains which were 

produced at the sensor nodes. 
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3.4.3.5 RESULTS PREDICTED FROM THE FEM ANALYSIS 

The results produced using ABAQUS were used to examine the parameters presented 

in section 3. 4. 3. Each parameter nwnber is presented in Table3.10 and Table3.11 to 

indicate which of the parameters presented in section3. 4. 3 is being assessed. 

Table3.10 represents the measurements taken at node set 2 on face 3 for the restricted 

case and Table3. J 1 represents the measurements taken at node set 2 on face 3 for the 

fi·ee case . Appendix C(ii) illustrates an example of the results on face 3 of the sensor 

for the restricted case for the free case. The results were extracted from the 

ABAQUS/data file. 

NODESET2 

RESTRICTED DIRECTION AVERAGE AVERAGE SHAPE 

CASE AND '!13 £13 FACTOR 

PARA-

METER 

MAGNITUDE OF No 0 

STRESS 

(kPa) (kPa) "S" 

BASE AND 1 - 3 = 33 1 - 3 = 37.2 1 - 3=5 .35E-5 0.89 1,2 

BLOCK 

BASE AND 1-3=33, 2-3=15 1 - 3 = 37.3 1 - 3=5.35E-5 0.89 2,3 

BLOCK 

BLOCK 1 - 3 = 33 1 - 3 = 37.3 1 - 3=5.36E-5 0.89 1 

BLOCK 1-3=66, 2-3 = 22 1 - 3 = 74.5 1 - 3=1.07E-4 0.89 3 

Table 3.10 Results of measurements at node set 2 on face 3 for the restricted case 
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NODE SE T 2 

FREE CASE DIRECTION AVERAGE AVERAGE SHAPE PARA-

AND 1'13 En FACTOR 
METER 

MAGNITUDE 

OF STRESS No 0 

(kPa ) ( kPa) "S" 

BLOCK I - 3 = 33 1 - 3 = 43.3 1 - 3=6.23E-5 0.76 1 

BASE AND l - 3 = 33 1 - 3 = 43 .3 1 - 3=6.24E-5 0.76 1,2,3 

BLOCK 

BASE AND I - 3 = 33 1 - 3 = 43.3 1 - 3=6.24E-5 0.76 2,3 

BLOCK 
2-3=15 

3 - 3 = 1000 

Table 3.11 Results of measurements at node set 2 on face 3 for the free case 

The results presented in Table 3.10 and Tab le 3.11 indicate that the first three 

Parameter No0 's, defined in section 3.4.3, were not affected by the changes of 

magnitudes of the stresses applied to the sensor. They also show that the theory of 

superposition was valid and that the base and vertical component of the applied stress 

had no effect on the strains measured at the sensor nodes. These results confirmed that 

the material behaved in a linear isotropic homogenous elastic manner. Based on these 

findi ngs, only one separate loading case for the restricted and free case was examined 

for face 4. The results are summarised below in Table 3. 12. 
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NODESET2 

CASE MAGNITUDE AVERAGE AVERAGE SHAPE 

EXAMINED AND '['23 En FACTOR 

DIRECTION 

OF STRESS 

(kPa) (kPa) "S" 

RESTRICTED 1 - 3 = 33 2 - 3 = 16.8 2 - 3 = 2.42E-5 0.89 

BASE AND 
2 - 3 = 15 

BLOCK 

3 - 3 = 1000 

FREE BASE 1 - 3 = 33 2 - 3 = 19.7 2 - 3 = 2.83E-5 0.76 

AND BLOCK 
2 - 3 = 15 

3 - 3 = 1000 

Table 3.12 Results of measurements taken at node set 2 onface4 for the free and restricted cases 

The results presented in Table3. l 2 indicate that the same Parameter No 0 's which 

were examined and presented in Table3.10 and 3.11 for face3 were directly applicable 

to face4. 

The possibility that the gauge rosettes were not positioned exactly on node set 2 was 

also examined. This would result in the gauges at node set 2 being influenced by the 

two neighbouring node sets. The variance in the strain measurements between the 

node sets was therefore determined. The Shape Factors which were determined for 

node set 1 and 3 are presented in Table 3.13. The range of the average Shape Factors 

for both the restricted and free case at all the node sets is presented in Table 3.14. 
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NODE SET CASE DIRECTION AVERAGE AVERAGE SHAPE 

AND £13 'r13 FACTOR 

MAGNITUDE 

OF STRESS 

(kPa) (k.Pa) 

1 Restricted 1 - 1 = 33 5.41E-5 37.41 0.88 

3 Restricted 1 - 1 = 33 5.41E-5 37.41 0.88 

1 Free 1 - 1 = 33 6.21E-5 43.53 0.76 

3 Free 1 - 1 = 33 6.21E-5 45.53 0.76 

Table 3.13 Shape factors determined at sensor nodes 1 and3 on face 3 

RESRICTED FREE CASE 

CASE SHAPE SHAPE 

FACTOR FACTOR 

Node Setl 0.89 0.76 

Node Set2 0.88 0.76 

Node Set3 0.89 0.76 

Table 3. 14 Variance of Shape Factors with node sets 

The average Shape Factor which was determined for the calibration technique was 

0.887 with a standard deviation of 0.0049. For the sensor inside the shoe it was 0.760. 

The following section (section 3. 5) is concerned with the calibration technique which 

was used to validate the assumptions and theory used in the design of the sensor. 
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3.5 CALIBRATION PROCEDURE 

Although the calibration procedure did not exactly represent the type of loading of the 

sensor inside the shoe, it did provide a method to confirm that the sensor with the 

appropriate Shape Factor could predict the magnitude of shear stresses applied to its 

top surface. The response and performance of the sensor to the calibration procedure 

was assessed and used as a means of gaining an insight into the type of response 

which the sensor experienced when it was inside the shoe. 

The Shape Factors took into account the different loading conditions which allowed 

the calibration measurements and the in-shoe measurements to be compared. The 

Shape Factor was a single number which decreased every strain measurement by a 

fixed amount when it was applied to Equationl 4. The amount was a uniform 

percentage less than the amount the strains were reduced when the sensor was inside 

the shoe. The results from the calibration procedure were therefore regarded as a good 

indication of the in-shoe sensor's response. The Shape Factor determined for the in

shoe sensor reduces the strains by 24%. For the calibration procedure the Shape Factor 

reduces the strains by 11 %. 

The sensor was placed between two parallel surfaces of a specially designed jig. The 

jig which was made from mild steel with a compliance far exceeding the compliance 

of the sensor by more than 210 times was designed to fasten between the two 

crossheads of a computer controlled ZWICK tensile/compressive testing machine. 

When the crossheads were separated from one another, the top surface of the sensor 

between the two separate parallel surfaces of the jig experienced simple shear. The 

strains experienced by the jig were not considered to affect the response of the sensor. 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Chapter 3 The Development of an ln - Shoe Shear Stress Measuring Device 106 

The force-time history which was applied to the jig was recorded by the ZWICK's 

computer at a sampling rate of 50 Hz. This was the same as the sampling rate at which 

the PC30FG card recorded the shear angle changes of the sensor. The force-time 

history recorded by the ZWICK was converted into a shear stress-time history. The 

ZWICK therefore provided a known shear stress to the sensor during testing. For the 

calibration technique a single rosette was attached to the lateral surface of the sensor. 

The lateral surface was parallel to the applied load on the top surface of the sensor. 

The location of the rosette on the lateral surface is illustrated in .figure 3.24. The shear 

angles measured by the rosette were converted to the shear stresses acting on the 

lateral surface. These shear stresses were then corrected by the Shape Factor, to 

produce the shear stresses acting on the top surface of the sensor . The results from the 

sensor were compared to the known shear stresses applied by the ZWICK. In 

comparing these results, the accuracy of the sensor was evaluated. The controlled 

environment and apparatus used during the calibration procedure are shown in 

.figure3.25. A schematic illustration of the apparatus shown in figure 3.25 is shown in 

figure3.26. 

As the material was assumed to be strain rate independent at the loads expected, a 

slow cross head speed of 0.06 mm/min was chosen. This cross head speed provided an 

adequate amount of data with a high resolution. 

3.5.1 THE DESIGN OF THE CALIBRATION JIG AND ATTACHMENT OF 
THE SENSOR TO THE JIG 

The calibration jig which housed the sensor was made in two pieces. The top jig was 

attached to the top crosshead of the ZWICK and remained stationary during loading. It 

was the jig onto which the base of the sensor was attached. The bottom jig provided 

the load. The top surface of the sensor was attached to it. The distance between the 

parallel surfaces of the top and bottom jigs was the thickness of the sensor i.e. 

6.2±0.0lmm. 
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The sensor was attached onto the two jigs using cyano-acrylate adhesive. Cyano

acrylate has a shear strength of 6000N which is well above the maximum applied 

shear load of SON. The top jig was pinned to the top crosshead with a locking pin and 

fastening nut. The bottom jig was pinned to the bottom crosshead with approximately 

a 0.2mm clearance in the pin hole diameter. The clearance allowed the entire jig to 

align itself axially when loaded. This reduced the possibility of any misalignment 

which might be present in the system. A collar with two locking grub screws was 

designed to fit arow1d the jig in the region of the sensor so that, once the sensor was 

fitted, the entire jig with the sensor could be removed from the ZWICK and 

transported without disturbing the environment of the sensor. The calibration jig with 

the sensor mounted in the ZWICK is shown injigure3.27. The design drawings of the 

calibration jig are presented in Appendix D. 

When loading the jig the objective was to apply a load through the entire jig which 

matched the load which was being applied to the sensor by the ZWICK. The axial 

load applied by the ZWICK was the load which was translated to the shear stress 

applied on the sensor. Changing the orientation of this load results in the data 

recorded by the ZWICK not being a representation of the shear stresses applied to the 

sensor but rather of some component of a force applied to the sensor. The sensor 

could not detect a misaligned force component applied by the ZWICK. Therefore a 

misalignment of the jig could result in an error in the correlation between the data 

recorded by the ZWICK and the data recorded by the sensor. Additional methods 

which were adopted to keep misalignment to a minimum are presented below. 

• The bottom and top jigs were scribed with centre line markers during the 

machining process. The centre lines allowed the sensor to be placed between the 

two parallel surfaces of the jigs such that the top surface of the sensor experienced 

a force parallel to the centre line of the entire jig. 
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• The ZWICK was used to mount the sensor in the calibration jig. The process 

involved gluing the sensor to the top jig. The jig was then attached to the top 

crosshead of the ZWICK. A special level surface was then created on the bottom 

crosshead. The apparatus used to create the level surface is shown in.figure 3.28. 

The bottom jig was stood upright on the level plate. The bottom crosshead was 

raised until it was at the correct height to bring it into contact with the top surface 

of the sensor. Once at that height the bottom jig was moved laterally until it 

touched the top surface of the sensor. This process involved using two guiding 

parallel blocks positioned on the parallel plate. The process was confirmed five 

times. The guiding blocks were then secured, adhesive applied to the top surface 

of the sensor and the bottom jig moved to make contact with the sensor. With the 

sensor now glued to the bottom jig, the locking collar was slid over the two jigs 

and fastened into place. The bottom jig was then lowered and the level plate 

removed. The lower crosshead was moved back up to fit neatly into the bottom jig. 

With the bottom crosshead in position the bottom locking pin was placed into the 

bottom jig. Once the entire jig was stable and in its testing position, the collar was 

lowered and the tests conducted. The advantage of using the ZWICK to set up the 

calibration jig, was that small increments of movement could be applied with a 

known force. 

3.5.2 TESTING PROTOCOL 

The calibration procedure tested the sensor up to a maximum shear stress of 350 kPa 

at a crosshead speed of 0.06 mm/min. Ten tests were performed and the results 

analysed to check the correlation between the shear stresses measured by the sensor to 

the known shear stresses applied by the ZWICK. The data presented by the ZWICK is 

termed the ZWICK data and the data presented by the sensor the Experimental data. 

The correlation between the two sets of data was used to validate the design and 

theory used to develop the sensor. 
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The temperature of the sensor was maintained at 23°C±0.5°C throughout the testing. 

The maximwn error possible in the stress calculation from the measured strains as a 

result of a temperature variation ±0.5°C was therefore ±0.65% of the Full Scale 

Output. Recording of the gauge data was started first. The data recorded by the 

ZWICK began as soon as the tests commenced. The load cell used was a 1 OOON load 

cell with an accuracy of ±1 N. 

A pre-load of 4 N, which corresponds to a shear stress of 27.8 kPa, was applied to the 

sensor before the tests commenced. It was important to confom that the jig was 

aligned and completely stable before any results were gathered. The pre-load takes up 

any slack in the calibration jig and crossheads and ensures that a simple shear axial 

force is applied to the sensor. The sensor could not be calibrated from 7 kPa, as it was 

believed that an applied force of 1 N is too low and too close to the limitations of the 

equipment. It would not be high enough to take out the slack in the calibration jig and 

crossheads and as such would resemble noise rather than a response from the sensor. 

Although the sensor was, as a result, only calibrated from 27.8 kPa, it is felt that this 

is not a limitation of the performance of the sensor but rather a limitation of the 

calibration technique. 

The equipment used to amplify the strains produced by the gauges can, according to 

the specifications provided the manufacturer, ROHLOFF Inc. , measure strains above 

10 microstrain with an error margin of ±0.75 % of the Full Scale Output. Although 

the gauge amplifier has the ability to measure strains as low as 1 microstrain, strains 

below 10 microstrain are not guaranteed with the same level of accuracy and as such 

are not specified by the manufacturer. The possible e1rnrs which were induced as a 

result of attempting to measure strains below 10 microstrain are assessed in section 

3. 5. 3.1. The en-or margins of the gauge amplifier as specified by the manufacturer for 

strains above 10 micros train are presented overleaf: 
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• Calibration ±0.5 % 

• Linearity Deviation 

Deflection 

± 0.05% Full Scale 

• Influence of Adjusted Measuring Sensitivity by 10 % Mains Voltage Fluctuation 

±0.1% 

• Influence on Zero Point by 10% Mains Voltage Fluctuation Deflection 

± 0.1 % Full Scale 

Once the ten tests were complete, a best fit equation was fitted to both series of data to 

allow a correlation to be made between the strains measured by the sensor and the 

forces applied by the ZWICK at discrete points in time during the calibration. An 

average error with a 99 % confidence interval was determined for all ten tests. 

