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Summary

Summary

This thesis is concerned with the design and building of a foot pressure system capable of 
measuring the pressure distribution underneath the diabetic foot. The system is developed to 
have a higher resolution and be more cost-effective than existing commercial systems.

The biomechanics of the foot and ankle is explained in detail, providing an explanation for the 
relationship between high pressures and ulcerations. Various techniques of measuring foot 
pressure are reviewed, providing a thorough understanding of the advantages and disadvantages 
of each technique.

The system developed uses the technique of interferometry, which is discussed in detail, 
explaining why the Fizeau Interferometer technique was chosen over other interferometer 
techniques. A number of materials were tested as to their suitability to be used as the pressure 
plate in the system i.e. compression/force relationship. From the results 'Perspex' was found to 
be the most suitable material. Two fringe-processing software packages were tested i.e. Fringe 
Processor 2 and Fringe Pattern Analysis (FRAN), with Fringe Processor 2 being chosen for this 
research. A graphical user interface for image display was created in order to display and 
analyse the various pressure images.

Three prototypes were implemented. The first used a variation on the Fizeau interferometer, the 
second used a variation on the Twyman Green interferometer, whilst the third improved on the 
use of the variation of the Fizeau interferometer. By analysing the advantages and disadvantages 
of each prototype, the 3 rd prototype was chosen as the most suitable for achieving the aims and 
objectives of this research. This prototype was subjected to various tests i.e. resolution, 
measurable area, repeatability, calibration, short term reliability and sensitivity to heat. Various 
normal and pathological foot measurements were taken and analysed, and the effectiveness of 
the image display graphical user interface tested.

The main contribution of this thesis is the use of interferometry to measure pressure. This in 
turn provides a foot pressure system, which has extremely high resolution and accuracy. The 
simple nature of the new pressure system also means that the entire system is very cost 
effective.
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Glossary

Glossary

Abduction: Angulation of a joint towards the midline.

Adduction: Angulation of a joint away from the midline.

Atherosclerosis: The progressive narrowing and hardening of the arteries over time.

Corona] plane: A vertical plane from head to foot and parallel to the shoulders.

Diabetic Neuropathy: Deterioration of peripheral nerves that make us sensitive to pain, of the 
motor nerves that control muscles, and of the autonomic nervous system.

Dorsiflexion: Motion occurring on the sagittal plane during which the dorsal aspect of the foot 
moves towards the tibia.

Lateral Plane: Away from the midline of the body e.g. little toe.

Medial Plane: Towards the midline of the body e.g. big toe.

Metatarsal heads: Location at which the metatarsal bones join the phalanges.

Peripheral arterial disease/ Ischemia: A narrowing of the blood vessels in the legs or arms. 
This narrowing is caused by fatty plaque build-up along the walls of the arteries.

Phalanges: Bones that form the toes.

Plantar aponeurosis: A fibrous structure that lies beneath the skin and subcutaneous tissue of 
the sole. It's acts as a major 'tie beam' for the longitudinal arches of the foot.

Plantar Pressure Sensor: Sensor that measures the vertical pressures of the foot

Plantarflexion: Motion occurring on the sagittal plane during which the dorsal aspect of the 
foot moves away from the tibia.

Sagittal plane: The longitudinal vertical plane that divides the structure into two halves (left 
and right).

Ulceration: An infection that works its way into the foot, creating a hole and is extremely 
difficult to treat.
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Chapter 1

Introduction
'Discovery consists in seeing what everyone else has seen and 
thinking what no one else has thought.' 
Albert Szent-Gyorgi

This chapter contains a detailed introduction as to the reasons behind this research i.e. the effect 

of diabetes on the feet, the importance of scanning diabetic feet and a description of how 

interferometry is to be used for the first time to measure foot pressure. The objectives of the 

research are then described, concluding with a basic description of the content of each chapter.

1.1 Introduction

Skin ulceration of the foot is a major risk factor for amputation, and prevention of the 

irreversible complications of diabetic neuropathy is a major priority in patient care. Orthopaedic 

pressure sensors are invaluable in the study of plantar pressure and diagnosis of plantar 

ulceration in the neuropathic diabetic foot(Gavin et al., 1993), (Cavanagh et al., 1997). Diabetic 

foot problems are of great clinical and economic importance and are frequently life threatening 

(Cavanagh and Ulbrecht, 1993). A combination of peripheral neuropathy and vascular 

insufficiency predisposes the diabetic foot to physical trauma and ulceration. It has been 

estimated that lower leg amputations in diabetic patients account for more than 50% of all 

amputations that are performed and that 2/3 of these arise as a result of traumatic ulceration of 

the foot. The importance of high foot pressures in the insensitive diabetic foot in the causation 

of ulceration has been confirmed in a prospective study: 28% of neuropathic feet with high
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pressure ulcerated during a 2 V2 -year follow-up period whereas no feet with normal pressure 

ulcerated (Veves et al., 1992). Elevated plantar foot pressure has been identified as a risk factor 

for foot ulceration in people with diabetes and the early detection of changes in foot pressure is 

essential to prevent further development of foot ulceration (Ulbrecht et al., 1994). 

The measurement of vertical forces have been analysed extensively using various sensors e.g. 

capacitive, resistive & piezo-electric (Cobb and Claremont, 1995), (Alexander et al., 1990); 

(Lord, 1981). These techniques are dependent on the reliability of the transducers, the available 

pressure range of the device, the accuracy at high pressures and most importantly the pressure 

range measured. For devices that use discrete elements i.e. transducers, an accurate calibration 

method is required. Alternatively the simple approach of taking the average of the elements 

active in the contained situation can be used. Major effects on the absolute values of the 

pressures obtained are dependent on how often the device must be calibrated and the spatial 

resolution as a consequence of element size. The smaller the sensor, the larger the apparent 

pressure recorded in the same region under the foot. An array of these sensors in order to 

achieve this task would mean a relatively poor resolution and/or a high cost. 

A low resolution pressure system would not be able to produce detailed pressure measurements 

across the foot. The measurements would also not be very accurate due to the averaging across 

the area of the individual sensors, thus preventing the system from being used as a research tool. 

An expensive pressure system with a high resolution would be fine as a research tool but would 

not be suitable for diabetic clinics, due to their limited financial resources. The diabetic clinics 

are where the foot pressure systems are most desperately needed, in order to scan the feet of 

those that are risk. An ideal pressure system would therefore be one that measures forces 

accurately, have a high spatial resolution and be cost effective (Rhodes et al., 1988). 

The measurements of surface deformations have been highly successful using interferometry 

techniques, where the fringe pattern corresponds to a surface shape and displacement (Robinson 

and Reid, 1993). The fringe pattern technique is very effective and allows a very high resolution
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of the surface pattern. The technique of acquiring the surface images is always constant, i.e. 

superposition of a reference beam and a test beam generated by an interferometer.

1.2 Aims & Objectives

The aim of this research was to design and build a plantar pressure system for use as a research 

and clinical device. The research uses interferometry to measure surface variations in a material 

in order determine the pressure and shape of an applied object i.e. foot. By applying a coherent 

light source through an optically clear material and deforming one of the surfaces, the 

interferogram changes, depending on the shape and amount of deformation made to the surface. 

Analysing various optically clear materials that compress sufficiently when pressure was 

applied enabled a suitable pressure plate to be chosen. In order to be a useful research tool the 

device will possess the following criteria:

i. Extremely high resolution

ii. Highly accurate measurements

iii. Large pressure range

In order to be an effective clinical tool the device will also have to possess the following 

criteria:

iv. Automated measurement 

v. Cost effective

1.3 Outline of the thesis

Chapter 2 contains a detailed explanation of the mechanics of motion of the foot and ankle, 

describing the forces produced during standing and walking. The various pathologies that affect 

the foot and ankle are then dealt with, with a detailed explanation of diseases, which cause foot 

abnormalities, with a strong emphasis on diabetes mellitus. The reason behind foot pressure
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measurements of patients with diabetes is also dealt with.

Chapter 3 contains an introduction to the field of force plates and foot pressure systems, with 

reference to static and dynamic measurements. The chapter enables a detailed understanding of 

the development offeree plates and foot pressure systems. A brief history offeree plates and a 

detailed explanation of how they work is followed by a brief history of foot pressure systems 

and a detailed explanation of the various techniques used. A brief history of the in-shoe pressure 

system and a detailed explanation of the various techniques used is provided. Finally a reason 

why a barefoot measurement device is developed rather than an in-shoe device is given.

Chapter 4 describes the basic formation of an interference pattern and an overview of the theory 

of interferometry and its applications. The basic understanding of the nature of light is described 

along with the use of interferometers today. A review is given of how each interferometry 

technique would perform in its ability to measure pressure. The chapter concludes with the 

reasons for the chosen interferometry technique to be used in this research i.e. extremely high 

resolution, accurate measurements & large measurable area.

Chapter 5 contains the theory behind fringe analysis, including the techniques used. The 

suitability of two fringe analysis software packages is examined, giving reasons for the choice 

of one over the other. The properties of the image display software created for this research is 

explained, with the Graphical User Interface (GUI) described in detail, concluding with the ease 

of use and cost of the software.

Chapter 6 discusses in detail each area of the proposed system i.e. pressure platform, CCD 

camera & material testing. Three prototypes were built, the advantages and disadvantages of 

each are dealt with and analysed e.g. measurable area & cost.

Chapter 7 contains all the key results from all the tests carried out on each of the 3 prototypes
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described in chapter 6. The tests include the resolution of each prototype, the size of the foot 

pressure measurable area, repeatability, calibration, long term reliability and sensitivity to heat. 

Normal and simulated foot pathology measurements are made and the effectiveness of the 

image display graphical user interface, described in chapter 5, is tested. Each result is analysed 

and commented on its importance.

Finally, Chapter 8 presents the conclusions and makes suggestions for future research.

1.4 Summary

This chapter provides an overall concept of why this research is required i.e. diabetic feet 

requiring their plantar pressures to be measured regularly to prevent/control ulcerations, and the 

new method by which this research is to address the problem i.e. using an interferometry 

technique in a novel way in order to measure the pressure and shape of an applied abject. The 

chapter provides detailed objectives for the new pressure sensor, separating them into those 

required for it to be used as a research and clinical device.
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Chapter 2

Biomechanics of the 
Foot and Ankle

'Coming events cast their shadows before.' 
Thomas Campbell

In order to understand the reasons behind this research, a thorough knowledge of the 

biomechanics of the foot and ankle are required. This chapter contains a description of the 

mechanics of motion of the foot and ankle. The various pathologies that affect the foot and 

ankle are then examined, focusing mainly on 'Diabetes Mellitus'. The reasons for taking foot 

pressure measurements in patients with diabetes are then dealt with.

2.1 Introduction

The movement of the foot and ankle is a series of complex events. The knowledge of how these 

individual events correspond to one another is essential in the understanding of how the foot and 

ankle operate. A number of books have been published on this topic (Perry, 1992), (Rose and 

Gamble, 1994), (Hamill andKnutzen, 1995), (Craik and Oatis, 1995), (Nigg and Herzog, 1995), 

(Whittle, 1999). In a 'normal' foot and ankle movement, the pressures exerted by the foot are 

within certain thresholds i.e. the pressures are distributed evenly so that the individual 

components of the foot are not damaged. The ability to measure the pressures being applied by 

the foot is therefore very important in the overall analysis of the foot and ankle function. 

This chapter contains a detailed explanation of the mechanics of motion of the foot and ankle, 

describing the forces produced during standing and walking. Various forms of diseases, which
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cause foot abnormalities, are described with an emphasis on diabetes mellitus. The chapter ends 

with a detailed explanation of why foot pressure measurements are required in patients with 

diabetes. The anatomy of the foot and ankle is given in Appendix A.

2.2 Mechanics of motion

The process of human locomotion is defined as the ability of a person to walk from one point to 

another. During sustained walking, the speed and energy expenditure is kept at an optimum. The 

foot is an important link in providing feedback between the body and it's environment during 

gait. Each step begins with the foot being a flexible structure, unaware of the environment, and 

completes each step as a rigid lever in order to provide balance for the body. 

The field of biomechanics does not allow the foot to be considered as an isolated structure at the 

end of the lower extremity. The process of locomotion involves the entire body, therefore the 

entire lower extremity must be considered (Pope, 1984).

2.2.1 Ground forces 

2.2.1.1 Reaction

During the normal stance phase, with both feet on the ground, the body weight is distributed 

evenly with the normal ground reaction R of each foot being approximately equal to half the 

body weight. The pressure that the body exerts on the ground is inversely proportional to the 

area of contact, (Figure 2.1). Pressures exerted on small contact areas are not only damaging to 

the supporting surface e.g. stiletto heels, but also to the supported body e.g. bed sores.

Cx\ )l vVv\_,

III '
k. A 

(_
mi

k. A k, A k. 

_|

R R R

(a) Whole foot in (b) Toe contact only: (c) Ski or snowshoe worn: 
contact small area, high large area, low pressure 

pressure

Figure 2.1: Varying pressure for the same ground reaction
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When walking, the weight is generally shared unequally, between the two feet. To simplify the 

system it is assumed that only one foot will be in contact with the ground at any given moment 

i.e. going through the processes of heel-strike, support and toe-off, (Figure 2.2), while the other 

is swinging through the air. The normal ground reaction R2 during the support stage is 

approximately equal to the body weight W, whereas the reaction during the other two phases 

(Rl and R3) both exceed W due to the existence of other vertical forces: 

(i) during heel-strike, an extra force is required to eliminate the leg's downward momentum; 

(ii) during toe-off, an extra force is needed to produce an upward acceleration. This will be 

accomplished by the thrust of the calf muscles.

The average normal ground reaction therefore increases as the body progresses from standing to 

walking to running, where even greater additional vertical forces are necessary to sustain the 

'leaping' action.

2.2.1.2 Friction

Frictional forces are essential during walking & running in order to prevent the foot from 

slipping at heel-strike (Fl) and to provide the forward thrust (F2) at toe-off, (Figure 2.2). For a 

given normal reaction R, the maximum frictional force, known as limiting friction, is |uR, where 

u. is the coefficient of static friction between the two surfaces. When there is no slipping the

frictional force must be greater or equal to juR.

(a) Heel-strike (b) Support stage (c) Toe-off

Rl

Resultant ground force 

Figure 2.2 Ground forces during walking
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The larger values of the ground reaction R at heel-strike and toe-off increases the value of the 

limiting friction and therefore have a tendency to stabilise the foot. When considering ground 

reaction on an average walking surface, Fl and F2 are approximately 15% and 20% of the body 

weight respectively, and slip does not occur.

2.2.1.3 Resultant Ground Force

The resultant ground force, G shown in Figure 2.3 can be found using the equation:

(Magnitude)

(Direction)

[2.1]

[2.2]

resultant 
ground force, 
G

(a) Short stride

R

(b) Long stride

resultant ground 
force, G

Figure 2.3 Effect of stride length on slipping 

For there to be no slipping, F must be less than or equal to uR, that is:

Tf

tan 0 =  <// 
R

Therefore, slipping is more likely to occur for

(i) small values of |u. (icy, slippery surfaces), and

(ii) large values of 0 (long strides).

2.2.2 Walking Cycle

The walking cycle is a term used to describe the events that occur during a single step and is 

usually expressed in percentages, (Figure 2.4). The cycle starts with the foot's initial contact
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with ground and ends when the same foot comes into contact with the ground again (Mann, 

1991). The cycle consists of two phases:

a) Stance phase (62% of the cycle, during normal gait)

b) Swing phase (38% of the cycle, during normal gait)

During the cycle there are two types of support i.e. double or single limb. 

The double limb support occurs during the first 12% of the cycle, whereas the single limb 

support occurs between the 12% and 50% of the cycle. The double limb support re-occurs until 

62% of the cycle.

These percentages are for normal gait. If the speed of gait increases then the period for double- 

limb support decreases. During running the double limb support is absent altogether and is 

replaced by a float or nonsupport phase, which is the period of time in which both feet are off 

the ground. If the speed of gait decreases, then the time for double limb support increases.

Heel 
Strike Toe-Off

Heel
Strike

Stance Phase i Swing Phase

Double Double \
Limb Single Limb Limb I

Support Support Support \

-k- Percentage
0 12 50 62 100 of Gait

Figure 2.4: Percentage of Walk Cycle

2.2.2.1 Foot & Ankle

A number of events occur during a walking step, (Figure 2.5). During the time of initial floor

contact, there is an internal rotation in the lower limb. This internal rotation crosses the ankle 

joint, producing eversion of the subtalar joint, which in turn unlocks the transverse tarsal joint to 

produce a flexible forefoot and a flattening of the longitudinal arch. During this process the
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ankle is rapidly undergoing plantar flexion, and by 7% of the walking cycle, the foot is flat on 

the ground. At the point of initial floor contact, about 70% of the body weight is exerted on the 

ground. After the initial contact with the ground, the foot is placed firmly on the ground with the 

heel everted, with a flexible transverse tarsal joint, and some flattening of the longitudinal arch. 

As soon as the foot is flat with the ground, the centre of pressure passes anteriorly toward the 

metatarsal head area. During this period, there is an increase in the vertical load, resulting in 

120% of the body weight being exerted on the ground. Increased dorsiflexion occurs during this 

process, reaching a maximum at 40% of the walking cycle. At 34% of the walking cycle, the 

swinging leg passes the stance leg and the heel begins to rise off the ground. The vertical force 

decreases to 80% of the body weight and the center of gravity reaches its highest elevation. The 

transverse rotation in the lower extremity becomes external. The subtalar continually inverts in 

response to the transverse rotation of the lower extremity, which is supplemented by the action 

of the extrinsic and intrinsic muscles. There is a gradual elevation of the longitudinal arch. 