3.5.3 THE RESULTS FROM THE CALIBRATION PROCEDURE 

The results from the calibration procedure are presented in the AppendixD. Figure3.29 

is an illustration of one of the response curves of the sensor to the forces applied by 

the ZWICK. Three additional response curves are presented in AppendixD(ii). 

AppendixD(iii) is an illustration of the analysis which was used to convert the voltages 

produced by the gauge amplifier to shear stresses acting on the top surface of the 

sensor. 

The best curves which were fitted to the data produced by the ZWICK and the gauges 

are presented in Appendix D(v). The forms of the equations were second order 

polynomials. Section 3. 5. 4. discusses the form of these equations and how they were 

used as an indication of the performance of the sensor during the calibration 

technique. The equations describing the behaviour of the ZWICK and the gauges were 

used to generate two new digitally filtered series of data. These new sets of data were 

used to predict the error of the strain readings measured by the sensor and the forces 

applied by the ZWICK. 

The statistical equation used to predict the confidence intervals of the mean error is 

presented below: 
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X - z a/2 * CJ I --Jn < µ < X + z a/2 * CJ I --Jn (Equation 15) 

X=Mean 

z a/2=Degree of Confidence 

n=Size of Sample 

a=Variance 

µ=Confidence Interval 

A summary of the statistical analysis which was perfonned on the two sets of data for 

all ten tests is presented in Table 3.15. A graphical illustration of the random error 

between ZWICK data and the gauge data of the ten tests is presented in 

AppendixD(vi) . 

Shear Force 

Stress --

Mean Confidence Maximum Mean Confidence Maximum Error 

Error Interval 99% Error of Error Interval 99% of Estimate 

Estimate 

(kPa) (kPa) (kPa) (N) (N) (N) 

6.03 3.70<µ<8.36 2.33 0.87 0.53 <µ<1.21 0.34 

Table 3.15 Mean error between the shear stresses measured by the ZWICK and gauges 
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3.5.3.1 POSSIBLE SOURCES OF ERROR DURING THE CALIBRATION 

The results presented in Appendix D(iii) indicate that the strains on the horizontal 

gauge3 at stresses below approximately 50 kPa were below 10 microstrain. Although 

the gauge amplifier has the capacity to measure strains below 10 microstrain, these 

measurements are not guaranteed by the manufacturer with the same degree of 

accuracy (±0.75% Full Scale Deflection). However, it is believed the errors which 

were incurred during the calibration technique as a result of strains being below 10 

microstrain were no greater than the errors which were induced into the results by the 

amplifier for strains above 10 microstrain. This assumption is based on the 

magnitudes of the strains which were measured by the amplifier at gauge3. Gauge 3 

was the only gauge where strains below 10 microstrain were experienced. 

The results indicated that the strains, starting from the initial strain of 8 microstrain, 

increased with a similar margin of consistency and repeatability as the strains which 

were measured above 10 microstrain to a value of 12 microstrain. This is shown in 

Appendix D(iv) where the average slope of the data from 8 to 10 micro strain is 

consistent with the data from 10 to 12 microstrain. The graphs presented in 

AppendixD(iv) also indicate the continuity at the transition between the strains 

measured below and above 10 microstrain. This continuity is what was expected, 

given that the load applied to sensor was linear. Strains below 10 microstrain in the 

calibration procedure were therefore regarded as having the san1e specified degree of 

accuracy as those above 10 microstrain. 

Additional errors which could account for the errors presented m Table 3.15 are 

presented below. 

• Any misalignment of the sensor in the calibration jig. This would result in a non

axial load being applied to the sensor. Only a purely axial load could be used to 

equate the force measured by the ZWICK to simple shear applied to the top smface 

of the sensor. 
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• The inadequate removal of all the slack in the calibration jig and crossheads. A pre

load of 4N was hoped to be adequate to avoid this error yet is possible that all the 

slack was not entirely removed. Slippage of the calibration jig or sensor is not 

regarded as a possible source of error owing to the design of the jig and crossheads. 

• Any errors or non linearity' s present in the ZWICK. The performance of the load 

cell is rated to± 0.1 % of its Full Scale Deflection of 1 OOON. 

• Errors associated with the performance of the gauge amplifier. The accumulated 

errors associated with the gauge amplifier an1ount to± 0.75% Full Scale Deflection 

for the adjusted measuring range of 1000 microstrain. 

• Errors associated with any material property changes which might have occtmed as 

a result of a change in the temperature of the sensor. The mean temperature of the 

sensor during the testing was maintained between 23°C±0.5°C. The mean 

temperature of the sensor during the tests was 23.3°C. This resulted in a maximum 

error of ±0.39% when the stresses were calculated from the strains measured by the 

gauges. The error was induced because a modulus corresponding to a temperature 

of 23.0°C was used during all the tests. 
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3.5.4 THE OVERALL PERFORMANCE OF THE SENSOR 

Based on the results of the calibration procedure the following performance 

characteristics of the sensor are presented: 

• The mean error of the sensor from the ZWICK data is 0.87 N. The mean error will, 

with a 99% probability be between 0.53 N and 1.21 N. The maximum enor of the 

estimate of the mean with a 99% confidence interval is 0.34N. This corresponds to 

mean enor of ±1.7% of the Full Scale Deflection of the measured range. Although 

the average curve of the data measured by the gauges was not linear but a second 

order polynomial, the response of the sensor was still regarded as linear. This is 

because the input load supplied by the ZWICK was also a second order 

polynomial. Any non linearity of the force applied by the ZWICK, which were as a 

result of the errors mentioned in section]. 5. 3.1 , was not regarded as a limiting 

factor in assessing the performance of the sensor as the same inherent error was 

also applied to the sensor. 

The results indicate that the sensor could be used to measure the shear stresses on the 

top surface of the sensor with a low degree of enor (±1.7% of Full Scale Output). The 

performance of the sensor during the calibration technique validated and gave 

confidence to the theory and assumptions used in the design of the sensor. 
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3.6 MOUNTING THE SENSOR IN THE CUSTOMISED INSOLE 

The centre of the gauge was located using the data presented in figure 3. 3. The high 

density PV A band was 6. lmm± 0.05 mm thick with the bottom of the sensor flush 

with the insole and the top surface protruding from the insole by a maximwn of 

O.l6mm and a minimum of 0.04mm. A 1±0.05 mm spacing was provided around the 

sensor so that the PV A material never came into contact with the lateral surfaces of 

the sensor during loading. Care was taken in ensuring the sensor was aligned parallel 

to the anterior-posterior and medial-lateral axes. Computer driven machinery 

performed all the shaping of the insole to house the sensor. A tolerance of± 0.02 mm 

was provided for the area in which the sensor and its cables were located. The cables 

for each rosette were led out of the lateral side of the insole and bonded to the insole 

using cyano-acrylate. The gutters made for the cables were 6.5mm and 1.08mm deep. 

This was the same depth as the area cut away to house the base of the sensor. The base 

of the sensor was also bonded to the high density PVA using cyano-acrylate. Th'e 

sensor and it's cables mounted inside the insole is shown infigure3.30. 

The newly instrumented insole was then fixed to the bottom insole of a diabetic shoe. 

The instrumented insole inside a diabetic shoe is shown in figure 3. 31. 
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3.7 INSHOE TESTING PROCEDURE 

The tests were conducted using a treadmill laboratory at the Sports Science Institute of 

South Africa. The laboratory was climate controlled and the horizontal treadmill had 

recently been calibrated. The testing environment is shown in figure 3. 32. The tests 

were conducted at a gait velocity of 1.3 m/sec ± 0.083 m/sec. This velocity was 

chosen because it allowed the results from the tests conducted in this thesis to be 

compared with the literature and it provided a controlled environment for the analysis 

of the results. It also allowed the effects of any increase or decrease in velocity to be 

neglected. The velocity chosen was the highest comfortable walking velocity. The 

subject had a body mass of 82 Kg and a height of 1.86m. Although the average mass 

of the subjects used in the literature was 70Kg, the subject was still selected, as the 

convenience of having the subject available at any time during the thesis outweighed 

the limitations which were introduced as a result of the differences in body mass . The 

shear stresses measured in this thesis were therefore expected to be greater than those 

stresses presented in the literature as a result of the higher mass of the subject. The 

profiles of the stresses were however not expected to be indistinguishably different. 

Before the tests were conducted the subject attached the instrumented shoe onto his 

right foot and a diabetic shoe with an equivalent height onto his left foot. He then 

became accustomed to walking on the treadmill at the test velocity. No socks or items 

were worn on the feet during the testing. (figure 3.33) 

The results from each of the tests performed on the sensor and its equipment are 

discussed and analysed in Chapter 4 under the headings presented below. 

Temperature Regulation. There were three variables whose temperature's were 

controlled during the testing. These were the temperature of the room, the foot and the 

sensor. The temperature of the laboratory was set and maintained at a temperature of 

23°C±1 °C for the tests using the climate control. The temperature of the foot in the 

region of first metatarsal was measured before and after each test using a infra-red 

mini-laser. The mini-laser is shown in figure 3. 3 4. The temperature of the foot was 

controlled using a heater or a ice pack until it was 23°C±l 0 C. 
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The temperature of the sensor was also controlled to within the same limits. 

Maintaining the temperature of the environment, the foot to within 23°C±l °C and the 

sensor to within 23°C±0.5°C reduced the possibility of any changes in the material 

properties of the sensor which could result as a result of temperature variances. This 

kept the error induced when calculating the stresses from the strains measured by the 

gauges to a value no greater than ±0.65%. If the temperature of the sensor was not 

within the required limits before and after each test, the test data was rejected. 

Gauge Ampl~fier Balancing. The six gauges on the gauge amplifier were balanced 

prior to the commencement of the tests. The gauges were balanced using the highest 

sensitivity of the amplifier (full scale deflection of 100 microstrain). At this setting a 

0 .1 change in voltage represented 10 micros train. Once the gauges were balanced the 

range of amplifier was set such that the full scale deflection was a 1000 microstrain 

for the tests. 

The protocol which was adopted for the testing of the instrumented diabetic shoe 

involved a series of pilot tests and a series of analysis tests. 

Pilot Tests. Five pilot tests were conducted. The pilot tests were performed to assess a 

number of parameters. The drift of the sensor at zero load, the scuffling which 

occurred as the foot was placed into the instrumented shoe, the validity and purpose of 

using a standing position prior to walking as a datum from which the stresses 

measured when the subject was walking could be referenced and the magnitudes and 

profiles of the stresses which occur during walking. The pilot tests were also used to 

establish and justify the testing protocol which was used during the analysis tests. 

The procedure for the pilot tests was as follows: 

• The analogue to digital card used to sample the data was activated when there was 

zero load on the instrumented shoe. 

• After approximately 12 seconds, the right foot was placed into the shoe and the 

velcro around the shoe tightened. 
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• Once the foot was correctly located and fastened into the instrumented shoe, the 

subject stood stationary with both feet horizontal to the treadmill for approximately 

1 second. 

• The treadmill was then started and after approximately 6 gait cycles, the sampling 

being performed by the analogue to digital recorder was deactivated. The results 

were stored on disk. 

Analysis Tests. A series of five tests were conducted. The testing protocol used during 

the analysis tests was identical to the pilot tests, with the only difference being that the 

recorder began sampling when the subject was standing on the treadmill with the 

instrumented shoe attached and ready to begin walking. The reason and purpose for 

doing this is discussed in detail in section4. 2. 
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Figure 3.1 
(See text, page60) 

Figure 3.2 
(See text, page60) 
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FIGURES FOR CHAPTER 3 

The difference between a static foot and dynamic foot imprint 

The Podotrack grey scale reference card 
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Figure 3. 4 Carbon print of dynamic foot produced using the Podotrack 

(See text, page62J . mats with dimension lines included 
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Figure 3.5 Carbon print of static foot produced using the Podotrack mats 
(See text, page64) 
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Figure 3.6 The Adidasfootscan equipment 
(See text, page6./) 
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Figure 3. 7 

(See text, page65) 
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Printout produced by the Adidas footscan during walking at 

1.3 rn/sec showing the 3 D pressure image and the reference pressure 

distributions developed by Adidas 
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(See text, page65) 

The Development of an In-Shoe Shear Stress Measuring Device - Figures 

E 
() 

~ J::. -~ 
::! 

t: 
0 
0 
u. 
0 
0 -

Printout produced by the Adidas footscan during walking at 

1.3 m/sec illustrating the Shoesize window 

124 

c:: lff j 

~g 
~~ lifilJ] 
~-

~ 



Univ
ers

ity
 of

 C
ap

e T
ow

n 

Chapter 3 The Development of an In-Shoe Shear Stress Measuring Device - Figures 

TOP VIEW 

RECTANGULAR 
ROSETfES 

SIDE VIEW 

y - y l2 

2 

2 

UNIFORM APPLIED 
SHEAR STRESS 

022 

- -- -- -,.,.. __ ....., __ 
I 
I 
I 

1 

_,,_-..i._..-::::_-=-·--------------'---- -------
I 
I 

Y-Y 

Z-Z 

~ . 
: : 

I I : : 

I . BLOCK 

125 

X-X 

12 

FOIL GAUGES 
Length = lmm, Grid 
Width = 1.2mm ---------15~2 

Matrix width 

4> 5mm 

Figure 3.9 
(See text, page74) 

;--~_...._~--+-~~~~~· _j ____ l __ 

BASE 

I 
Z-Z 

The design of the new sensor 

NOTES 

1. Surface Finish as supplied. 
2. All tolerances± 0.0 l 
3. All units are in millimeters 
4. Material : Ultra High Impact 