Towards the end of the stance phase, there is an increase in the vertical force of the forefoot and 

an increasing external rotation of the tibia, which, along with the intrinsic and extrinsic muscles, 

plantar aponeurosis, and metatarsal break, brings about full inversion of the calcaneous and 

subsequent stabilisation of the transverse tarsal joint. There is an increase in the plantar flexion 

of the ankle joint and progressive dorsiflexion at the metatarsophalangeal joints. The swinging 

leg strikes the ground at 50% of the walking cycle, and following this the stance foot is rapidly 

unloaded. The posterior and lateral calf muscles ceases to function after opposite heel-strike, but 

the intrinsic muscles remain active until toe-off.

During the lift off stage, which ends the stance phase, the external rotation of the lower 

extremity and inversion of the sabtalar joint is at its greatest, and a stability of the transverse 

tarsal and metatarsophalangeal joints is obtained. The longitudinal arch is raised to its greatest 

height hence producing its maximal stability. The anterior calf muscles are active, but the 

intrinsic muscles have ceased to function.
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After the lift-off stage, as soon as the body weight is removed from the foot a rapid eversion of 

the clacaneus and internal rotation of the lower limb is initially produced. These events are 

followed by a progressive dorsiflexion of the ankle joint, produced by the anterior calf 

musculature. The remainder of the swing phase involves a little transverse rotation of the 

swinging limb, with progressive dorsiflexion occurring at the ankle joint until initial ground 

contact.
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Contact
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Figure 2.5: Walking Cycle

Lower Extremity

The position of the leg during the normal walking cycle is shown in Figure 2.6. After toe-off, 

the whole limb is swung forward by the action of the hip flexor muscles, F. The torque that is 

produced about the hip gives the leg an angular acceleration about the hip given by:
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Torque = moment of inertia (MI) x angular acceleration

The initial rotation of the leg about the hip is dependent on the moment of inertia of the leg 

about the hip, this is determined by the leg's mass and mass distribution. If for any reason the 

normal mass distribution should change e.g. after amputation or the attachment of a brace or 

artificial limb, or when wearing heavy boots, then the torque that will be required at the hip will 

also change and can then easily lead to extreme energy expenditure and possible muscle fatigue.

knee

heel

T T T
toe-off the other foot is 

in contact with 
the ground

heel-strike

Figure 2.6: Steady walking

After the initial acceleration the leg will swing with constant angular velocity without further 

effort. This is in accordance with Newton's first law of motion, until it is stopped, or decelerated 

by the extensor muscles, E. The heel will then be assisted to the ground by gravity.

The lower limb is rotated about the knee due to the torque about the knee joint and the hip. The 

torque about the knee joint will bring the foot directly in front of the body as the body's Centre 

of Gravity (CG) moves forward. The production of the torque about the knee joint is due to the
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forces that are created by the ligaments and muscles around the knee joint, the gravitational 

forces and the joint reactions.

The main effort in walking is in the swinging of the legs, this process can be energy efficient if 

the legs oscillate at a natural rate. By walking at an unnatural pace or changing speed e.g. when 

walking with children, far more energy is required than walking with a natural rhythm. In order 

to change the speed of walking, it is best to alter the length of the stride, rather than changing 

the natural frequency of the leg oscillations.

An understanding of the walking cycle is essential to determine pathological gaits i.e. during 

normal gait, the initial floor contact is at heel strike, but in a person with a contracture of the 

posterior calf, the initial floor contact is either with the foot flat or with only the toes. Other 

pathologic conditions that affect the events of the walking cycle include: spasticity of the 

posterior calf muscles, spasticity or contracture of the hamstring & lack of posterior calf muscle 

function.

2.3 Foot Pathology

There are a number of varying foot pathologies preventing 'normal' gait. These include:

• Abnormal foot contact

• Abnormal foot rotation

• Insufficient push off

• Abnormal walking base

• Rhythmic disturbances

2.3.1 Abnormal foot contact

This describes the condition where the foot is abnormally loaded so that the weight is not evenly 

distributed across the entire foot. Talipes calacneous (club foot) is a deformity where during the 

loading of the heel the forefoot is pulled up into an extreme dorsiflexion. This reduces the 

stance-phase duration on the side of the effected foot, which in turn reduces the swing-phase on
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the non effected side. Talipes equinus is a deformity where the forefoot is fixed in 

plantarflexion. The condition could vary in severity from being able to place the foot on the 

floor to the heel never being in contact with the floor. This reduces the overall stride length. 

Talipes equinovarus is a deformity where the foot is severely curved, distributing the entire load 

on the outer edge of the forefoot, the deformity is also called 'club foot'.

2.3.2 Abnormal foot rotation

During normal gait the foot is placed on the floor in the same line as that of the direction of 

walk, approximately. During abnormal foot rotation a pathological toe in or out angles may be 

produced, also the ground reaction force will be in an abnormal position relative to the rest of 

the leg. This reduces the possibility of producing the required internal plantarflexion moment.

2.3.3 Insufficient push off

During insufficient push off the weight during push off is taken primarily on the heel, instead of 

the forefoot. This has the effect of producing no push off phase so that the whole foot is lifted of 

the ground at the same time.

2.3.4 Abnormal walking base

During normal gait, the distance between the two feet 'walking base is between 50 and 100mm. 

During abnormal walking base this is increased or decreased. An increased walking base could 

be produced by an abducted hip or valgus knee. A decrease in the walking base could be 

produced by an adduction deformity at the hip or a varus deformity at the knee.

2.3.5 Rhythmic disturbances

A rhythmic disturbance is a an abnormality in the timing of the gait cycle. There are two types 

of rhythmic disturbances:

• asymmetric

• irregular
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2.3.5.1 Asymmetric

This is a rhythmic disturbance where there is a difference in the gait timing between the two 

legs.

2.3.5.2 Irregular

This is a rhythmic disturbance where there is a difference between one stride and the next.

2.4 Diabetes Mellitus

1.4 million people in the UK have diabetes, and by the year 2010 that number will be more than 

double, with more than 25% developing some type of severe foot or leg problem during their 

lifetime (British Diabetic Association). Diabetic foot problems are of great clinical and 

economic importance; they carry the risk of amputation of the limb and are frequently life 

threatening (Cavanagh, and Ulbrecht, 1993). Amputation can cause extreme psychological 

problems as well as physical (Reiberet al., 1992). Foot pathology is the most common diabetes 

related complication leading to hospitalisation (Reiber, 1992). The seriousness of the situation 

can be shown in the fact that about two thirds of all amputations, not resulting from accident or 

trauma, are due to diabetes, resulting in about 50,000 amputations yearly (Larsson and 

Apelquist, 1995). About 20 % of all hospitalisations for those suffering from diabetes are due to 

foot infections, resulting in more hospital days than for any other disease complication. In a 

recent clinical program in Atlanta, USA, the amputation rate was halved by simply ensuring that 

the patients feet were examined, and advised about shoe fitting and foot care. 

Of the many complications befalling the diabetic, none is feared more than the loss of a leg. 

Amputation frequently means the loss of a job, decreased income, living on disability payment, 

and loss of the quality of life.

2.4.1 Peripheral vascular & nerve disease

Diabetes causes a problem for the feet due to two reasons: 

• peripheral vascular disease (Ischiemia)

2-11



Chapter 2_____________________________Biomechanics of the Foot and Ankle

• peripheral nerve disease (Neuropathy)

2.4.1.1 Peripheral vascular disease

Peripheral vascular disease, caused by atherosclerosis, results in significant morbidity and 

mortality (amputation) of the lower extremity. This is due to the diminishing blood flow to the 

legs and feet due to the narrowing or constriction of an artery in the lower abdomen or legs 

(Brand and Coleman, 1990), (Figure 2.7).

Artery Plaque Formation 

Figure 2.7: Peripheral vascular disease

In the diabetic patient, where circulation in secondary, or smaller blood vessels are particularly 

poor, vessel complication can become quite serious. The arteries of diabetics frequently contain 

high levels of calcium which cause the arteries to harden, carrying less blood to the muscles. 

Since blood is the key supplier of nutrients and oxygen to our vessels, these conditions are 

responsible for pain in the lower extremities. The most severe symptom of arterial disease is 

intermittent claudication, a condition that brings on pain in the muscle after brief exercise, 

which disappears after a few moments rest.

Differences between diabetic & non-diabetic

a) Appears at a younger age

b) Advances more rapidly

c) Almost as common in women as in men

d) Gangrene is 53 times more likely in men, and 71 times more in women.

e) Vessels most frequently involved are below the knee.

f) Mortality after major amputations above and below the knee far higher, 66%.
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2.4.1.2 Peripheral nerve disease

Nerve disease destroys the nerve endings, thus reducing the feeling in the feet so that the 

diabetic patient will be less unaware of minor blows and cuts to the feet. This means that the 

threshold of sensation that protects a normal foot holds a very delicate balance. A person who 

had lost half of his/her nerve ending has not lost the ability to sense pain, but they feel it at a 

different level of stress. It takes more pressure, higher temperatures, and more prolonged 

ischiemia before the residual peripheral nerves fire off their warning to higher centers. The 

patient's level of awareness is unable to sense the discomfort of a tight or poorly fitting shoe 

resulting in ulcers developing unnoticed (Cavanagh and Ulbrecht, 1991), (Cavanagh and 

Ulbrecht, 1993). The walking pattern of a patient with peripheral neuropathy is also affected, 

with an increased risk of falling (Dingwell et al., 1997).

2.4.2 Ischiemia & Neuropathy Pathologies

Extreme trauma can injure the skin in anyone. Foot ulcers in diabetic patients are usually caused 

by relatively minor trauma that is repeated many times during walking (Ulbrechtet al., 1994), 

(Katoulis et al., 1997). Ulcers on the dorsal surface of the foot or on the toes are usually caused 

by badly fitting shoes. Ulcers on the bottom of the foot, plantar, occur at the points of highest 

pressure between the foot and supporting surface during gait (Brand and Coleman, 1990), 

(Boulton et al., 1993), (Boulton, 1996), (Edmonds, 1998).

The importance of high foot pressures in the insensitive diabetic foot in the causation of 

ulceration has been confirmed in a prospective study (Veves et al., 1992): 28% of neuropathic 

feet with high pressure ulcerated during a 2 V-2 -year follow-up period whereas no feet with 

normal pressure ulcerated. Elevated plantar foot pressure has been identified as a risk factor for 

foot ulceration in people with diabetes and the early detection of changes in foot pressure is 

essential to prevent further development of foot ulceration (Boulton, 1987). Body mass is not a 

good indicator of those who are at risk of ulceration, rather those with foot deformity and 

neuropathy (Cavanagh et al., 1991).
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In combination of these problems the situation becomes very serious in that the nerve disease 

prevents the patient from noticing discomfort in the foot. Unnoticed ulcers, cuts and the arterial 

disease, reducing the blood flow to the feet, make the detection and treatment of the infection 

very difficult. Due to the fact that these infections are very hard to treat, gangrene can set in, 

which means that toes, the whole foot, or even part of the leg must be amputated.

2.4.3 Treatment

The treatment of diabetes mellitus requires insulin either in the form of an intravenous injection 

or in tablet form. Diet is very important, making sure that the level of sugar intake is carefully 

monitored. An important assessment is that of the vascular status of the diabetic foot using a 

hand held Doppler pressure measurement device (Fowler and Mitchel, 1998), (Baker and 

Rayman, 1999), (Grasty, 1999), (Vowden, 1999). A drug is now available that alleviates 

intermittent claudication i.e. 'pentoxifylline'. When foot problems cause painful walking, one of 

the best treatments is simply bed rest and warm, not hot, foot soaks, drugs such as 

'indomethacine' & 'capsaicin' (Young, 1998) reduces the intensity of the inflammatory 

response. Antibiotic therapy is central in the treatment of diabetic foot infections, where most 

patients can be treated with oral agents as outpatients (Lipsky, 1999). Early, aggressive 

treatment with antibiotics is very important in the neuroischaemic foot (Edmonds, 1999). 

Damaged or destroyed skin in an ulcer can be replaced by a new engineered tissue material 

'dermegraft' (Mclogan et al., 1998). In severe cases ulcerations can only be dealt with by 

applying a cast or total contact cast which prevents the patient from putting any weight on the 

foot, thus giving the foot time to heal (Knowles, 1998). The selection of wound dressings is 

essential i.e. wet or dry (Jones, 1998).

Neuropathy screening is essential e.g. monofilament testing, in order to diagnose and take 

preventative steps (Young and Matthews, 1998). Scrupulous foot hygiene is essential as well as 

shoes that fit comfortably, helping to distribute the pressure evenly e.g. foot orthotics (Schaf and
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Cavanagh, 1990), (Chang et al., 1994), (Hayda et al., 1994), (Lord and Hosein, 1994), (Berme et 

al., 1997), (Cornwall and Mcpoil, 1997), (Lord and Lewis, 1998), (Prior et al., 2000). 

One huge area of diabetic foot care is in the measurement of plantar pressure in order to prevent 

ulcers from occurring in the first place (Gavin et al., 1993), (Cavanagh et al., 1997), or to 

monitor existing ones. The measurement of foot pressures of diabetic patients enable detailed 

examination of how the biomechanics of the foot and ankle function is working. Certain 

conditions, such as abnormal bone growth, are relatively easy to detect and then analyse how 

the foot pressures will be effected. Foot pressure measurements are required for those patients 

who's feet may seem healthy, but due to the repeated trauma to the skin, with no protective 

sensation to compensate the walking gait, ulcers are produced. There is a strong correlation 

between high pressures and the formation of ulcers (Ulbrecht et al., 1994). Foot pressure 

measurements would therefore be able detect early on feet at risk of developing ulcers. 

If a diabetic patient already has an ulcer, especially one that was not responding to treatment, 

then a pressure measurement would enable an accurate analysis of the pressure distributions. 

These pressure measurements would allow a clinician to accurately determine how to 

redistribute the high pressure, which is preventing the ulcer healing, onto other structures of the 

foot without causing further ulcerations.

The pressure measurement of the diabetic foot to prevent ulcerations is the reason that this 

research is designing and building a new pressure system that will be able to measure pressures 

across the plantar surface of the foot.

2.4.4 Other causes of foot pathologies 

2.4.4.1 Cerebral Palsy

Cerebral Palsy is a disorder of movement and posture associated with a congenital defect of the 

brain or birth injury. The term covers a wide range of disabilities, including awkwardness in 

walking, or of hand and arm movements, or speech.
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Although typically the arms are more severely affected than the legs, patients walk with a 

"scissors" gait. Cerebral palsy can be associated with ATAXIA (awkwardness of movement), 

this can vary from minor clumsiness to severe difficulties with co-ordination and balance. Such 

children may be of normal or even high intelligence (Bruckheim, 1996).

Treatment

Mechanical aids e.g. leg irons, provide extra support and in severe cases corrective surgery may 

be required. Anti-bacterial injections are beneficial. Due to the extreme nature of the foot and 

ankle movements, supported shoes are essential.

2.4.4.2 Osteoporosis

Osteoporosis is a disorder where the bones become weakened, leading to an increased risk of

broken bones (fractures) with minimal trauma.

It is first detectable around the age of 20, bones become progressively thinner with age. The

thinning of bones at a faster rate than normal is often the result of Osteoporosis. The decrease is

common in old age, especially in post menopausal women.

The onset of Osteoporosis may lead to pain in the back, ribs, and limbs e.g. feet. Due to the

wearing away of calcium the feet become distorted in shape and extreme pressures are applied

on small areas (Bruckheim, 1996).

Treatment

Due to the weakness of the bones calcium intake is essential and in some cases hormone 

replacement therapy is beneficial. Another way of strengthening the bones is to take regular 

exercise. Padded feet supports distribute the foot pressures.

2.4.4.3 Rheumatoid arthritis

This is a chronic inflammatory disease affecting the connective tissue of the joints (Woodburn 

et al., 1998). Although it has been found all over the world, it's incidence is considerably higher 

in low temperature climates, the symptoms are more pronounced in cold damp places.
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Women are at greater risk than men, with the usual age of onset being between 25 and 55. 

The onset of rheumatoid arthritis is usually insidious, but in some cases it may be acute and 

accompanied by fever and loss of weight. Arthritis will appear in time, often beginning in the 

joints of the fingers and spreading to involve the wrists and elbows; less commonly the feet are 

first affected, with the disease spreading to the ankles and knees.

Rheumatoid arthritis can present itself as similar to osteoporosis, with the feet beginning to 

deform resulting in increased pressures being exerted on smaller and smaller areas, therefore 

creating pressure sores (Bruckheim, 1996).

Treatment

There are a number of pharmaceuticals that have a significant effect on inflammation and pain.

In severe cases surgery is a valid option. The distribution of pressure on the feet can be obtained

by wearing supported shoes.

Skin ulceration (serious infection) is a major risk factor for amputation, and prevention of the

irreversible complications of diabetic neuropathy is a priority in patient care.

This research will concentrate on the problems cause by diabetes mellitus.

2.5 Summary

The information presented in this chapter has given a detailed knowledge on the mechanics of 

movement, relating primarily to the foot and ankle. The various foot pathologies enabled a basic 

understanding of the importance of normal gait, hence emphasising the care required in 

maintaining an optimum foot and ankle function. The introduction of the condition 'diabetes 

mellitus' brings the reason for this research to a focus. The ulcerations caused by diabetes can 

be controlled, even prevented, by being able to measure the forces applied to the foot during gait 

i.e. using a foot pressure system.

The next chapter will explain in detail the field of 'interferometry' which will be the 

fundamental technique used in the design of this new foot pressure system.
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Chapter 3

Overview of Foot 
Pressure Systems

'The act of measurement should not change the quantity 
being measured.' 
Kelvin's Law

This chapter contains a brief history offeree plates and a detailed explanation of how they work 

in order to understand their limitations in measuring plantar pressures. A brief history of load 

distribution systems is then given, followed be a detailed explanation of various barefoot 

pressure measurement techniques used. Finally a brief history of the in-shoe pressure systems 

and a detailed explanation of the various techniques used is provided in order to understand 

their limitations. The chapter concludes with a discussion on why this research is designing and 

building a barefoot measurement device.