Polymethyl methacrylate 
Acrylic (UHI - PMMA) 

5. Not to scale 
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Figure 3 .10 
(See text, page8./) 

Figure 3.1 1 
(See text, page87) 
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Equipment and environment used to perform tensile tests on PMMA 
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Figure 3.12 Predicted Young's modulus using ASTM standards 
(See text, page88) 
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(See text, page89) 
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The development of an In-Shoe Shear Stress Measuring Device 
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Figure 3.16 ABAQUS model of the sensor 

(See text. page91) 
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Figure 3.17 ABAQUS model of the block 
(See text, page93) 
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Figure 3.18 Continuum 8 - Noded C3D8 element 
(See text, page94) 

Figure 3.19 
(See text, page94) 
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(See text, page97) 
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Typical predicted stress distribution experienced by the sensor 

during the calibration procedure 

Typical predicted stress distribution experienced by the sensor 

when the sensor is located inside the insole 
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Figure 3.22 
(See text, pagel 00) 

The Development of an In-Shoe Shear Stress Measuring Device - Figures 

Typical predicted deformation characteristics of the sensor when a 

single component of shear stress is applied to the sensor during the 

calibration procedure 

Figure 3. 23 Typical predicted deformation characteristics expected of the sensor 

132 

rseete.xt , pageJ OOJ when a single component of shear stress is applied to the sensor when 

the sensor is inside the shoe 
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Figure 3.24 Illustration of the position of the strain gauge rosettes on one of the 

(See text, pageI06) lateral surfaces of the sensor 

Figure 3 .25 The testing equipment and environment used in the calibration 

(See text. page! 06) procedure 
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SHEAR STRESS 
APPLIED BY 
ZWICK 

SIGNAL PRODUCED 
BY GAUGES ARE 
AMPLIFIED BY 
GAUGE 

J, 
VOLTAGES 
SAMPLED BY 
ANILOGTO 
DIGITAL 
ROCESSING CARD 

+ 
VOLTAGES 
CONVERTED TO 
STRAIN AND 
CONVERTED TO 
SHEAR STRESS 
ACTING ON TOP 
SURFACE OF 

APPLIED SHEAR 
- STRESS 

RECORDED BY 
ZWICK 

SHEAR STRESSES 
PREDICTED, USING 
EQUATION 14, 
THAT ARE ACTING 

'---------~:ON TOP SURFACE OF -
SENSOR COMPARED 
TO KNOWN SHEAR 
STRESSES APPLIED 
BY ZWICK 

Figure 3.26 Schematic illustration of protocol used in calibration procedure 

(See text, pagel 06) 
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:: '.'. ": ~ _; MaterialprUfung 147 

Figure 3. 2 7 Illustration of the calibration jig 
(See text, page l 07) 
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Figure 3. 28 Illustration of method used to level the bottom jig of the calibration jig 
(See text, page] 08) 
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Figure 3. 29 Sample illustration of the results obtained during the calibration 

(See text, pagel JO) procedure 
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Figure 3.30 Illustration of the new in - shoe instrumented insole 
(See text, page 115) 

Figure 3.31 Illustration of the new instrumented insole fitted to the standard 

(See text, pagel J 5) diabetic shoe 
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- -

Figure 3.32 Illustration of the testing environment 
(See text. page] 16) 

---------- f 

/ 
I 
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Figure 3.33 Illustration of the instrumented diabetic shoe fastened to the foot of the 

(Seetext,pagell6) subject 
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Figure 3. 34 The infra-red mini-laser temperature sensor 
(See text, page ! 16) 

140 
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CHAPTER4 

IN - SHOE TEST RESULTS 

4.1 TEMPERATURE REGULATION 

A mini-laser (figure3. 34) was used to measure the temperature of the sensor and the 

foot before and after each test. To ensure that the mini-laser performed at its 

maximum accuracy (±0.1°C), a ruler was fastened to it so that the sensor always 

measured at a distance of 30 mm from its object. When the ruler was in contact with 

the foot or sensor it ensured that the same area was measured with the same intensity 

during all tests. 

The temperature of the foot was controlled so that it would not increase the 

temperature of the sensor when the two came into contact. To lower the temperature 

of his foot the subject stood on the tiled floor of the laboratory. Keeping his foot off 

the ground allowed his own circulation to raise the foot's temperature. In this way the 

temperature of the foot in the region of the first metatarsal was easily controlled at 

23°C±0.5°C for the duration of each test. 

It was discovered prior to testing that the two strain rosettes contained enough current 

to increase the temperature of the sensor to an equilibrium temperature of 

approximately 27°C. Although the tests could have been conducted with the sensor at 

this temperature by correcting its modulus, it was decided to control the temperature 

of sensor at 23.0°C±0.5°C by placing the instrumented insole inside a fridge prior to 

testing. The reason for selecting this method was that the modulus which was being 

used, had been determined at 23.0°C±l 0 C. 
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The shoe was removed from the fridge 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 and the heat generated by the sensors. The average 

temperature of the sensor during all the tests was 23 .2°C. Any test whose final 

temperature was greater than 23 .5°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 the following four phases. 

1. Zero Load Phase. 

2. Sculling Phase. 

3. Standing Phase. 

4. Walking Phase. 

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

above, is shown infigure 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 instrumented shoe. This time period is explained in 

section 4.2.5. Figure4.2a and b illustrate 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 ±0.92Kpa (±0.263% of Full Scale Output) for the 

Medial-Lateral gauge and ±0.99Kpa (±0.283% 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 obtained 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 figures 4.1 a and 4.1 b 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. The 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 the shoe. The camber is visible in figure3.31 and 

figure3.33 . The variation of these stresses 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. One second of standing provided 50 data points. 

The reason for having the subject stand stationary prior to walking was to provide an 

alternative means of obtaining footswitch data. 

Footswitch data enables the contact time of the foot with the ground, i.e. the stance 

phase, or the time of one gait cycle to be evaluated. F ootswitch 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 inside 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 

prior to walking to be ignored. An illustration of footswitch data is presented in 

.figure2.1 7. The time between each "on" signal in Lord et al's studyc161 is indicative of a 

gait cycle. 

To reduce the complexity and costs of the experimental apparatus, a simpler method of 

obtaining a datum was used. The datum 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 standing 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 the 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. 

• 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 clos.e agreement with the results 

produced by Lord et alc161 and Pollard et alcssi. The results produced by Lord et alc 161 

are summarised in Table 4.1 . 
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The values presented in Table 4.1 are the mean maximum shear stresses. The 

negative medial shear stress which is presented was indicative of a medial shear 

which has occuned with a value was than the lateral pre-stress which existed on the 

sensor during the test. This resulted in it being presented as a negative value. As a 

number of normal subjects were used during Lord et al ' s[ 161 studies, a range of the 

mean maximum shear stresses measured in this study are presented. The range of 

values indicates the variation which is possible between subjects, who present 

different shear profiles as a result of their individual gait patterns even though they 

have a similar mass . This fu11her illustrates the necessity for normative data bases 

and the development of new devices. 

Range of Range of Range of Range of 
Anterior Shear Posterior Shear Medial Shear Lateral Shear 
Stresses Stresses Stresses Stresses 

(kPa) (kPa) (kPa) (kPa) 
4.23±0.8 and 33 .14±1.26 and -1 .53±0.62 and 14.5±4.95 and 
14.13±0.8 58.4±8.08 3.54±2.12 21.2±1.48 

Table 4.1 Shear data presented by Lord et atf 161 

A series of experiments were also perfo1med by Pollard et al[ssi. A single subject 

was used in their tests. The results presented in Table 4.2 are the mean maximum 

shear stresses which were measured during Pollard et al's[55l tests. 

Anterior Shear Posterior Shear Medial Lateral Shear 
Stresses Stresses Shear Stresses 

Stresses 

(kPa) (kPa) (kPa) (kPa) 
8.17±1.3 41.83±12.97 17.34±0.73 14.23±1.65 

Table 4.2 Shear data presented by Pollard et atf551 

The mean maximum posterior and anterior shear stress measured during the pilot 

tests conducted in this thesis were 69.3kPa ±8.93kpa and 9.9kpa±2.61kpa 

respectively. The anterior stresses were in close agreement to the literature but the 

posterior stresses although significantly higher, were considered close enough to 

the literature to validate the performance of the sensor. Justification for this is 

given in section4. 2. 5. 
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The maximum stresses measured in the medial and lateral directions during the 

pilot tests were 18.8kpa±l.57kpa and 67.9±7.82kpa respectively. The range of 

medial stresses were in close agreement with the literature but the lateral stresses 

were significantly (approximately 3.7 times) greater than those presented in the 

literature. The lateral shear stresses measured using the new device are nevertheless 

regarded as being accurate for reasons given in section 4.2.5. 

• The average time of the gait cycle for one of the tests (test 2) was examined. It was 

determined by measuring the time taken for a repeated series of stress data to re

intercept the datum line. This is illustrated as the time "T l" in jigure4. 5a and b. 

The average gait cycle time for test 2 was l 146±46.8msec which corresponds to a 

stance time of 710±46.8msec. This is because the stance phase occurs for 62% and 

the swing phase 38% of the gait cycle[IJ_ This correlates well with the stance times 

measured by the footscan (647±52msec) used in this thesis and the average gait 

cycle times measured by Lord et al[1 6l(l 112.32±21.79msec) and Pollard et 

a1r551(1101.55±11.27msec). The differences between the times could be attributed 

to the controlled stride lengths which were experienced during treadmill tests. 

Although it is only possible to determine the beginning and end of the gait cycle 

using footswitch equipment, a technique was developed in this thesis to give an 

approximation of the correct position of the gait cycle. The position is shown as 

"T2" injigure4.5a and b. "Tl" was relocated to "T2" ("T2" has exactly the same 

magnitude as "Tl") because maximum shear stresses typically occur at 

approximately 68% of the stance phaser 19
·
321 (i.e. 42% of the gait cycle). With the 

gait cycle in the correct position, the shear profiles produced by the new sensor 

co1Telate well with the profiles produced by Lord et a1l 16l. Examining the "on" 

position of the footswitch data presented by Lord et all 161 showed that the 

beginning and end of the gait cycle occur in the dip just before the maximum 

anterior shear stress (figure2. l 7). This coincides well with the beginning and end of 

the gait cycle measured by the proposed sensor(figure4.5b). 
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4.2.5 DISCUSSION OF THE PILOT TESTS 

4.2.5.1 SELECTION OF A 12 SECOND PERIOD 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 literature, it was decided that the analysis tests 

would only start from the beginning of the standing phase. The analysis test8 would 

therefore exclude the zero load and scuffiing 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 the analysis tests. 

4.2.5.2 SCUFFLING PHASE STRESSES 

The scuffiing phase produced interesting 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 camber 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 during the pilot tests provides essential information 

relating to the understanding of the pre-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 times greater than the medial-lateral shear stresses 

presented in the study by Lord et alc161 a series of performance-checks were performed 

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

The sensor was loaded separately with approximately the same pressure m both 

orthogonal directions. The stresses were applied evenly using the middle finger of the 

hand. This test provided a means of 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 in the 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 that 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 contact 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 PV A. The lack of any redness indicated that 

the sensor had not been a natural pressure point. 

Given the favourable performance of 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 anatomical structure of the subject. The first factor is the 

weight of the subject. The subject was approximately I 0 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 availability and convenience which is provided in selected 

one's self as the test subject. 
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There are additional factors which tend to indicate that the performance of the sensor 

is not limiting but rather that the higher lateral shear stresses were as a result of the 

physiological and anatomical condition of the subject. These factors include the present 

condition of the subject's skin in the fo refoot area and the condition of his shoes. The 

subject ' s shoes showed a natural tendency to deteriorate first in the region of the first 

metatarsal. The subject also has an abductory twist during the push off phase of the 

gait cycle. This twisting of the forefoot when the heel is in the air can result in higher 

than normal lateral shear stresses being experienced by the sensor. 

4.3 THE ANALYSIS TESTS 

A series of five tests were conducted using the testing protocol developed during the 

pilot tests. One of the test results which was obtained is graphically illustrated in 

figure4. 6. The remainder of the results are presented in Appendix F(i) . The first step 

on a treadmill was regarded more as an adjusting step rather than a true established 

gait pattern. During the analysis of the results, presented in Appendix F(ii), the first 

recorded step was therefore rejected. The analysis examined the following aspects of 

each test : 

• The time of each gait cycle and the number of gait cycles. 

• The maximum shear stresses which occurred. 

• The mean value of the maximum shear stresses. 

• The datum stress which wa~ measured during the standing phase. 

A summary of the results performed in the analysis is presented m Table4. 3 and 

Table4.4. 
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Average Gait Mean Mean Mean Mean Anterior- Medial-

Cycle Time Maximum Maximum Maximum Maximum Posterior Lateral 

Medial Lateral Posterior Anterior Datum Stress Datum Stress 

Shear Shear Shear Shear 

(sec) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) 

1145 .27±39.47 20.02±0.58 65 .6±9.00 63.4±9.42 11.72±2.98 I 09 .64± 11.31 97.86± 16.07 

Table 4.3Mean gait times, maximum shears and datum stresses experienced during the analysis testing 

Average Average Maximum Maximum Maximum Maximum 

Number of Duration Medial Lateral Posterior Anterior 

Gait Cycles of Tests Shear Shear Shear Shear 

measured 

during tests 

(sec) (kPa) (kPa) (kPa) (kPa) 

6.6± 1.34 10.12±1.3 24 .01±2.48 9 1.32±13.01 76 .58±15.64 13.12±4.67 

Table 4.4Number of gait cycles, average duration of tests and maximum shear stresses experienced 
during the analysis testing 

4.3.1 DISCUSSION OF RES UL TS 

The gait cycle time of 1145.27±39.47msec correlates well with the gait cycle time of 

I 083±52msec recorded using the footscan pressure plate (section 3.1. 2. 2) and the 

literature. This indicates the sensor' s ability to repeatably measure the changes in the 

shear stresses as they occurred during the gait cycle. 
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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 number of cycles was adequate. The duration of all five 

of the analysis tests was kept below 12 seconds, so as to allow the drift determined 

during the pilot tests to be equivalent to the drift experienced by the sensor during 

these tests. 

The magnitude of the mean maximum shear stresses, presented in Table 4. 3, in the 

anterior-posterior directions compared well with the results presented by Lord et alc161
, 

Tappin et alC57
l and Pollard et a1C55l_ The medial-lateral stresses, as was the case with the 

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

An explanation of the profiles of the shear 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 injigure4.5a and b .. 

Anterior - Posterior Shear Profiles (figure4.5b): 

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 (figure4.5a): 

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 alc 161
. 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 beginning of the swing phase) ~ Gradual increase 

in medial shear ~ Heel-strike. 
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The gradual increases in the medial and anterior shear stresses during the swing phase 

prior to heel-strike were expected. The increased medial shear stress is attributed to 

the supine position of the foot during the swing phase. The gradual increase in anterior 

shear stress is a result of the direction in which the subject walks (the foot during the 

swing phase is always swinging in the forward direction). 

4.3.1.l ASSESSMENT OF POSSIBLE SOURCES OF ERROR INHERENT IN THE 
AMPLIFIER 

As was previously mentioned, the performance of the gauge amplifier was not 

guaranteed for strains below 10 microstrain. An assessment of the strains which were 

experienced by each individual gauge during the pilot and analysis tests was therefore 

made. It was found that during the walking phase, two of the three gauges from both 

rosettes always measured more than 20 microstrain and that periodically, the third 

gauge measured strains below 10 microstrain. These strains were however never less 

than 8 microstrain. The same error (±0.75% of Full Scale Output) associated with 

strains measured above 10 micro strain was therefore used for the strains measured 

above 8 microstrain. 

4.4 THE DESIGN RANGE OF THE PROPOSED SENSOR 

The sensor was originally designed to perform in a range from 7kpa to 350kpa. This 

range was intended to allow specific measurement of the range of maximum shear 

stresses presented in the literature. Given that the amplifier was shown to maintain its 

performance to strains as low as 8 microstrain the design range was extended to a 

range of 5.5kpa to 350kpa. However, as there were pre-stresses on the sensor when 

the foot was placed inside the shoe, the strains which it experienced were 

predominately greater than 8 microstrain(20 microstrain and greater). The pre-strains 

on the sensor therefore allowed the performance of the sensor to be increased to a 

range between OkPa and 350kPa. The shear data is in a format which represents this 

stress range when it was normalised to zero from the pre-stress datum determined 

during the standing phase. 
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4.5 OVERALL PERFORMANCE OF THE SENSOR 

The aim of this thesis was to develop a technique to measure the maximum shear 

stresses at the first metatarsal. The literature was used to provide a means of 

validating the technique which was developed. To be able to compare the data with 

the literature, the environment and conditions under which the sensor was tested were 

strictly controlled. Controlling the temperature and running speed and various other 

parameters such as the duration of the tests eliminated the number of variables which 

might have affected the data measured by the sensor. The correlation between the data 

presented in the literature and that obtained using the sensor developed in this thesis 

was used as an indication of the validity, performance and accuracy of the proposed 

sensor. 

The close con-elation between the results of the proposed sensor and the literature 

showed that the proposed sensor was able to measure the maximum shear stresses 

which occurred at the first metatarsal. 

The specifications and performance characteristics of the sensor during the in-shoe 

experiments conducted in this thesis are summarised below: 

• The design of the sensor consists of 12*12 * 5 .2 block of PMMA. A circular base of 

diameter 22 mm and thickness l.08mm of the same material is incorporated into its 

bottom surface. Two rectangular strain gauge rosettes were positioned on two of its 

lateral surfaces. 

• The perfom1ance range of the sensor is 0 to 3 50kPa. 

• The maximum en-or as a result of any temperature variations is equivalent to 

±0.26% or ±0.9lkpa of the Full Scale Output. 

• The drift of the sensor is ±0.92kpa (±0.263% of Full Scale Output) for the Medial

Lateral gauge and ±0.99kpa (±0.283% of Full Scale Output) for the Anterior

Posterior gauge. 

• The error associated with the performance of the amplifier is equivalent to 

±2.63kpa which is ±0.75% of Full Scale Output. 
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• The error associated in determining Young's modulus during the compression tests 

is 0.32%. This is equivalent to l. l 2kPa of the Full Scale Output. 

• Cross talk effects were neglected. 

The maximum error associated with the sensor during the in-shoe tests was found to 

be ±5.65kPa. Given the extremely small strains which were measured, the 

environment in which the sensor operated, the assumptions and theory used in the 

design of the sensor and the limitations of the equipment which was available, this 

error was not regarded as being substantial enough to make the proposed sensor non

viable. The ability of the sensor to measure shear stresses which were repeatable, of 

similar magnitude and timing to the shear stresses reported in the literature indicates 

that the assumptions, theory and concepts used to design and locate the proposed 

sensor are valid. 

With an appropriate means of controlling temperature and a modern amplifier with 

enhanced amplification and drift characteristics, it is believed that the proposed sensor 

will be able to measure the two shear stresses with even greater accuracy. As these are 

considered to be the two main limitations of the proposed sensor, making 

modifications to eliminate errors associated with these variables will also allow the 

sensor to be more versatile in the clinical environment. 
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FIGURES FOR CHAPTER 4 
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Figure 4.1 b Illustration of the medial-lateral shear stresses measured during the pilot 
(See ttxt, page I 42) tests 
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Figure 4.5a Relative and suggested position of the gait cycle for the medial-lateral 
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CHAPTER 5 

DISCUSSION 

This investigation can be divided into the following primary and secondary objectives: 

Primary objectives: 

1. The ability of the sensor to measure the maximum shear stresses which were 

repeatable, of similar magnitude and timing to the shear stresses reported in the 

literature with a maximum associated error of ±5.65kPa indicates that the 

assumptions and theory used to design and construct the proposed sensor are 

feasable. The mean maximum shear stresses measured by the sensor compared to 

the literature are summarised below in Table 5.1 a and 5.1 b and figure 5.1 a and 

5.lb. 

Researcher Range of Range of Range of Range of 
Anterior Posterior Medial Lateral 
Shear Shear Shear Shear 
Stresses Stresses Stresses Stresses 

(kPa) (kPa) (kPa) (kPa) 
Pollard et a1[55l 8.17±1.3 41.83±12.97 17.34±0.73 14.23±1.65 
Lord et all161 4.23±0.8 33 .14±1.26 -1 .53±0.62 14.5±4.95 

and and and and 
14.13±0.8 58.4±8.08 3.54±2.12 21.2±1.48 

Table 5. la Shear data presented in the literature 

Anterior Shear Posterior Shear Medial Lateral Shear 
Stresses Stresses Shear Stresses 

Stresses 

(kPa) (kPa) (kPa) (kPa) 

9.9±2.61 69.3±8.93 18.8±1.57 67 .9±7.82 

Table 5.2b Shear data measured by the sensor during the pilot tests 
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Figure 5.1 b Sample shear data measured by the transducer during the analysis tests 
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7. Aspects in the design which would have improved the perfom1ance, accuracy and 

versatility of the proposed sensor were regarded as: 

• Footswitch data - this would have provided an accurate means of determining the 

timing of the gait cycle. 

• Amplification and drift characteristics of the amplifier- Enhanced amplification 

prope1iies would allow lower strains to be measured in cases where the pre-stresses 

are less than 8 microstrain. It is possible that the existing amplifier can measure 

strains below 8 microstrain with the same accuracy as it does for strains above this 

value but this was not examined. Less drift would also reduce the overall error 

associated with the sensor. 

• An alternative means of allowing for the effects of temperature on the material 

prope1iies of the sensor. The method which was used is very specific to the pre

determined conditions assigned to the experimental procedure used in this thesis. 

• A software program which would present the shear stresses in a visual format 

immediately after a test had been conducted. The existing procedure involves 

conve1iing the data from the format in which is presented by the amplifier and the 

analogue to digital card to the form which allows it to be compared with the 

literature. 
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CHAPTER6 

CONCLUDING REMARKS 

Based on the performance of the proposed in-shoe gait analysis device and the 

discussion presented in the previous chapter, the following concluding remarks are 

made: 

165 

1. A wider range of strain rates should be applied to the material so as to confirm the 

findings presented by Kitagawa et all681 and those found during this thesis. 

2. The calibration technique must be modified or improved upon so as to confirm that 

the performance of sensor is the same to 7kPa as it is above 27.8kPa. 

3. A dynamic analysis should be performed on the sensor using ABAQUS to confirm 

that the simplification of using a static analysis is valid. 

4. An alternative means of accounting for the temperature changes which occur in the 

sensor must be found. This could be achieved by placing a temperature transducer 

on the sensor so that the correct modulus corresponding to the measured 

temperature can be used. This will allow the sensor to be more versatile in the 

clinical environment. 

5. The performance of the amplifier below 8 micro strain must be checked or an 

alternative amplifier sought. 

6. Footswitch equipment must be incorporated into the testing protocol. This will 

indicate the accurate time at which the measured shear stresses occur during the 

gait cycle. 

7. A software program should be written to allow the data measured by the gauges to 

be presented after each test in a form which is directly recognisable as the shear 

stresses occurring at the first metatarsal during the gait cycle. 
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8. As technology progresses, it is hoped that these improvements will be made on the 

proposed sensor, and that eventually it will be used in the clinical environment 

assisting clinicians in their diagnosis and treatment of the side-effects associated 

with patients suffering from diabetes mellitus. 
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Podotrack and F ootscan Results 

Results of Sensor location tests 

TOP AMBP PMBP MWF HDMP VDMP 
Podotrack 
"Standing" 266 214 186 90 

266 215 187 91 
265 215 186 92 
265 214 185 93 
266 215 185 92 

Stdev 0.54772256 0.5477226 0.83666 1.140175 
Mean 265 .6 214.6 185.8 91 .6 
max error 0.91782298 0.917823 1.401998 1.910601 98% 

0.67997774 0.6799777 1.038683 1.415487 95% 
Podotrack 
"Walking" 292 232 203 92 15 220 

294 233 202 91 14 220 
292 233 203 90 15 219 
293 233 204 91 14 218 
293 232 202 90 15 220 

Stdev 0.83666003 0.5477226 0.83666 0.83666 0.547723 0.894427 
Mean 292.8 232.6 202.8 90.8 14.6 219.4 
max error 1.40199775 0.917823 1.401998 1.401998 0.917823 1.498799 98% . 

1.03868315 0.6799777 1.038683 1.038683 0.679978 1.110399 95% : 
Footscan 295.7 231 203 89.6 14 217 
"Wa1}5ing" 294.3 229 201 90.3 15 218 

294.6 230 203 89.3 14 218 
295.2 231 202 90.5 14 217 
296.1 229 201 89.1 15 219 

Stdev 0.74632433 1 1 0.614817 0.547723 0.83666 
Mean 295.18 230 202 89.76 14.4 217.8 
max error 1.25062151 1.6757078 1.675708 1.030254 0.917823 1.401998 98% 

0.92653465 1.2414638 1.241464 0.763273 0.679978 1.038683 95% ' 

Combined Results of Podotrack and Footscan 
"Walking" 

TOP AMBP PMBP MWF HDMP VDMP 

292 232 203 92 15 220 
294 233 202 91 14 220 
292 233 203 90 15 219 
293 233 204 91 14 218 
293 232 202 90 15 . 220 

295 .7 231 203 89.6 14 217 
294.3 229 201 90 .3 15 218 
294.6 230 203 89 .3 14 218 
295 .2 231 202 90 .S 14 217 
296.1 229 201 89.1 15 219 

Mean 293.99 231 .3 202.4 90.28 14.5 218 .6 
Stdev 1.46017503 1.5670212 0.966092 0.882924 0.527046 1.173788 
Max error 98% Confidence 1.30258159 1.3978961 0.861824 0.787632 0.470163 1.047103 
Max error 95% Confidence 0.93173941 0.9999181 0.616464 0.563395 0.336309 0 .748995 
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APPENDIXB 

RESULTS FROM TENSILE TESTS PERFORMED 

ONTHEPMMA 
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Modulus Determination 

Strain Rate 0.001 Modulus Error R"2 intercept 
Kpa % 

1 1869 0.01 - 0.9993 0.2776 Average 1869.2 
2 1876 0.38 + 0.9998 0.2471 Stdev 4.816638 
3 1867 0.12 - 0.9998 0.2499 
4 1863 0.33 - 0.9994 0.2654 
5 1871 0.11 + 0.9996 0.2548 

i 
'Strain Rate 0.01 

1 1885 0.31 + 0.9997 0.2505 Average 1879.2 
2 1881 0.11 + 0.9996 0.2567 Stdev 4.32435 . 
3 1876 0.17 - 0.9994 0.2645 
4 1880 0.04 + 0.9997 0.2632 
5 1874 0.27 - 0.9998 0.2635 

Overall 1874.2 
modulus 
Stdev 6.811755 
Max Error 6.1 Kpa 

··98% 
I Max Error I 

95% 4.87 Kpa 
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APPENDIXC 

RESULTS FROM FINITE ELEMENT 

ANALYSIS 

l. ABAQUS INPUT DECK 1 

II. ABAQUS INPUT DECK 2 

III.RESULTS FROM DATA FILES ON FACE 3 (FREE 

CASE) 

IV.RESULTS FROM DATA FILES ON FACE 3 

(RESTRICTED CASE) 
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*HEADING 
SIMULATED RESPONSE OF PMMA SENSOR WITH A BASE I NSIDE A SHOE DURING GAIT 
*RESTART,WRITE,FREQUENCY~l 