3.1 Introduction

There are two methods of measuring foot pressures efficiently i.e. force plates & load

distribution systems. The combination of these two enables static and dynamic studies of plantar

forces (Lord et al., 1986), (Soames, 1985), (Boulton et al., 1983), (Cavanagh and Ulbrecht,

1994), (Vevesetal., 1991).

Force plates measure ground reaction forces. They have a very high level of accuracy and are

used primarily for gait analysis.

The load distribution systems measure the load distribution across the entire foot, with systems
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being of varying size, resolution and accuracy. The devices are separated into two categories: 

barefoot and in-shoe measurements. The Barefoot measurement measures the foot-floor 

pressure interface and the in-shoe measurement measures the foot-shoe interface. 

This chapter contains a detailed description of the theory behind 'force plates' and various 

commercially systems available. A brief history of load distribution systems is given, with a 

detailed description of various techniques used in barefoot and in-shoe measurement devices, 

commercially available systems are also given. A discussion between the 

advantages/disadvantages of barefoot and in-shoe measurements are given at the end of the 

chapter.

3.2 Force Plates 

3.2.1 Brief History

A number of papers have reviewed the developments of force plates (Cobb and Claremont, 

1995), (Alexander et al., 1990), (Lord, 1981). In 1895 the first 'force plate' was built (Marey, 

1895), which constituted of Spirals of India rubber tubes installed on a wooden frame. In 1938 a 

system was designed that used a plate that was supported at each corner by springs (Elftman, 1938). 

An optical technique was used to record the vertical displacement of the plate, this in turn provided 

information about the vertical component of the resultant ground reaction force and the path of the 

centre of force.

By 1964 force plates were used to measure the maximum external vertical impact force (Cavagna, 

1964). This value would later be used extensively in the late 1970's and also in sport shoe and sport 

surface research.

In 1985 miniature load cells were attached to shoes (Ranu, 1985). They were placed directly on the 

heel, and under the first and fifth metatarsals and the toe. The device produced accurate and 

repeatable results. Later in 1991 four miniature load cells were attached to shoes, placing them 

under the toe and heel areas (Phillips et al., 1991). This system was used to provide feedback of the
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function of the foot for people using functional electrical stimulation (FES) orthosis for routine, 

daily standing and walking.

3.2.2 Transducer Technology

A 'Force Plate' is the term used to describe a flat plate, which registers components of force

applied to its top surface.

Force plates have been used for a number of years in the field of Biomechanics to measure

external forces during locomotion. The force plate has become one of the most important

devices in Biomechanics due to its continual use and vast publication/research base (Lord,

1981), (Lord et al., 1986), (Alexander et al., 1990), (Cobb and Claremont, 1995). The force

platforms have a high level of accuracy and measure the total vertical and shear forces. The

system is primarily used for gait analysis and is not capable of measuring plantar load

distribution, which is the important factor in our study, (see chapter 2 for more details).

The main structure offeree plates used today consists of a rectangular plate with some form of

support at each corner.

They are separated into two categories i.e. mechanical & electronic.

A popular force plate transducer is the wire and semi-conductor strain gauge. A strain gauge

works on the principle that a deformation of a mechanical membrane, which the gauge is

bonded to, will produce a resultant change in the resistance of the gauge. This type of device has

a good linear response but rather high hysteresis.

By arranging that an applied load brings two plates closer together, a capacitance device can be

used. This device has very good accuracy but suffers from a very poor electrical time delay,

which is essential in dynamic studies, i.e. a large area of this study (see chapter 2 for more

details).

Most electronic force plates use piezo-electric transducers to convert force/pressure to an

equivalent electrical variable. Piezo-electric crystals produce a system that combines accuracy,

good dynamic response and high sensitivity. The crystals generate an electric charge when
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deformed along certain crystallographic axes. The charge between two faces of a crystal is 

proportional to compressive force with a suitable selected material, and can be measured by a 

suitable amplifier.

The main disadvantage with piezo-electric transducers has been that the charge leaks away 

slowly both internally and into the amplifier, and the devices are not suited to measure 

quasistatic phenomena, i.e. mechanical systems where the mass or acceleration are sufficiently 

small that the inertia! term ma in F=ma is negligible compared to dissipative forces. Recent 

advances however have solved this problem.

3.2.3 Force Plate Design

During gait, weight moves from one foot to the other, which causes vertical, horizontal and

rotatory forces between the foot/floor interface. The ground reaction forces that are produced

are equal in intensity and opposite in direction to those being experienced by the weight-bearing

limb. These ground reaction forces enables the stress imposed on the joints and the necessary

muscle control to be identified.

A force plate set flush into a walkway can be used to capture the foot-ground reactions during a

single step of the gait cycle.

As stated in the previous section, the structure of the device consists of a rigid platform

suspended by supports at each corner of a rectangle plate.

Each supporting corner has three sensors set at right angles (orthogonal) to each other, the

vertical load and horizontal shear forces in the fore-aft and mediolateral directions are

measured.

There are 5 different measurements that the force plate can make, each of varying clinical

importance. These are:

• Vertical Load

• Horizontal Shear
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• Vector Patterns

• Joint Torques

• Centre of Pressure

3.2.3.1 Vertical Load

Consider a person walking at normal walking speed i.e. 82m/min (Perry, 1992). Their normal

stance phase pattern of vertical forces generated would consist of two peaks separated by a

valley, (Figure 3.1).

A = This peak occurs at the onset of mid stance in response to the weight-accepting events

during loading response. The body's centre of gravity is rapidly falling and the body weight is

accelerated.

B = Late mid stance. Body rolls forward over stationary foot. Centre of gravity raises. Valley

accentuated by the momentum of the swinging, contralateral limb, which tends to unload the

force plate.

C = Late terminal stance. Downward acceleration. Lowering of centre of gravity. Body weight

falls forward over the forefoot rocker (forefoot-only support) in terminal stance. Vertical force

above the weight line represents the acceleration of dropping onto the limb initially and then

falling beyond the forefoot in terminal stance.

The vertical ground reaction force can be determined as follows:

Vertical ground reaction force - body weight = Person's Mass x Vertical Acceleration

(F-w = Mxa) [3.1]

where:

Body weight = Person's Mass x Gravitational Constant

(w = Mxg) [3.2]

substituting for body weight in (3.1) gives:
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Vertical ground reaction force =Person's Mass (Gravitational Constant + Vertical 

Acceleration)

F = M(g + a) [3.3]

This equation shows that since M & g are constants, the force on the force plate changes with 

changing vertical acceleration: 

a = 0, Force is body weight 

a > 0, Force increases 

a < 0, Force decreases

110%BW

Body Weight

Time

Figure 3.1: Normal Stance Phase Pattern

3.2.3.2 Horizontal Shear

Horizontal shear is defined by the forces that are generated parallel to the walkway surface. 

There are two types of horizontal shear:

a) Those that are caused by ground reaction force deviating from the vertical. These occur in 

the AP (Anterior Posterior) plane, 25% BW (Body Weight).

b) Those that are caused by the exchange of body weight from one limb to the other. These

occur in the ML (Medial Lateral) plane, 10% BW. 

Shear forces are essential between the foot/floor interface otherwise the foot would slide and
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stability would be drastically decreased. Compared with the vertical force the shear forces are 

very small.

3.2.3.3 Vectors

By using a vector, 3 forces can be represented: vertical, sagittal & coronal. The vector is 

represented by a single force line that sums up the three-dimensional movement, (Figure 3.2). 

The force vectors (R) are calculated from the force plate using:

a) instantaneous vertical load (V) &

b) horizontal shear (H)

R

H
Figure 3.2: Force Vectors

where:

• Magnitude of the vector = Hypotenuse of a triangle, where the other factors are the vertical 

and horizontal forces.

• Ratio of vertical force to Horizontal shear = Slope of vector

• Intersection of the vector = Location of the Centre of Pressure

3.2.3.4 Joint Torques

A Torque is produced by a rotatory force that causes the joint to move. The rotary force is 

created by the persons weight whenever the mass centre of the body is not vertically aligned 

over the joint.

During walking, the muscles act as shock absorbers by simply decelerating the motion, which 

also increases stability. Although acting as shock absorbers the muscles maintain progressional
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quality of walking. The amount the muscles need to work is directly proportional to the body

weight vector and the joint center.

The torque model is separated into two categories i.e. demand and response.

Demand is created by the body and limb alignment, whereas an appropriate muscle response is

required, in order to preserve stability, (Figure 3.3).

Lever Arm /LA Muscle 
Contraction

Demand Torque Muscle Response
Figure 3.3: Torque Responses

Torque = Force x Length of lever arm (T=FxL)

The body's posture produces the lever for the joint torque. It is the perpendicular distance

between the line of action of the vector and the centre of the joint, (Figure 3.3).

During stance the determining force is the vertical ground reaction. In order to calculate torque,

the motion and vector data needs to be combined. The Sagittal plane determines the flexion and

extension torques, whereas the Coronal plane determines the abduction and abduction demands.

The Transverse moment is a combination of fore/aft and mediolateral values. This technique of

measuring the vectors does not take into account the effects of gravity on inertia. Most authors

conclude that this method is adequate for most situations (Bresler and Frankel, 1950).

3.2.3.5 Centre of Pressure

Pressure = Force/Area
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The Centre of pressure does not take into account the area in contact with the floor, therefore it

should be called Centre of 'Support'.

The centre of pressure is located at the base of the ground reaction force vector which is within

the foot, since this is the part of the body that is in contact with the floor. The centre of pressure

enables analysis of the patient's balance and pattern of progression.

Instantaneous Centre of Pressures are taken, with each point representing the mean of the

vertical forces on the four transducers on the force plate.

If the location of the foot on the force plate is known, then an anatomical correlation can be

made. The centre of pressure is related to the plantar outline of the foot, however the location of

the centre of pressure line does not indicate the point of highest pressure, (Figure 3.4).

X =Ankle joint axis 
Y=Path of calculated 

mean pressures

Figure 3.4: Load Line 

3.2.4 Commercial Systems

The method described in the earlier section is used in the highly accurate transduction system of 

the widely-known commercial KISTLER force plate (Lord, 1981), (Cobb and Claremont, 

1995). Various other force plates are also available e.g. BERTEC & AMTI (Bertec, 2000), 

(Smith, 2000).

3.2.5 Summary of force plates

Due to the use of piezo-electric transducers, force plates are extremely accurate in measuring 

vertical load, horizontal Shear, vector patterns, joint torques & the centre of pressure. These 

alone are not sufficient in the screening of diabetic feet. As mentioned in the 2nd Chapter the
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pressure distribution along the plantar surface of the foot is essential in determining whether a 

patient's foot is at risk of producing ulcers.

The following section describes in detail the pressure systems that are capable of measuring 

plantar pressure distribution.

3.3 Load distribution systems 

3.3.1 Brief History

In 1872 the very first attempt at a foot pressure system was developed byCarlet of Paris (Carlet, 

1872). The device used specially made shoes with air chambers in the soles to record foot 

contact to the ground during gait. Carlet's pneumatic apparatus consisted of a circular walkway 

20m in circumference with a central recording instrument attached to the subject's shoes by 

long rubber hoses. In 1873 the device was modified to make the recording instrument portable 

and in doing so used one chamber instead of two in the sole of the shoe designed by Claret 

(Marley, 1873).

In 1882 Beely (cited in Elfman, 1934) used plaster of Paris to measure foot pressure. He made 

patients stand on sacks of plaster of Paris in order to produce an impression of the foot pressure 

distribution. This technique incorrectly assumed that the imprint was directly proportional to the 

maximal local forces, however the cast made by this method produced the shape of the foot, and 

not the pressure pattern.

In 1927 two pressure systems were developed. Abramson used a soft lead sheet with steel shot 

underneath to obtain the pressure distribution and Easier began using force plate beams that were 

suspended by metal wires (Abramson, 1927). Abramson obtained results due to the way that the 

steel shot would penetrate the lead sheet leaving a permanent imprint dependent on the maximal 

local force and Easier relied on the frequency of the wires being directly proportional to the force 

acting on the beam, therefore enabling a calculation of the force being exerted (Easier, 1927).
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In 1954 the 'plastic pedobarograph" was developed (Barnett, 1954). This device consisted of 640 

vertical mounted beams on a rubber support. The movement of the beams was filmed to determine 

the dynamic pressure distribution.

In 1972 an apparatus was designed which used beams (12.14 x 1.4 x 25cm) which were suspended 

from two load cells (Hutton and Drabble, 1972). There were also four strain gauges, which were 

used to measure the longitudinal tension. The load sensitive area was relatively small (25 x 17cm) 

and was mounted in a walkway with the beams oriented either transversely or parallel to the 

direction of the walkway. In order to determine the position of the foot on the instrumented area an 

ink-covered, plastic-coated fabric was stretched over the beams. The accuracy of this foot 

placement technique was deemed by the authors to be very accurate. Due to the small size of the 

load sensitive area, the ability to measure an entire foot in a single step was impossible. In order to 

overcome this problem at least four passes were required to build up a load distribution of the entire 

foot. Considerable smoothing of trie force versus position curve with formation of the composite 

graph was needed due to the varied position of the foot on the beams, which in turn reduced the 

systems resolution even further i.e. 1.4cm wide beams. The reliability and repeatability of this 

system are very low.

Manley and Solomon designed a similar device to that of Hutton and Drabble in 1979 (Manley and 

Solomon, 1979). Their force platform consisted of a series of transparent beams (16 x 2 x 26 cm), 

with each end mounted on a strain gauged cantilever. Two video cameras were used to capture the 

images of the foot crossing the force plate. One was placed beneath the plate and a second placed 

above the plate giving a lateral view of the foot moving across the plate. Each frame of the 

computer generated composite showed three amounts of information: histogram of the force 

applied to each transparent beam, a plantar view of the weight-bearing portion of the foot with a 

bright spot at the centre of pressure in each load bearing beam, and a simultaneous lateral view of 

the planted foot. Approximately 35 video frames were collected for each stance phase.
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In 1976 an array of pins (1000) on high precision springs were used to measure pressure (Theyson, 

1976). The shadows of the spring were then recorded by video, and then analysed on computer for 

clinical gait analysis.

In 1981, a floor mounted transducer matrix was designed (Mutton and Dhanendran, 1981). The 

design used an array (25x15) of load cells (1.5x1.5cm). The structure of the load cell was a 25cm 

diameter stainless steel ring with four strain gauges attached to it. The output signal from the load 

cell was then fed into a computer to be analysed. The problem of foot positioning was again 

addressed by using an inked mat. In order to obtain a complete measurement, four recordings were 

made of each foot. The areas of importance on the plantar surface of the foot were categorised into 

8 sections. The pressure/time for each of the references areas was obtained by averaging the 

pressures from each of the four strides. The authors do not mention any errors inherent in the 

system. Possible errors could include, area overlap of individual transducers, variation in peak 

pressures occurring with each pass, some degree of inaccuracy seems inevitable. One major 

problem could be the problem of underestimating foot border pressures due to incomplete coverage 

of the transducers, mentioned by Cavanagh and Ae in their work (Cavanagh and Ae, 1980). The 

fact that the area of the load sensitive platform is only 25 x 12.5cm could be big problem for people 

with large feet.

3.3.2 Barefoot platform systems

The load distribution measurement platforms measure the load distribution across the entire 

foot, with systems being of varying size, resolution and accuracy (Cobb and Claremont, 1995, 

Alexander et al., 1990), (Lord, 1981). One important factor to consider in pressure distribution 

measurements is that 'despite the inherent accuracy of electronic transducers, they average out 

the pressures over the measurement area of the transducer, which is often in the region of Isq 

cm...' (Berts et al., 1991). This means that pressure devices using individual elements will 

generally produce varying results to other systems.
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The following are a list of techniques used in these pressure systems:

• Projection sensor

• Carbon Paper

• Critical Light Reflection

• Photoelastic

• Microcapsules

• Force Sensing Resistors (FSR)

• Capacitor Sensors

• Piezoceramic Elements

3.3.2.1 Projection sensors

In 1930 Motion began using rubber mats to measure maximal local forces (Motion, 1930). The 

mats had longitudinal ridges with an ink ribbon placed on top. The colouring of the inked ribbon 

was proportional to the maximal local forces, (see Figure 3.5).

Elfman in 1934 began using the rubber mat but this time with pyramidal projections on its 

undersurface (Elfman, 1934). This mat was then placed on a rigid glass plate with a reflecting 

fluid in the spaces between the mat and the glass plate. By filming the deformation of the rubber 

pyramids it was possible to obtain information on the dynamic pressure distribution. This 

technique was then developed further by RJ.Harris in 1947 (Harris and Beath, 1947). Grieve & 

Rashdi used a more technologically sophisticated method that operated on a similar principle 

(Grieve and Rashdi, 1984). An Aluminum foil sheet was placed on top of mat with pyramidal 

projections, and the sheet was deformed by applied pressure during gait. An optical sensor 

measured the height of the deformations in the foil and scanned the results in units of pressure.
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Figure 3.5: Ink Projection Sensor

Various analyses have been made on the system's diagnostic validity, clinical use and 

comparisons with other systems (Silvino et al., 1980), (Hughes et al., 1987). The conclusions 

are that this system is a very cheap and cost effective way of measuring pressure and a helpful 

tool in clinics. Its accuracy is however limited, and its repeatability is poor, although its 

resolution is very high.

3.3.2.2 Carbon Paper

The carbon paper method of measuring foot pressure is a very simple one. A thin layer of 

carbon is deposited on one surface of a sheet of paper. Another sheet of is placed on top of the 

carbon layer so as to encapsulate the carbon, (Figure 3.6).

Force

Figure 3.6: Carbon Paper Sensor

When pressure is applied to the top sheet, the sheet is pressed down into the carbon layer. The 

top sheet is then impregnated with carbon. The amount that the top sheet is impregnated with 

carbon is proportional to the pressure applied. The result is permanent. The results are converted 

into pressure values by either using a calibration chart that shows what pressure values

3-14



Chapter 3 Overview of Foot Pressure Systems

correspond to which shade of gray, or the pattern is scanned into the computer and the software 

calibrates the pressure values.