•• 
··--------------------------------------------------------------

**NODE GENERATION 
··--------------------------------------------------------------
•• 
*NO DE 
1,0 . ,0.,0. 
23 , 0.022,0.,0. 
11 01,0.,0.022,0. 
1123,0.022,0.022,0. 
20001,0.,o.,o.001 
20023,0.022,0 . ,0.001 
21101,0.,o.022,o.001 
21123,0 . 022,0 . 022,0.001 
20256,0.00S,0.005,0.001 
20268,0.017,0.005,0.001 
20856,0.00S,0.017,0.001 
20868,0.017,0.017,0.001 
120256,0.00S,0.005,0 . 006 
120268,0.017,0.005,0.006 
120856,0.00S,0.017,0.006 
120868,0.017,0.017,0.006 
*NGEN,NSET=Bl 
1,23,l 
*NGEN,NSET=B2 
1101, 1123, l 
*NFILL,NSET=BA.SE 
Bl , B2,22,SO 
*NGEN,NSET=T2 
20001,20023,1 
*NGEN,NSET=T3 
21101, 21123, l 
*NFILL,NSET=TOP 
T2,T3,22,50 
*NFILL,NSET=BOTTOM 
BA.SE,TOP,1,20000 
*NSET,NSET2 TOM, GENERATE 
20256,20268,l 
20306,20318,l 
20356,20368,l 
20406,20418,1 
20456,20468,1 
20506,20518,1 
20556,20568,l 
20606,20618,1 
20656,20668,l 
20706,20718,1 
20756,20768,1 
20806,20818,l 
20856,20868,1 
*NGEN,NSET2 T5 
120256,120268,l 
*NGEN,NSET=T6 
120856,120868,l 
*NFILL,NSET=JERRY 
T5,T6,12,50 
*NFILL,NSET=CUBE 
TOM,JERRY,5,20000 
*NSET,NSET=FACEJ, GENERATE 
20256,20268,l 
40256,40268,l 
60256,60268,l 
80256,80268,l 
100256,100268,l 
120256,120268,l 
""FACE3 ASSOSIATED WITH MEASURING OF ANTERIOR / POSTERI OR SHEAR 
*NSET,NSET=FACE4, GENERATE 
20268,20868,50 
40268,40868,50 
60268,60868,50 
80 268,80868,50 
100268,100868,50 
120268,120868,50 
• *FAC E4 ASSOSIATE D WI T:-\ MEASU RING OF MEDI AL / LJ...T E?.AL SnEAP. 
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*NSET,NSET 2 f I LLl, GENERATE 
120307,120317,l 
120357,120367,l 
120407 I 120417, l 
120457,120467,l 
120 507,12 0 5 17,1 
1 205 57,1205 67,1 
120607, 120617, 1 
12 0 657, 120667,1 
1207 07, 120717,1 
120757 , 120767,1 
1208 0 7 , 12 0817,1 
*NSET,NSET= fI LL2 
1 20 256,120 268 ,1 20856 ,1 2086 8 
*NSET,NSET=fILL3, GENERATE 
12 0 257,12 0267,l 
12 0318,1 2081 8,50 
12030 6 ,120 80 6,50 
1208 57,1 20 867,1 
*NSET,NSET=UPPER 
fILLl,fILL2,fILL3 
** 

177 

**--------------------------------------------------------------
**ELEMENT GENERATI ON 

**--------------------------------------------------------------
** 
*ELEMENT,TYPE~C3D8 

1,1,2,52,51,20001, 2 0002,20052,20051 
*ELGEN,ELSET=BOTTOM 
1,22,1,1,22,5o,50,1,20000,5ooo 
*ELEMENT,TYPE=C3D8 
1000000,20256,2025 7 ,20307,20306,40256,40257,40307,40306 
*ELGEN,ELSET=BLOCK 
1000000,12,1,1,12, 5 0,50,5,20000,5000 
*ELSET,ELSET=TOTAL 
BOTTOM, BLOCK 
*ELEMENT,TYPEzS4R 
2000000,120256,120 257,120307,120306 
*ELGEN,ELSETxLAYER 
2000000,12,1,1,12, 50,50 
*ELSET,ELSETxMEASURE3, GENERATE 
1000004,1000007,1 
1005004,1005007,1 
1010004,1010007,1 
1015004,1015007,1 
1020004,1020007,1 
*ELSET,ELSET=MEASURE4, GENERATE 
1000211,1000361,50 
1005211,1005361,50 
1010211,1010361,50 
1015211,i015361,50 
1020211,1020361,50 
*ELSET,ELSETxfACE3A, GENERATE 
1000000,1000011,1 
1005000,1005011,1 
1010000,1010011,1 
1015000,1015011,1 
1020000,1020011,l 
*ELSET , ELSET=FACE 4A , GE NERATE 
10000 11,1000561,50 
1005011,100556 1 ,50 
101 0011,1010561,50 
1015011,101556 1 ,5 0 
10 200 11,1020561,50 
•• 
**--------------------------------------------------------------

**BOUNDARY COND IT IONS 
**--------------------------------------------------------------
*• 
*BOUNDARY 
BOTTOM, PINNED 
•* 
**-------------------------------------------------- ------------

** MATE RIAL DEE"I NIT ION 
* * --- - - - ---------- - --- - -----~~----------------- · ---- - ------- - ---

** 
*SO LI D SECT ION ,E LSC:T =TOTAL,MAT ERI AL= PMMA 
• •-tl\.TC:?.I P..L ' N;...:A:::=? !~A_:; 
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*ELASTIC 
1874E6,0.35 
.. DENSITY 
1150 
** PAGE 8 . 14.1-1 
.. SHELL SECTION,ELSET=LAYER,MATERIAL=CHOICE 
0 .0001 
*MATERIAL,NA!1E=CHOICE 
*ELASTIC 
100,0.35 
** 

178 

**--------------------------------------------------------------
.... LOAD DEFINITION 

•*--------------------------------------------------------------
** 
*AMPLITUDE,NAME=ZLOAD 
0 •I 1, 1, 1 
*AMPLITUDE,NA!1E=XLOAD 
0 •I 11 1, 1 
*AMPLITUDE,NA!1E=YLOAD 
0 •I 11 1, 1 
** **--------------------------------------------------------------

**STEP DEFINITION 
**--------------------------------------------------------------
* * 
*STEP,NLGEOM,INCs20 
*STATIC 
O.l,l.0,0.01,0.2 
*BOUNDARY 
UPPER,3 
** 
**--------------------------------------------------------------

**NODAL LOADS 
**--------------------------------------------------------------
** 
*CLOAD,FOLLOWER,AMPLITUDEsZLOAD 
FILLl, 3, -1. 0 
FILL3,3,-0.5 
FILL2,3,-0.25 
*CLOAD,FOLLOWER,AMPLITUDE=XLOAD 
FILLl, 1, 0. 033 
FILL2,l,0.00825 
FILLJ I 1, 0. 0165 
•ctOAD,FOLLOWER,AMPLITUDE=YLOAD 
FILLl,2,0.015 
FILL2,2,0.00375 
FILL3,2,0.0075 
.. EL PRINT,ELSET=MEASUREJ,POSITION=AVERAGED AT ALL NODES,FREQUENCY=l 
s 
E 
*EL PRINT,ELSET=MEASURE4 ,POSITION=AVERAGED AT ALL NODES,FREQUENCY=l 
s 
E 
*EL FILE,ELSET=KEASUREJ ,POSITION=AVERAGED AT ALL NODES,FREQUENCY=l 
E 
*EL FILE,ELSET=ME.ASURE 4,POSITION=AVERAGED AT ALL NODES,FREQUENCY=l 

*EL FILE,ELSET=KEASURE J ,POSITION=AVERAGED AT ALL NODES 
s 
E 
*EL FILE,ELSET=MEASURE 4,POSITION=AVERAGED AT ALL NODES 
s 
E 
*END STEP 
··--------------------------------------------------------------

**END OF ANALYSIS 
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*HEADING 
SIMULATED RESPONSE OF PMMA SENSOR WITHOUT A BASE INSIDE THE SHOE DURING 
GAIT 
*RESTART,WRITE,FREQUENCY=l 
** 
**--------------------------------------------------------------

** NO DE GENERATI ON 
**--------------------------------------------------------------
** 
*NODE 
20256 , 0 . ,0 . ,0 
20268,0.012,0.,0 
20856,0.,0.012,0 
20868,0.012,0.012,0 
120256,0 . ,0.,0.005 
120268,0.012,0.,0.005 
120856,0.,0.012,0.005 
120868,0.012,0.012,0 . 005 
*NGEN,NSET=Bl 
20256,20268,1 
*NGEN,NSET=B2 
20856,20868,1 
*NFILL,NSET=BASE 
Bl,82,12,50 
*NGEN,NSET=T2 
120256,120268,1 
*NGEN,NSET=-T3 
120856,120868,1 
*NFILL,NSET=TOP 
T2,T3,12,50 
*NFILL,NSET=RUBY 
BASE , TOP,5,20000 
*NSET,NSET=FACE3, GENERATE 
20256,20268,1 
40256,40268,1 
60256,60268,1 
80256,80268,1 
100256,100268,1 
120256,120268,l 
**FACE3 ASSOSIATED WITH MEASURING OF ANTERIOR/POSTERIOR SHEAR 
*NSET,NSET~FACE4, GENERATE 
20268,20868,50 
40268,40868,50 
60268,60868,50 
80268,80868,50 

- 100268,100868,50 
120268,120868,50 
**FACE4 ASSOSIATED WITH MEASURING OF MEDIAL/LATERAL SHEAR 
'*NSE't., NSET=FILLl I GENERATE 
:120307 I 120317 I 1 
120357,120367,1 
'120407 I 120417 I 1 
120457,120467,1 
120507, 120517, l 
120557,120567,1 
120607,120617,l 
120657,120667,1 
120707,120717,l 
120757,120767,1 
120807,120817,1 
*NSET,NSET=-FILL2 
120256,120268,120856,120868 
*NSET,NSET=FILL3, GENERATE 
120257,120267,1 
120318,120818,50 
120306,120806,50 
120857,120867,1 
*NSET,NSET=BOUND 
FILL1,FILL2,FILL3 
** 
**------------------------ - ---~---------------------------------

** ELEMENT GENERATION 
**---------------------------------------- ----------------------
* .. 
*ELEMENT,TYPE=C3D8 
1000000,20256,20257,20307, 20306,40256,40257,40307,4 0 306 
*ELGEN,ELSET=BLOCK 
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1000000,12,1,1,12,50,50,5,20000,5000 
*ELEMENT,TYPE=S4R 
2000000,120256,120257,120307,120306 
*ELGEN,ELSET=LAYER 
2000000,12,1,1,12,50,50 
*ELSET,ELSET=MEAS URE3 , GENERATE 
1000004,1000007,1 
1005004,1005007,1 
1010004,1010007,1 
1015004 I 1015007, 1 
1020004,1020007,1 
*ELSET,ELSET=MEASURE4, GENERATE 
1000211,1000361,50 
1005211,1005361,50 
1010211,1010361,50 
1015211,1015361,50 
1020211,1020361,50 
*ELSET,ELSET=FACE3A, GENERATE 
1000000,1000011,1 
1005000,1005011,1 
1010000,1010011,1 
1015000,1015011,1 
1020000,1020011,1 
*ELSET,ELSET=FACE4A, GENERATE 
1000011,1000561,50 
1005011,1005561,50 
1010011,1010561,50 
1015011,1015561,50 
1020011,1020561,50 
** 

180 

**--------------------------------------------------------------
**BOUNDARY CONDITIONS 

··~-------------------------------------------------------------
** 
*BOUNDARY 
BASE, PINNED 
** 
**--------------------------------------------------------------

**MATERIAL DEFINITION 
**--------------------------------------------------------------... 
*SOLID SECTION,ELSET=BLOCK,MATERIAL=PMMA 
*MATERIAL,NAME=PMMA 
*ELASTIC 
1874E6,0.35 
*DENSITY 
1150 
*SHELL SECTION,ELSET=LAYER,MATERIAL=CHOICE 
0.0001 
*MATERIAL,NAME=CHOICE 
*ELASTIC 
100,0.35 
* .. 
**--------------------------------------------------------------

**LOAD DEFINITION 
**--------------------------------------------------------------
* .. 
*AMPLITUDE,NAME=ZLOAD 
0 •I 1, 1, 1 
*AMPLITUDE,NAME=XLOAD 
0 •I 1, 1, 1 
*AMPLITUDE,NAME=YLOAD 
0.' 1, 1, 1 
** 
··--------------------------------------------------------------

**STE? DEFINITION 
··--------------------------------------------------------------
** 
*STEP,NLGEOM,INC=20 
*STATIC 
o.os,1.0,0.001,0.1 
* .. 
··--------------------------------------------------------------

**NODAL LOADS 
··----------------------------------------------------------- ---
*" 
*CLOAD, FOLLOWER, AI1PLITU"JE=ZLOAD 
FILLl,3,-1.0 
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FILL3,3,-0.5 
FILL2,3,-0.25 
*CLOAD,FOLLOWER,AMPLITUDE=XLOAD 
FILLl,1,0.033 
FILL2,l,0.00825 
FILL3, 1,0.0165 
*CLOAD,FOLLOWER,AMPLITUDE=YLOAD 
FILLl,2,0.015 
FILL2,2,0.0037S 
FILL3,2,0.0075 
*EL PRINT,ELSET=MEASURE3,POSITION=AVERAGED AT ALL NODES,FREQUENCY=l 
s 
E 
*EL PRINT,ELSET~MEASURE4,POSITIQNmAVERAGED AT ALL NODES,FREQUENCY•l 
s 
E 
*END STE!? 
··--------------------------------------------------------------

**END OF .ANALYSIS 
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RESULTS FROM FREE CASE ON FACE 3 

Free case ! Face 3 I 
IX = 33 IY = 15 !Z = 1000 I 

Node Set iNOOE S13 !NOOE E13 

i 20260 ! -3.16E+04 I 20260 1 -4 .55E-05 
20261 I 4694 20261 6 .76E-06 

I 20262 ! 3.72E+04 I 20262 5.36E-05 
I 20263 1 6.82E+04 1 20263 1 9.82E-05 i 

I 20264 \ 1.00E+OS 20264 1 .44E-04 
i 20310 1 -3 .01 E+04 I 20310 -4 .33E-05 
I 20311 5722 I 20311 8.24E-06 
I 20312 3.81 E+04 I 20312 1 S.49E-05 

! 20313 6.94E+04 l I 20313 1.00E-04 
20314 1.02E+05 20314 1.47E-04 

I 40260 -2.56E+04 40260 -3 .69E-05 
40261 8270 1 40261 1.19E-05 
40262 3.86E+04 40262 5.56E-05 
40263 1 6.74E+04 1 40263 9.?0E-05 
40264 9.82E+04 40264 1.41 E-04 
40310 1 -2.35E+04 40310 -3 .39E-05 
40311 9661 40311 1.39E-05 
40312 3.95E+04 40312 5.69E-05 
40313 6.82E+04 40313 9.82E-05 
40314 9.93E+04 40314 1.43E-04 

'. 

1 60260 -1 .09E+04 60260 -1.57E-05 

I 60261 1.74E+04 60261 2.51 E-05 

1 602621 4.27E+04 1 60262 6 .15E-05 
60263 6.70E+04 60263 9.65E-05 
60264 9.53E+04 60264 1.37E-04 
60310 -9477 60310 -1 .37E-05 
60311 1.80E+04 60311 2.SOE-05 
60312 4.22E+04 1 60312 6 .08E-05 
60313 6.56E+04 I 60313 9.4SE-OS 

1 60314 1 9.34E+04 I 60314 1.35E-04 
80260 8314 1 80260 1.20E-05 

1 1 80261 2.75E+04 1 1 80261 3.96E-05 

2 1 80262 4.47E+04 1 21 80262 6 .44E-05 

J 80263 1 6.14E+04 Ji 80263 8.84E-05 
80264 1 8.27E+04 l I 80264 1.19E-04 

I 8031 o I 8439 1 I 80310 1 1.22E-05 

I 80311 2.70E+04 J 80311 I 3.90E-05 
I 80312 4.32E+04 \ I 80312 1 6 .22E-05 

i 80313 1 5.87E+04 I 80313 I 8.46E-05 I 

I 80314 7.94E+04 l I 80314 1 1.14E-04 I 

I 100260 2.09E+04 J I 100260 \ 3.00E-05 I 
1 i 100261 I 3.28E+04 i 1; 100261 1 4.73E-05 
2 1 100262 : 4.17E+041 21 100262 1 6 .01 E-05 
J i 100263 ! 5.05E+04 l 3 1 

I 10.0263 I 7.27E-05 

i 100264 1 6.65E+04 1 ! 100264 1 9.58E-05 
' 

I 100310 [ 2.03E+04 J I 

' 
100310 1 2 .92E-05 

I 100311 1 3.20E+04 J I 100311 l 4.61 E-05 
I 10031 21 4.01 E+04 1 I 100312 1 5.77E-05 I 

I 10031 31 4.79E+04 l I 100313 I 6.91 E-05 I 

I 100314 1 6.36E+04 l I 100314 1 9.16E-05 
i 120260 1 2.53E+04 1 I 120260 1 3.64E-05 
' 120261 I 3.38E+04 1 I 12026 11 4 .87E-05 I 
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120262 3.79E+04 120262 5.46E-05 
120263 4.18E+04 120263 6 .03E-05 

I 120264 5.51 E+04 120264 1 7.93E-05 
120310 2.47E+04 120310 3.55E-05 
120311 3.31 E+04 120311 4.77E-05 
120312 3.65E+04 120312 5.26E-OS 
120313 3.97E+04 120313 5.73E-05 
120314 5.29E+04 120314 7.62E-OS 

!MAXIMUM 1.02E+OS MAXIMUM 1.47E-04 
NODE 20314 NODE I 20314 

MINIMUM -3 .16E+04 MINIMUM -4 .55E-05 
NODE 20260 NODE 20260 
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RESULTS FROM RESTRICTED CASE ON FACE 3 

Restricted case I Face 3 I 
X=33 Kpa I I 

I 
Nod e set jNOOE SD Node Set NOOE E13 

I I 
I 

I 20260 3.70E+04 1 20260 5.33E-05 

I 20261 3.78E+04 20261 S.45E-05 
I 20262 3.80E+04 20262 S.48E-05 

I 20263 3.78E+04 20263 5.45E-05 
20264 3.70E+04 20264 5.33E-05 
20310 3.69E+04 20310 5.32E-05 
20311 3.76E+04 20311 5.41E-05 
20312 3.77E+04 20312 S.44E-05 
20313 3.76E+04 20313 5.41 E-05 
20314 3.69E+04 20314 5.32E-05 
40260 3.81 E+04 40260 5.49E-05 
40261 3.84E+04 40261 5.53E-05 
40262 3.85E+04 40262 5.54E-05 
40263 3.84E+04 1 40263 5.53E-05 
40264 3.81 E+04 40264 5.49E-05 
40310 3.77E+04 40310 5.43E-05 
40311 3.79E+04 40311 5.46E-05 
40312 3.80E+04 40312 5.48E-05 
40313 3.79E+04 40313 S.46E-OS 
40314 3.77E+04 40314 5.43E-05 
60260 3.98E+04 60260 5.74E-05 
60261 3.91 E+04 60261 5.63E-OS 
60262 3.88E+04 60262 5.60E-05 
60263 3.91 E+04 60263 5.63E-05 
60264 3.98E+04 60264 5.74E-05 
60310 3.89E+04 1 60310 5.61 E-05 
60311 3.84E+04 60311 5.53E-05 
60312 3.82E+04 60312 5.SOE-05 

I 60313 3.84E+04 60313 5.53E-05 
60314 3.89E+04 \ 60314 5.61 E-05 
80260 3.98E+04 80260 5.73E-OS 

1 1 80261 3.86E+04 i 1 80261 5.57E-05 

2 1 80262 3.83E+04 \ 2 80262 5.52E-05 

3 1 80263 3.86E+04 1 3 80263 5.57E-05 

I 80264 3.98E+04 1 80264 5.73E-05 

I 80310 3.87E+04 \ I 80310 5.57E-05 

I 80311 3.78E+04 I 80311 5.4SE-05 

I 80312 \ 3.76E+04 \ I 80312 \ 5.42E-OS 

I 80313 1 3.78E+04 i 80313 S.45E-OS 

I 80314 1 3.87E+04 1 80314 5.57E-05 

I 1002601 3.72E+04 \ 100260 S.36E-OS 
1 1 100261 I 3.64E+04 i 1 1 100261 5.25E-OS 
2 1 100262 1 3.62E+04 \ 2\ 100262 5.21 E-05 
3 1 100263 I 3.64E+04 \ 3 1 100263 S.2SE-OS 

I 100264 1 3.72E+04 \ I 100264 S.36E-OS 

I 100310 \ 3.65E+04 1 I 100310 5.26E-OS 
I 100311 1 3.59E+04 \ I 100311 1 5.17E-OS 

100312 1 3.57E+04 1 
-I I 100312 5.1 SE-05 

I 100313 \ 3.59E+04 : I 100313 \ S.17E-05 
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100314 3.6SE+04 100314 S.26E-OS 
120260 3.49E+04 120260 S.02E-OS 

I 120261 3.44E+04 I 120261 4.96E-OS 
I 120262! 3.43E+04 120262 4.94E-OS 

120263 3.44E+04 1 I 120263 4.96E-OS 
I 120264 3.49E+04 120264 S.02E-OS I 

120310 1 3.46E+04 I 120310 4.99E-OS 

I 120311 3.43E+04 120311 4.94E-05 

I 120312 3.42E+04 120312 4.92E-05 
120313 3.43E+04 120313 4.94E-05 
120314 3.46E+04 120314 4.99E-OS 

MAXIMUM 3.98E+04 MAXIMUM 5.74E-05 
NODE 60264 NODE 60264 

I 
MINIMUM 3.42E+04 MINIMUM 4.92E-05 

INODE 120312 NODE 120312 
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II. ILLUSTRATION OF RESULTS FROM CALIBRATION 

PROCEDURE 

III.ILLUSTRATION OF NUMERICAL RESULTS FROM 

CALIBRATION PROCEDURE 

IV.ANALYSIS OF DAT A BETWEEN 8 AND 12 MICROSTRAIN 

V. BEST FIT CURVE EQUATIONS 

VI.RANDOM ERROR PLOTS 
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Drawings of the Calibration Jig 

I 

' ' I 

COLLAR 

SIDE VIEW 
~ 3 mm Allen screw 

I 

____ _! __ _ 
-----r-- 4.0 

50.0 

70.0 

30. l 

I I 

~ 10.0 
I 
I 

65 .0 

DRA\VING 1 

NOTTO SCALE 
Dimensions - mm 
Material - Mild Steel 
All tolerances± 0.1 mm 

34.0 

187 

FRONT VIEW 
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Drawings of the Calibration Jig 

LOCKING PIN (I) and TOP JIG ( 2) 

( 1.) 

SIDE VIEW 

............... J ...... ID 2 .95 ± 0.0 l 
-----r-- - ----------------- ----+-~:-:~.~-~-- - -····r····· . 

SIDE VIEW 

~ 20.0 

~6. 5~ 
:++. 

80.0 

45 .0 

( 2.) 

116 .0 

75 .0 

: : . . ..~~lo:; ...... 

.-Ii~w~ ~:~ ~--+-----------------------------~--------------------~~~~~~-~~~ ~~-
: : O.Ol 

~ 
3 mm Allen screw 

ip :us± 
0.05 

DRAWING 2 

NOTTO SCALE 
All Tolc:rn.nces ± 0.1 mm 
unkss otherwise: specified 
Material : Mild Steel 
Units : mm 

; . 
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Drawings of the Calibration Jig 

LOCKING PIN ( 1 ) and BOTTOl\!l JIG ( 2) 

( 1.) 

S!DE 'v'!E'YV 

.... -- -- ----..... i .. --.. 
-----t------------------------+------ ¢ 9. 05 ± 0.01 

·················r--·-·.-

45 .0 

( 2.) 

SIDE VIEW 

1-+2 .0 

106 .0 

~ 45 .0 101 .0 
. . . . 
~ 17 .5 ~ . . 
:~ ~: . . . . 

··~:~~-~~~-~~~--~-------------------------------15_.o_±..,..o:J_~~-·-·-~~- -~ 
. .. . . . , .... .... .. . 

-. : : +--

<¥ 9. 3 ± 0.05 

DRAWING 3 

NOTTO SCALE 

All Tolerances± 0 .1 mm 
unless otherwise specified 
Material : Mild Steel 
Units :mm 

4> 30.0± 0.01 I 
·· - ···· ······ ······· ·· 

3 mm Allen screw 
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Illustration of Results from Calibration Procedure 

rn 
rn 
Q) ... _ - ~ en o.. 
... ::JC:: 
~Q) 
.r= 
en 

400 
350 

300 

250 

200 

150 

100 

50 

0 

0 

350 

300 .. 
a. 250 ::.:: 

"' 200 
"' 41 
!: 150 Cll ... .. 

100 41 
.= 
Cll 

so 

0 

Analysis of Experimental vs Zwick 
Test 2 

400-.------------------~ 
350 
300 
250 
200 
150 
100 

50 
O+-----+------+------+-----"-~ 

0 

0 5 

10 

10 20 30 40 

Time (sec) 

Analysis of Experimental vs Zwick 
Test 3 

20 30 

Time (sec) 

Analysis of Experimental vs Zwick 
Test4 

10 15 20 25 30 35 

Time (sec) 

40 

40 

· · · · · · Experimental 

---Zwick 

• • • • • · Experimental 

---Zwick 

• • • • • · Experimental 

---Zwick 
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Illustration of Numerical Results from the Calibration Procedure 

Wave View for Dos 1.24 Multiboar Modulus Poisson !Abaqus I Amp Zwick 
5682 samples at 50 Hz in burst m 1.87E+09 0.35 ! 0.887 1 347.28 347.359 I 
Input range : -10 to +10 volts I I 
3 channe ls sampled : 0 1 2 I I I 
First sample taken at 03/06/96 14:39:02 
Test No 5 I I 
Data is in float (volts) format I i Vertical 45 ' Horizontal l Shear 

Experimental Voltage Voltage Voltage Strain Strain Strain Angle 

number ltime(s) Stress (Kpa) 1 2 \ J I 1 2 J I 
01 01 27.95951588 1 0.242 0.579 0.168 1.2E-05 5.5E-05 8.00E-06 1 4.54E-05 
3 0.02 29.02253748 0.261 0.603 1 0.173 1.2E-05 5.7E-05 8.2E-06 \ 4.71 E-05 
6 0.04 1 28 .9128431 0.3 0.613 j 0.183 1.4E-05 5.8E-05 8.7E-06 4.7E-05 
91 0.06 29 .83827865 0.291 I 0.628 1 0.188 1.4E-05 6E-05 9E-06 1 4.85E-05 