3.3.2.3 Critical Light Reflection

A pedobarograph (PEG) using the internal light reflection technique was first described by Chodera

(Chodera, 1957), (Chodera, 1960), (Chodera and Obrda, 1960), (Chodera and Lord, 1979). The

method was later refined (Betts et al., 1980), (Duckworth et al., 1982), (Franks et al., 1983). The

disadvantage of these techniques are that they were very hard to calibrate.

Franks and Betts designed computer software program that digitised the black/white images and

calibrates each frame making dynamic measurements reproducible and accurate (Franks et al.,

1983), (Franks and Betts, 1988). The system became the Dynamic Pedobarograph (DPBG).

A similar system using critical light reflection, a mat with a conical studded under-surface, and

triaxal analysis of applied force has been used by Chao et al. (cited in Alexander et al., 1990).

The hardware consists of a plastic sheet, a glass plate, a video camera, and a microcomputer, as

shown in Figure 3.7.

Figure 3.7: Overview of the Critical Light Reflection Technique

The upper surface of the plastic sheet is smooth whereas the bottom surface has an array of 

small hemispheres protruding from the surface, (Figure 3.8). These hemispheres are in contact 

with the glass plate. When no pressure is applied only the tips of the hemispheres are in contact

3-15



Chapter 3 Overview of Foot Pressure Systems

with the glass, however when pressure is applied the hemispheres are flattened, increasing the

area that they are in contact with the plate.

Force

Plastic Sheet

717V J\ J

^^ ^V ^w ^v ^w

Glass

Figure 3.8: The Light Reflection Mechanism

The glass plate is illuminated from the side. If no pressure is applied, hemispheres are not 

flattened, then the light passing through the glass would be totally reflected. If pressure is 

applied to the plastic sheet then the area in contact with the glass will increase and the intensity 

of the reflected light can be used as an indicator of the locally applied force. A linear 

relationship between pressure and the number of spots per mm2 and also between the number of 

light spots and image intensity can be demonstrated. Therefore, the intensity of the reflected 

light correlated directly with the pressure applied except at very low and high-pressure levels. 

It's use in clinical applications and comparrisons with other systems have been discussed 

(Hughes, 1993), (Facey et al., 1993), (Veves and Boulton, 1993), (Holmes et al., 1991), (Hughes 

and Klenerman, 1989), (Harrison and Folland, 1995), (Lord, 1997), (Hughes et al., 1993), 

(Quaney et al., 1995). The conclusions are that this technique has relatively poor accuracy and 

dynamic response. The pressure measurements were also significantly different for certain areas 

of the foot, compared with other systems e.g. Novel's EMED F & SF (Hughes, 1993). This is 

due to averaging out of pressures over the measurement area as discussed earlier in the section. 

Even though it has these disadvantages it's very helpful in studying foot pressure abnormalities 

in a variety of clinical conditions and especially in diabetes mellitus and rheumatoid arthritis. 

The main advantage of this technique is it's high resolution, which very few other techniques
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can even come close to. There are no companies currently producing a dynamic 

pedobaraograph, however the Medical physics department at Sheffield University will produce a 

full system for around £15,000.

3.3.2.4 Photoelastic/Polarization

Photoelasticity is a technique that is used to test for stress at the design stage. Polarization is the

process which photoelasticity uses to control the properties of light. These techniques can be used

to measure pressure variations.

Light is said to be unpolarized if the plane of vibration and the magnitude of the photon energy (E)

are continually and randomly changing, (Figure 3.9), where:

E (photon Energy) = hf [3.4]

h = Planck's Constant

/= light frequency
\ A J9

Electric field vectors seen 
head-on at random instants 
of time

Figure 3.9: Electric Field Vectors 

Figure 3.10 shows unpolararized light being directed towards a medium with refractive index n2 .

Unpolarized 
incident ray

Reflected ray is totally 
plane polarized

Refracted ray is 
partially polarized

Figure 3.10: Polarization Production

The reflected ray is completely plane polarized:
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0, + 6>> = 90° 

By Snell's Law

[3.5]

where d\ = #p i.e. becomes the polarizing angle where the minimum intensity is zero.

Therefore: n2/ni = tan#p

If medium 1 is air or vacuum

n2 = tan#p Brewster's Law [3.6]

A polarizing device affects the light in such a way that the light is plane polarized with only the

resolved part of the E-field in one plane emerging, (Figure 3.11).

Unpolarized beam Polarizing 
Device

Plane-polarized beam

Figure 3.11: Polarisation

Some materials e.g. Glass and some plastics, become double refracting (or birefringent) when 

stressed. The existence of strains can be found by shining polarized white light through the 

material, this produces bright coloured lines that are then analysed. This technique is often used 

in the construction of plastic models and in the detection of weaknesses.

Double refracting or Birefringence is the splitting of an unpolarized ray into an ordinary ray, 

and an extraordinary ray i.e. does not obey Snell's law. Both rays are plane-polarized i.e. their 

planes of vibration are perpendicular.

In 1976 Arcan and Brull developed a system that used a sandwich of reflective and polarising 

materials with interference techniques to assess the plantar pressure distribution in standing 

individuals (Arcan and Brull, 1976). A further 'loading device' was used, which may take the form
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of either a top sheet over the sandwich, or the sole of a special sandal; this material has a matrix of 

rigid protrusions which serve to 'discretise' the foot loading. Illuminated and viewed from beneath 

the transparent place, the local force on each protrusion create a circular interference pattern; the 

diameter of each circle is a calibratable function of the local force. The matrix spacing of the circles 

appear to be of the order of 20 x 10 mm (anterior-posterior x medio-lateral). 

In 1979 Cavanagh and Ae described the use of dynamic utilisation of the optical interference 

technique (Cavanagh and Ae, 1979). The device consists of a grid of cylindrical elements 11mm in 

diameter which rest on a photoelastic material. As pressure is applied to the individual "transducer 

element" an interference ring forms on the photoelastic material under the transducers. The 

diameter of this ring is related to the pressure applied but not in a linear manner. Quantitative 

pressures applied can be derived from a calibration curve for each individual transducer element. 

High-speed films of the interference patterns were obtained and individual frames were manually 

digitised. A reference grid with the outline of the shoe to allow plotting of the vertical forces was 

obtained by laying impregnated paper sheets over the matrix. Problems with this system, clearly 

identified by the authors, include the large size of the individual transducer element surface, which 

reduces resolution and leads to errors in the calculation of pressure at the boundaries of the foot or 

shoe due to incomplete coverage of the individual transducer surface, attenuation of peak pressures 

by 15% under dynamic loading conditions, substantial lag in the return of image output to zero, and 

the tremendous amount of labour involved in data reduction. Due to these drawbacks, it appears 

that these authors have abandoned this technique.

In 1985 Sherk et al. designed a pressure distribution measurement device by using an aluminium 

sheet that was pierced by 400 tumblers, each one being 1cm in diameter (Sherk et al., 1985). Each 

tumbler rested on a photoelastic sheet and pressures were then transmitted from the foot to the 

photo-elastic sheet via the aluminium tumblers. The contact that the tumblers have with the photo- 

elastic sheet cause circular interference patterns which are observed from below the sheet. The 

interference patterns are then analysed to determine the applied pressure.
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In 1988 Rhodes et al. introduced the use of a 50x38 cm piece of polyurethane photoelastic plastic 

as a transducer. The transducer consists of a clear force plate with a thin polarising layer, plexiglass 

and a urethane sheet placed on top, (Figure 3.12).

Urethane Sheet

Plexiglass

Polariser

Cross-section of 
Force Plate

Figure 3.12: Photoelastic Plastic

The photoelastic characteristics of this material causes variable rotation of the plane of polarised 

light and when a circular polariser is used in front of the sheet it appears black when unstrained i.e. 

unloaded. When loaded, the strained locations appear lighter and the intensity of the emitted light is 

proportional to the difference in the principal strains. A video image of the sheet is fed into a 

computer which calculates a response for each 3x3 mm area, (Figure 3.13). The data for each area 

is stored, and as with most commercially available systems can be displayed in a variety of ways. 

The system is calibrated for each transducer used as pressure response curves and maximum 

response varies for each transducer, depending on the hardness of the plastic. Although still in the 

development stages, this system may be capable of providing fairly accurate quantitative data at a 

reasonable cost.

Mirrorror^V

Camera

Walkway / Force Plate Computer Printer 

Figure 3.13: Photoelastic System
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3.3.2.5 Microcrystals

In 1976 Scranton and McMaster developed a transducer to quantify local plantar forces using shear

sensitive liquid crystals (Scranton and Mcmaster, 1976). Application of pressure to the sheet 

resulted in a change in the colour of the crystals from a light to a dark blue in such a manner that a 

wave length response was proportional to the shear forces applied. With this special sheet lying on 

a piece of clear plastic, motion picture recordings of the entire stance phase were made. No attempt 

was made, however, to translate the colour wave length changes into absolute pressure values. One 

of the first systems to use this technology was developed at the National Centre for Hansen's 

disease in Carville, LA, USA (Cavanagh and Hewitt, 1992). The technology is very simple. 