121 0.08 1 31 .39015269 0.286 0.652 0.183 1.4E-05 6.2E-05 8. 7E-06 5.1 E-05 
151 0.1 31.29120454 1 0.33 0.662 1 0.188 1.6E-05 J 6.3E-05 9E-06 5.08E-05 
18 0.12 31 .84127436 0.344 0.676 0.193 1.6E-05 6.4E-05 9.2E-06 1 5.17E-05 
21 0.14 33 .34921851 0.325 0.696 0.188 1.SE-05 6.6E-05 9E-06 I 5.42E-05 
24 0.16 35.43515814 0.335 0.73 0.173 1.6E-05 7E-05 8.2E-06 5.76E-05 
27 0.18 34.81745542 0.379 0.735 1 0.193 1.8E-05 7E-05 9.2E-06 \ 5.66E-05 
30 0.2 35 .71924147 0.383 0.75 i 0.188 1.8E-05 7.1 E-05 9E-06 i 5.8E-05 
33 0.22 35.97581686 0.354 0.745 0.178 1.7E-05 7.1 E-05 8.5E-06 ! 5.84E-05 
36 0.24 \ 35 .5060547 0.383 0.745 i 0.183 1.8E-05 7.1E-05 8.7E-06 1 5.77E-05 
39 0.26 35.85847691 0.418 0.759 0.183 2E-05 7.2E-05 8.7E-06 5.82E-05 
42 0.28 35.87733458 0.393 0.755 0.188 1.9E-OS 7.2E-OS 9E-06 5.83E-05 ' 

45 0.3 36.65899872 0.374 0.764 1 0.188 1.8E-05 7.3E-05 9E-06 1 5.95E-05 
48 0.32 35.84469279 I 0.413 0.759 0.188 2E-05 7.2E-05 9E-06 5.82E-05 
51 0.34 3 7 .15853009 0.418 0.784 0.193 2E-05 7.5E-05 9.2E-06 6.04E-05 
54 0.36 37.12208371 0.393 0.779 0.198 1.9E-05 7.4E-05 9.4E-06 6.03E-05 
57 0.38 37.73005237 0.393 0.784 0.178 1.9E-05 7.SE-05 8.5E-06 6.13E-05 
60 0.4 37 .07908304 0.418 0.784 0.198 2E-05 7.5E-05 9.4E-06 1 6.02E-05 
63 0.42 37 .23809614 0.418 0.784 0.188 2E-05 7.5E-05 9E-06 1 6.05E-05 

66 1 0.44 38.31436147 0.393 0.794 0.178 1.9E-05 7.6E-05 8.5E-06 ! 6.22E-05 
69 0.46 38.11405756 0.418 0.799 0.188 2E-05 7.6E-05 9E-06 1 6.19E-05 
72 0.48 1 37.76893293 0.432 0.799 0.198 2.1E-05 7.6E-05 9.4E-06 1 6.13E-05 
75 0.5 38.78573614 0.413 0.808 1 0.183 2E-OS I 7.7E-05 8.7E-06 1 6.3E-05 

78 0.52 38.10137143 0.403 0.794 0.183 1.9E-05 7.6E-05 8.7E-06 ! 6.19E-05 

81 I 0.54 1 37.62295932 0.427 0.794 0.1931 2E-05 7.6E-05 9.2E-06 i 6.11E-05 

84 0.56 38.97481659 0.403 1 0.813 1 0.198 1.9E-OS I 7.7E-05 9.4E-os : 6.33E-05 

87 1 0.58 1 39 .06542504 0.418 1 0.818 1 0.198 2E-OS I 7.8E-05 9.4E-06 i 6.35E-05 
90 0.6 1 38.58647038 1 0.432 0.813 0.198 2.1E-OS I 7.7E-05 9.4E-06 : 6.27E-05 

93 1 0.62 \ 39 .23718262 1 0.427 1 0.823 1 0.198 \ 2E-05 7.8E-05 9.4E-06 i 6.37E-05 

96 1 0.64 1 39 .02449421 I 0.437 1 0.823 0.203 1 2.1E-OS I 7.8E-05 9.7E-06 i 6.34E-05 

99 \ 0.66 38. 95800983 1 0.432 1 0.818 1 0.193 2.1 E-05 7.8E-05 9.2E-06 1 6.33E-05 

102 ! 0.68 1 39 .46255632 1 0.432 1 0.828 0.1981 2.1E-05 I 7.9E-OS I 9.4E-os: 6.41 E-05 
1051 0.7 1 39 .62154805 ! 0.432 1 0.828 0.1881 2.1E-OS I 7.9E-05 I 9E-06 ! 6.44E-05 

108 \ 0.72 1 39 .80930338 1 0.422 1 0.833 0.203 ! 2E-05 7.9E-05 I 9.7E-06 : 6.47E-05 
111 \ 0.74 1 39 .34319124 1 0.447 i 0.828 0.193 1 2.1E-OS I 7.9E-05 9.2E-06 i 6.39E-05 

114 i 0.76 1 39 . 03 76509 I 0.442 ! 0.823 1 0.1981 2.1 E-05 I 7 .8E-05 I 9.4E-06 6.34E-05 

1171 0.78 1 40.113519031 0.427 0.838 0.1981 2E-OS I 8E-05 9.4E-06 ' 6.52E-05 
120 0.8 1 40 .35969125 i 0.442 ! 0.847 1 0.203 1 2.1 E-05 j 8.1 E-05 9.7E-06 ! 6.56E-05 

1231 0.82 1 40.43912218 1 0.442 ! 0.847 0.198 \ 2.1 E-05 ' 8.1 E-05 9.4E-06 : 6.57E-05 
1261 0.84 \ 40.87716246 1 0.437 1 0.852 1 0.1 93 1 2.1 E-05 8.1 E-05 9.2E-06 6.64E-05 
129 ! 0.86 1 40 .28037039 1 0.432 1 0.842 1 0.1981 2.1 E-05 8E-05 9.4E-06 1 6.54E-05 
1321 0.88 1 40.65175607 ! 0.442 1 0.852 ! 0.203 1 2.1 E-05 i 8.1E-OS i 9.7E-06 1 6.6E-05 
135 1 0.9! 41 .15673421 ! 0.432 ! 0 857 1 0.1981 2 . 1E-05 ~ 8.2E-05 9.4E-06 6.69E-05 
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Illustration of Numerical Results from the Calibration Procedure 

138 1 0 . 92 ~ 40.585 1315 1 0.447 1 0.852 ! 0.2031 2.1E-05 1 8.1 E-05 1 9.7E-06 1 6.59E-05 
141 I 0.94 i 40 .824013 17 0.447 ! 0.852 ! 0.188 i 2.1E-05 i 8.1E-05 j 9E-06 : 6.63E-05 
144 , 0.96 · J. 1. 39465302 ~ 0.4.Q : 0.362 ' 0.193 1 2.1C:-05 · 8.2E::-05 i 9.2E-06 · 6.72::-os 
147 : 0.98 : 41 .23593248 0.432 ! 0.857 ! 0.193 1 2.1 E-05 [ 8.2E-05 ! 9.2E-06 i 6.7E-05 
150 1 1 : 41.47417405 0.452 ! 0.867 1 0.198 1 2.2E-05 i 8.3E-05 i 9.4E-06 ! 6.74E-05 
153 1 1.02 ' 41 .24864426 0.447 0.862 : 0.1 98 i 2. 1 E-05 i 8.2E-05 j 9.4E-06 i 6.7E-05 
156 1 1.0.d f 41.97872797 0.452 ! 0.877 ! 0.203 2.2E-05 i 8.4E-05 i 9.7E-06 i 6.82::-os 
159 1 1.06 i 41.62016599 0.447 1 0.867 1 0.193 1 2.1 E-05 ! 8.3E-05 ' 9.2E-06 · 6.76E-05 
162 ! 1.08 : 42.25838452 0.437 i 0.877 1 0.198 1 2.1 E-05 i 8.4E-05 9.4E-06 : 6.86E-05 
165 1 1 .1 : 42.65049056 0.447 1 0.886 1 0.198 1 2.1 E-05 i 8.4E-05 9.4E-06 i 6.93E-05 
168 1 1.1 2 ' 42.21735827 0.452 : 0.877 1 0.188 2.2E-05 : 8.4E-05 9E-06 i 6.86E-05 
171 i 1.14 1 42.45090707 0.462 0.886 0.198 2.2E-05 I 8.4E-05 9.4E-06 6.9E-05 
1741 1.16 1 41 .60730951 I 0.452 0.872 0.208 2.2E-05 j 8.3E-05 9.9E-06 l 6.76E-05 
177 1.18 : 42.65049056 0.447 0.886 1 0.198 2.1E-05 i 8.4E-05 9.4E-06 ! 6.93E-05 
180 1.2 : 42.42968935 0.452 0.882 1 0.193 1 2.2E-05 I 8.4E-05 ! 9.2E-06 ! 6 .89E-05 
183 1.22 : 42.75637827 1 0.457 1 0.886 1 0.183 2.2E-05 l 8.4E-05 8.7E-06 1 6.94E-05 
186 1.24 1 43.60604915 1 0.447 1 0.901 0.193 2.1 E-05 I 8.6E-05 ' 9.2E-06 ! 7.08E-05 
189 1 1.26 1 43.26043074 1 0.457 0.896 0.188 2.2E-05 I 8.5E-05 9E-06 1 7.03E-05 
192 1 1.28 1 43.46000454 0.462 0.906 0.208 2.2E-05 j 8.6E-05 9.9E-06 I 7.06E-05 
195 1.3 ! 43.69836373 0.462 0.906 0.193 1 2.2E-05 I 8.6E-05 I 9.2E-06 I 7.1 E-05 
198 ! 1.32 ! 43 .38075573 0.452 ! 0.901 0.203 1 2.2E-051 8.6E-05 9.7E-06 i 7.05c-05 
201 1.34 ! 43 .71164235 0.471 

' 
0.911 I 0.203 1 2.2E-05 j 8.7E-05 9.7E-06 \ 7.1 E-05 

204 1 1.36 1 42.70356032 0.471 0.891 0.193 2.2E-05 I 8.5E-05 9.2E-06 6.94E-05 

207 1 1.38 1 43.5656558 0.466 0.906 0.198 2.2E-05 I 8.6E-05 9.4E-06 7.08E-05 

210 1 1.4 i 44.44163385 I 0.466 0.921 0.198 2.2E-05 J 8.8E-05 9.4E-06 7.22E-05 
213 1 1.42 1 44.14962565 0.476 1 0.921 0.208 1 2.3E-05 I 8.8E-05 9.9E-06 i 7.17E-05 
216 1.44 ! 44 .21617595 0.471 I 0.921 0.208 2.2E-05 ! 8.8E-05 I 9.9E-06 1 7.18E-05 

219 1 1.46 1 44.81315051 0.466 1 0.926 0.193 2.2E-05 I 8.8E-05 9.2E-06 i 7.28E-05 

222 1 1.48 j 45.12630992 0.466 0.93 0.188 2.2E-05 J 8.9E-05 ' 9E-06 i 7.33E-05 
225 1.5 ! 45 .04674913 0.466 1 0.93 0.193 2.2E-05 j 8.9E-05 9.2E-06 i 7.32E-05 

228 1 1.52 ! 44.91404992 1 0.476 1 0.93 0.193 2.3E-05 I 8.9E-05 9.2E-06 i 7.3E-05 
231 1.54 1 44 .83435208 0.476 1 0.93 0.198 2.3E-05 I 8.9E-05 1 9.4E-06 1 7.28E-05 

234 1 1.56 ! 44 .90074885 0.481 0.935 1 0.208 2.3E-05 J 8. 9E-05 9.9E-06 i 7 .29E-05 

237 1 1.58 ! 45.26268303 0.471 0.94 0.212 1 2.2E-05 1 9E-05 j 1 E-05 i 7.35E-05 
240 1 1.61 45.40536654 0.471 1 0.94 0.203 1 2.2E-05 \ 9E-05 9.7E-06 i 7 .38E-05 

243 1 1.62 : 45 .64387586 1 0.481 i 0.945 1 0.198 2.3E-05 i 9E-05 i 9.4E-06 1 7.41 E-05 

246 1.64 ; 45.36557595 0.486 0.94 1 0.1 93 1 2.3E-05 1 9E-05 1 9.2E-06 i 7.37E-05 
249 1 1.66 · 45 .8562718 ! 0.471: 0.945 i 0.193 1 2.2E-05 i 9E-05 J 9.2E-06 i 7.45E-05 

252 1 1.68 : 45.84347846 j 0.476 1 0.951 0.208 ! 2. 3E-05 i 9E-05 i 9.9E-06 i 7.45E-05 

255 1 1.7 ' 46.01549155 1 0.481 I 0.95 1 0.193 \ 2.3E-05 i 9E-05 i 9 .2E-06 : 7.47E-05 

258 1 1. 72 : 45.71027188 i 0.486 \ 0.95 0.208 ! 2.3E-05 i 9E-05 i 9.9E-06 : 7.42E-05 
261 : 1.74 46 .09524478 ! 0.491 l 0.95S i 0.198 ! 2.3E-05 1 9.1E-05 i 9.4E-06 . 7.49E-05 

264 : 1.76 45 . 72618036 ! 0.496 1 0.955 i 0.217 i 2.4E-05 1 9.1E-05 i 1 E-05 7.43E-05 
257 ; 1.78 46.44030814 ! 0.481 l 0.96 1 0.203 1 2.3E-o5: 9.1E-051 9. 7E-06 : 7.54E-05 
270 '. 1.8 46 .66579451 ! 0.486 1 0.965 i 0.203 ! 2.3E-05 i 9.2E-05 1 9.7E-06 : 7.58E-05 

273 i 1.82 : 46 .51979494 1 0."491 1 0.965 i 0.208 1 2.3E-05 i 92E-05 i 9.9E-06 : 7.56E-05 
276 ' 1.84 46 .89940138 ! 0.486 1 0.969 1 0.203 1 2.3E-o5 : 9.2E-05 i 9.7E-06 · 7.62E-05 