Three sheets/layers, are combined to produce the 'pressure sensor'. A 'transfer sheet', which is 

in contact with the foot, has microcapsules attached to its lower surface. These capsules contain 

colour-producing agents. A colour developing layer has a chemical embedded into it, so that 

when pressure is applied to the transfer sheet the micro capsules break releasing the colour 

producing agent which in turn react with the chemical that is embedded in the colour developing 

layer to produce the colour change. The developer sheet is a clear material so that the colour 

change can be observed, (Figure 3.14).

Transfer Sheet
*:**:•:*:*:»:»:*:»:«:»:»:»:*:*:»?>:»

Pressure

Y Y Y Y

Developer Sheet

Microcapsule 
Layer

Colour
Developing
Layer

Figure 3.14: Microcrystal Mechanism

3.3.2.6 Force Sensing Resistors (FSR)

Nicknamed "the electronic gas pedal", an FSR is a tactile sensor which responds with variable 

resistance. The harder you press on this thick-film device, the more its resistance drops.
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The FSR was first developed for use in music keyboards. Musicians wanted their electric pianos 

to play louder when the keys were hit harder, and softly when they were touched softly. Now 

the FSR is a mature technology, its force sensitivity is optimal for use in human-touch control of 

electronic and mechanical devices. By formal definition, "the FSR is a polymer thick film 

device which exhibits a decreasing resistance with increasing force applied i.e. 'down' to the 

device surface."

The resistance of a conductor depends on its size, temperature and the material of the conductor. 

Consider a cube of material of unit size e.g. 1 metre cube, (Figure 3.15). The resistance between 

opposite end faces of such a cube is known as the 'resistivity' of the material.

V /Volts

I /Ampere

1 Metre 

Figure 3.15: Unit Cube

Experiment shows that the resistance R of a uniform conductor of a given material is directly 

proportional to its length / and inversely proportional to its cross-section area A. Hence:

R a /, R a I/A, R a I/A, R = k.//A

R = p//A where: p= resistivity

If A= lm2 and/= 1m then, R = p

but R = V/I

therefore p(resistivity) = V/I per unit metre

[3.6]
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The resistance of a material varies with temperature and the variation can be expressed by its

temperature coefficient of resistance 'a. If a material has resistance RO at 0°C and its resistance

increases by dR. due to a temperature rise dTthen 'a for the material is defined by the equation

a = dR/Ro*\/dT [3.7]

where:

'a* is Refractional increase in the resistance atQ°C (i.e. dR/R^per unit rise of temperature. The

unit of 'a is °C'.

A conductor sensor therefore works on the same principle as that of the capacitance sensor except

that as pressure is exerted on the material then the length /decreases and assuming the area remains

constant the resistance would decrease.

Compared to conductive rubber, the FSR exhibits little hysteresis and is far less costly.

Compared to piezofilm, the FSR is far less sensitive to vibration and heat, and is significantly

less expensive.

This innovative, versatile device offers new ways to solve old problems while creating new

technology solutions in medicine, robotics, music and industry. Improved human interfaces and

mechanical engineering elegance appeal to product design engineers. As a result, FSRs enjoy a

growing endorsement as a control and measurement standard.

In 1987 Maness et al. developed an ultra thin conductive type transducer to quantify pressure

distribution in various applications (Maness et al., 1987). In 1996 Macellari et al. designed a

pressure platform that consisted of 96 x 512 resistive sensors (Macellari and Giacomozzi, 1996).

The sensors being 0.5cm square. The system was of a matrix design. It had a sampling rate of up to

100 samples per second.

3.3.2.7 Capacitance

A Capacitor is a device that stores charge. Any two conducting surfaces (plates) separated by an

insulating medium form a capacitor. If electrons are drawn from one of the plates and passed to
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the other, then a state of charge exists between them across the insulating medium, i.e. a positive 

charge on the plate which has lost electrons and a negative charge on the plate which has gained 

electrons.

Charge (Q) is measured in coulombs, and a capacitor which is charged will have a voltage 

between its terminals of V volts.

The ability of a capacitor to store charge is called its capacitance (C) and is measured by the 

amount of charge that can be stored for a given rise in voltage.

Capacitance,

c = Chwge, Q

VoltagqV 
or

C = Q/V [3.8]

The conducting surfaces of a capacitor are usually in flat 'plate' form. The size of the 

capacitance depends upon the plate area, A, the distance between the plates, d, and the 

insulating medium. Capacitance may be calculated from:

C=&A/d [3.9]

where:
e = e o e , 

and:

e 0=permittivity of free space, a constant; e r = relative permittivity, a multiplying factor which 

depends upon the insulating medium, or dielectric material used between the plates, (Figure 

3.16).

The Units in which capacitance is measured are farads (F).
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Electrodes Dielectric

Figure 3.16: Piezo-electric

Baumann in 1963 was the first to use capacitive force transducers (Baumann and Duplock, 

1963). He used them to measure the selected local forces between foot and shoe. 

In 1976 Nicol developed and used capacitive force transducers and multiplexing techniques for 

the assessment pressure distribution with flexible mats (Nicol and Hennig, 1976).

3.3.2.8 Piezo-electric

For dynamic pressure, force and acceleration (vibration or shock) measurements, piezoelectric 

sensors offer a well-balanced blend of precision, affordability and ruggedness. By taking a brief 

look at the following information, which explains the construction of piezoelectric sensors, it is 

no wonder that they excel in dynamic measurement applications.

Piezoelectricity

To generate a useful output signal, the sensors rely on the piezoelectric effect. ("Piezo" is a 

Greek term, which means, "to squeeze.") When an external force strains the piezoelectric 

elements, displaced electrical charge accumulates on opposing surfaces. Figure 3.17 illustrates 

the displacement of electrical charge due to the deflection of the lattice in a naturally 

piezoelectric quartz crystal. The larger circles represent silicon atoms, while the smaller ones 

represent oxygen.
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Crystalline quartz, either in its natural or high-quality, reprocessed form, is one of the most 

sensitive and stable piezoelectric materials available.

Force Force

Figure 3.17: Piezoelectric Quartz

In addition to quartz crystals, PCB also utilizes man-made, polycrystalline, piezoceramics. 

These materials, which are forced to become piezoelectric by the application of a large electric 

field, produce an extremely high charge output. This characteristic is ideal for use in low-noise 

measurement systems. Other advantages / disadvantages are listed in Table 3.1, where a 

comparison of each piezoelectric material is shown.

Quartz Crystal

Naturally piezoelectric material

High voltage sensitivity

Stiffness comparable to steel

Exhibits excellent long term stability

Non-pyroelectric

Low temperature coefficient

Polycrystalline Ceramic

Artificially polarized, man-made material

High charge sensitivity

Unlimited availability of sizes and shapes

Materials available which operate at 1000 F 

(540 C)

Output due to thermal transients (pyroelectric)

Characteristics vary with temperature

Table 3.1: Comparison of Piezoelectric Materials
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Many different sizes and shapes of piezoelectric materials can be used in piezoelectric sensors. 

Acting as true precision springs, the different element configurations shown in Figure 3.18 offer 

various advantages and disadvantages. The white area represents the piezoelectric crystals, 

while the arrows indicate how the material is stressed. Accelerometers typically have a seismic 

mass, which is represented by the gray colour. The compression design features high rigidity, 

making it useful for implementation in high frequency pressure and force sensors. Its 

disadvantage is that it is somewhat sensitive to thermal transients. The simplicity of the flexural 

design is offset by its narrow frequency range and low overshock survivability. The shear 

configuration is typically used in accelerometers as it offers a well balanced blend of wide 

frequency range, low off axis sensitivity, low sensitivity to base strain and low sensitivity to 

thermal inputs.

Compression Flexural

Figure 3.18: Material Configurations

Shear

With stiffness values on the order of 15E6 psi (104E9 N/m2), which is similar to that of many 

metals, piezoelectric materials produce a high output with very little strain. In other words, 

piezoelectric sensing elements have essentially no deflection and are often referred to as solid- 

state devices. It is for this reason that piezoelectric sensors are so rugged and feature excellent 

linearity over a wide amplitude range. In fact, when coupled with properly designed signal 

conditioners, piezoelectric sensors typically have a dynamic amplitude range i.e. maximum
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measurement range to noise ratio, in the order of 120 dB. This means that a single accelerometer 

can measure acceleration levels as low as 0.0001 g's to as high as 100 g's. 

A final important note about piezoelectric materials is that they can only measure dynamic or 

changing events. Piezoelectric sensors are not able to measure a continuous static event as 

would be the case with inertial guidance, barometric pressure or weight measurements. While 

static events will cause an initial output, this signal will slowly decay (or drain away) based on 

the piezoelectric material or attached electronics time constant. This time constant corresponds 

with a first order high pass filter and is based on the capacitance and resistance of the device. 

This high pass filter ultimately determines the low frequency cut-off or measuring limit of the 

device.

In 1982 Hennig began using piezoceramic transducers in a rubber matrix and applied them to 

insoles (Hennig et al., 1982).

3.3.3 