279 : 1.86 46 .66579451 I 0.486 i 0.965 i 0.203 1 2.3E-05 1 9.2E-05 1 9. 7E-06 7. 58E-05 
282 : 1.88 . 46 .83584267 : 0.496 1 0.974 : 0.217 ; 2.4E-05 i 9.3E-05 i 1 E-05 7.61 E-05 
285 1.9 47 .04541034 1 0.491 ! 0.974 1 0.208 , 2.3E-05· 9. 3E-05 1 9.9E-06 7.64E-05 
288 : 1.92 47 .62948137 : 0.491 ! 0.984 1 0.208 1 2.JE-05 ; 9.4E-05 ! 9.9E-06 7.74E-05 
291 , 1.94 : 47 .50996741 i 0.496 1 0.979 1 0.193 ; 2.4E-05 i 9.3E-05 \ 9.2E-06 : 7.72E-05 
294 . 1.96 · 47 .27091934 1 0.496 i 0.979 i 0.208 i 2.4E-05 9. 3E-o5 : 9.9E-06 7.68E-05 
297 : 1.98 47.56599479 1 0.491 I 0.984 , 0.2121 2.3E-05 : 9.4E-05 1 1 E-05 7.73E-05 
300 ! 2 47 66914009! 0.51 ' 0.989 ! 0.208 2.4E-05 9.4E-os : 9.9E-06 7.74-E-05 
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Illustration of Numerical Results from the Calibration Procedure 

303 1 2.02 1 47 .59211923 1 0.505 j 0 989 ! 0.217 1 2.4E-05 [ 9.4E-05 1 1E-05 1 7.73E-OS 
306 1 2.04 43 .31948775 0.501 0.994 i 0.193 1 2.4E-05 / 9.5E; -05 i 9.2E-06 ! 7.85c::-05 

I 309 1 2.c6 : 48 .16003305 i 0.501 1 0.994 i 0.203 i 2.4E-05 i 9.SE-os : 9.7E-06 l 7.82=:-os 
312 : 2.08 1 43.59798195 0.496 / 0.999 1 0.198 i 2.4E-05 I 9.5E-05 1 9.4E-06 i 7.89E-05 
315 1 2.1 i 48 .3060124 1 0.496 1 0.994 1 0.198 1 2.4E-05 9.5c-05 1 94E-06 7.85E-05 
318 j 2.1 2 ! 43 . 95968802 I 0.496 1 1.009 j 0.212 2.4E-05 9.6E-05 ! 1E-05 j 7.95c-o5 
321 I 2.14 1 48 .7439721 1 I 0.501 I 1.004 1 0.203 2.4E-05 9.6E-05 : 9.7E-06 1 7.92E-05 
324 1 2.1 6 1 48.60090429 / 0.501 1.004 / 0.212 2.4E-05 i 9.6E-05 1 1 E-05 l 7.89E-05 
327 1 2.18 48.83966774 [ 0.505 i 1 009 1 0.212 2.4E-05 9.6E-05 ! 1E-05 i 7.93E-05 
330 1 2.2 ! 49.035963 1 0.501 / 1.009 / 0.203 / 2.4E-05 J 9.6E-OS , 9. 7E-06 7.96E-05 
333 ! 2.22 i 49.25678652 0.496 ! 1.013 / 0.208 2.4E-05 j 9 .6E-OS ; 9.9E-C6 1 8E-05 
336 2.24 1 49 .72091033 0.505 1.023 / 0.208 1 2.4E-05 9.7E-05 1 9.9E-06 J 8.08E-05 
339 2.26 i 49.44200541 I 0.51 1.018 1 0.203 2.4E-05 / 9.7E-05 i 9.7E-06 8.03E-05 
342 1 2.28 1 50 .22509391 0.501 1.028 1 0.198 1 2.4E-05 / 9.8E-05 J 9.4E-06 1 8.16E-05 
345 / 2.3 \ 49.65438171 0.51 i 1.023 / 0.208 2.4E-05 9.7E-05 9.9E-06 8.07E-05 
348 1 2.32 1 50 .01295437 0.505 1 1.028 1 0.208 1 2.4E-05 9.8E-05 1 9.9E-06 1 8.12E-05 
351 I 2.34 49.9494689 0.505 1.028 1 0.212 2.4E-05 9.8E-05 1 E-05 8.11 E-05 
354 2.36 50.1719161 5 0.515 1.033 1 0.208 2.5E-05 9.8E-05 / 9.9E-06 8.15E-05 
357 1 2 .38 49.94638457 / 0.51 1.028 1 0.208 2.4E-05 9.8E-05 9.9E-06 8.11 E-05 
360 2.4 / 50 .171 91615 / 0.515 1.033 1 . 0.208 2.5E-05 9.8E-05 1 9.9E-06 8.15E-05 
363 / 2.42 ! 50 .38759957 0.51 1.038 ! 0.217 1 2.4E-05 9.9E-05 1 1 E-05 8.18E-05 
366 1 2.44 1 50 .62314826 0.515 1.038 / 0.198 1 2.5E-05 9.9E-05 9.4E-06 8.22E-05 
369 / 2.46 50.33382086 0.52 1.038 1 0.212 2.5E-05 9.9E-05 1 E-05 8.18E-05 
372 2.48 50.75898441 0.51 1.043 1 0.212 2.4E-05 9.9E-05 1 E-05 8.24E-05 
375 1 2.5 51 .06105289 0.52 1 1.048 / 0.203 2.5E-05 1 E-04 / 9.7E-06 8.29E-05 
378 2.52 1 50. 83835428 1 0.52 1.048 1 0.217 2.5E-05 1E-04 1 E-05 8.26E-05 

381 2.54 1 51 .11787897 0.515 1.053 1 0.222 2.5E-05 0.0001 / 1.1 E-05 8.3E-05 
384 1 2.56 51 .05106647 0.52 1.053 / 0.222 / 2.5E-05 0.0001 1.1 E-05 8.29E-05 

387 / 2.58 1 50.99735542 0.53 / 1.053 1 0.217 2.5E-05 0.0001 1 E-05 8.28E-05 
390 2.6 51 .78980161 0.51 . 1.062 ! 0.217 2.4E-05 0.0001 1 E-05 8.41 E-05 
393 2.62 1 51 .58946609 0.525 1.062 1 0.217 1 2.5E-05 I 0.0001 1 1 E-05 I 8.38E-05 
396 2.64 52.39610352 0.525 1.072 / 0.203 1 2.5E-05 I 0.0001 9.7E-06 8.51 E-05 
399 2.66 1 51 .87855817 0.52 1.062 1 0.203 2.5E-05 0.0001 1 9.7E-06 8.43E-05 

402 1 2.68 1 51.735437 0.52 ! 1.062 ! 0.212 2.5E-05 ' 0.0001 i 1 E-05 l 8.4E-05 -
405 / 2.7 1 52.39610352 1.072 ! 0.0001 i 9.7E-06 1 8.51 E-05 0.525 0.203 2.5E-05 
408 2.72 52.46563845 0.525 1.077 1 0.217 2.5E-05 0.0001 1 E-05 1 8.52E-05 
411 1 2.74 1 52.31960199 0.53 1.077 / 0.222 2.5E-05 0.0001 i 1.1E-05 1 8.5E-05 
414 ! 2.76 1 52.69102993 1 0.53 1 1.082 ! 0.217 ! 2.5E-05 1 0.0001 l 1E-05 i 8.56E-05 
417 ! 2.78 1 52.4 7845513 0.54 1 1.082 ! 0.222 \ 2.6E-05 ! 0.0001 : 1.1E-05 i 8.52E-05 
420 1 2.81 53 .195865721 0.52 ! 1.087 1 0.212 1 2.5E-05 0.0001 1 1 E-05 i 8.64E-05 
423 1 2.82 ! 52.91647649 1 0.535 ! 1.087 l 0.217 ! 2.5E-05 I 0.0001 t 1E-05 1 8.6E-05 
426 ' 2.84 1 53 .4211928 0.525 1 1.092 \ 0.212 \ 2.5E-05 j 0.0001 : 1 E-o5 ; 8.68E-05 
429 1 2.86 1 53 .42955396 1 0.53 1 1.096 i 0.222 ! 2.5E-05 i 0.0001 ; 1 .1 E-05 i 8.68E-05 

432 : 2.88 : 53 .28797779 1 0.535 i 1.092 ' 0.212 : 2.5c-05 I 0.0001 : 1 E-05 · 8.66C:-05 
435 i 2.9 ' 52 .99598024 1 0.545 1 1.092 ! 0.222 : 2.6E-05 l 0.0001 , 1.1E-05 : 8.61E-05 
438 ! 2.92 : 53.65170108 I 0.53 ! 1.096 ! 0.208 ! 2.5t:-05 i 0.0001 . 9.9E-06 1 8.71E-05 

441 : 2.94 : 53 .50881739 1 0.53 1 1.096 1 0.217 i 2.5E-05 I 0.0001 . 1E-05 i 8.69E-05 
444 , 2.96 1 53 .86773914 1 0.535 ! 1.106 ! 0.221 : 2.5E-05 \ 0.00011 ; 1 .1 E-051 8.75C:-05 1 
447 '. 2 .98 1 53.800907 1 0.53 1 1.101 i 0.217 1 2.5E-05 I 0.0001 ' 1E-05 1 8.74E-05 
450 1 3 54.30594953 1 0.53 ; 1 111 ' 0.222 ! 2.5C:-05 \ 0.00011 , 1.1E-05 1 8.82E-05 

453 ! 3.02 ! 54 .51904439 ! 0.52 1 1 .111 ! 0.217 1 2.5E-05 1 0.00011 ! 1E-05 i 8.86E-05 

456 1 3.04 i 54 .39768282 1 0.535 1 1 . 111 : 0.212 ! 2.5E-05 i 0.00011 ! 1 E-05 ! 8.84E-05 
459 1 3.06 1 54.47711527 1 0.545 ! 1.116 I 0.217 1 2.6E-05 i 0.00011 ' 1c:-05 , 8.85E-05 
462 ~ 3.08 : 54 .17229248 i 0.54 1 1 .111 0 222 1 2.6E-05 1 0.00011 i 1.1E-05 i 8.8E-05 
455 : 3.1 54 .91515812 ' 0.54 1 1.121 0.212 ! 2.6E-05 ! 0.00011 ! 1E-05 i 8.92E-05 
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Analysis of Data between 8 and 12 Microstrain 

Assessment of strains measured below and above 10 microstrain 
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---Strains above and below 10 
microstrain 

• Linear (Strains above and 
below 10 microstrain) 

y = 5E-07x + 9E--06 

Strains from 10 to 12 microstrain 
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6 

---Strains above 10 microstrain 

• Linear (Strains above 10 
microstrain) 

Slope= 5E-07x + 9E--06 
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Analysis of Data between 8 and 12 Microstrain 
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microstrain) 

Slope= 5E-07x + 9E-06 
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Best fit curve equations 

Test No Zwick input curve 

1 y=0 .037x"2+6 .8129x+25 .77 
R"2=0 .9994 

2 y=0 .0296x"2+7.51 91x+18.519 
R"2=0 .9994 

3 y=0 .0296x"2+7.3728x+16.545 
R"2=0.9997 

4 y=0 .0291x"2+7.3499x+16.057 
R"2=0.997 

5 y=0.0463x"2+6.7636x+31.063 
R"2=0.9998 

6 y=0.0501x"2+6.6356x+27.481 
R"2=0.9998 

7 y=0.0529x"2+6.585x+26.975 
R"2=0. 9997 · 

8 y=O.d579x"2+6.3708x+25.709 
R"2=0.9996 

9 y=0.0614x"2+6.2746x+25 .589 
R"2=0.9995 

10 y=0.0594x"2+5 .6495x+27.937 
R"2=0.9999 

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=0.9996 

3 y=0.021x"2+7.7024x+26.206 
R"2=0 .9994 

4 y=0 .0209x"2+7.9879X+20.812 
R"2=0.9994 

5 y=0.0535x"2+6.2499x+34.146 
R"2=0.9999 

6 y=0.0493x"2+6.3371 x+35.418 
R"2=0.9999 

7 y=0.0583x"2+5.9723x+38 .95 
R"2=0.9999 

8 y=0.0566x"2+5 .8951 x+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 .9999 
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APPENDIXE 

F- SCAN INSOLE 

I. F-SCAN INSOLE 
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• .. 

APPENDIXF 

IN-SHOE TEST RESULTS 

I. ILLUSTRATION OF RESULTS OBTAINED DURING THE 

ANALYSIS TESTS 

II. ANALYSIS PERFORNfED ON THE RES UL TS 

200 
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Illustration of results obtained during the Analysis Tests 
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Illustration of results obtained during the Analysis Tests 
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Analysis performed on the Results 

Test No AJP 
Average Time StDev Gait Time 

1149.333333 43.362042 3 1143 
1227 
1120 
1169 
1109 
1128 

1138.428571 47.077444 4 1182 
1128 
1166 
1060 
1173 
1169 
1091 

1149.6 38.095932 2 1144 
1167 
1149 
1092 
1196 

1146.857143 31.077476 1 1140 
1121 
1125 
1137 
1129 
1208 
1168 

1143.4 50.796653 5 1144 
1136 
1163 
1207 
1067 

Average Steps 6.6 
Combined Combined 
Average StDev I 

1145.266667 39 .46883 I I 
I I 
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Analysis performed on the Results 

I I 
TestNo M L !A p 

Magnitude Mean 3 20.6 -74.1 I 9.2 -65 .2 
4 20.1 -58.4 14.6 -75.5 
2 19.7 -55.7 13.8 -68 .4 
5 19.2 -64.21 13.1 -53.1 
1 20.5 -75.61 7.9 -54.8 

Average 20 .02 -65.6 11 .72 -63 .4 
St Dev 0.580517011 9.000833 2.977751 9.416740413 

MIL AIP 
Datum Value 3 119.6 107 

" 89.4 117.2 
2 90.3 91.8 
5 80.6 111 .3 
1 109.4 120.9 

Average 97.86 109.64 
StDev 16.06573995 11.31296 

M L A p 
Max Values 3 20.8 -74.6 9.6 -65.7 

4 23.2 -95.71 20.3 1 -100.91 
2 27.5 -110.2 14.2 -83 .4 
s 23.4 -88.71 13.1 -63.6 
1 25.1 -87.4 8.4 -69.3 

Average 24 -91.32 13.12 -76.582 
StDev I 2.484954728 13.01372 4.674077 15.63900956 




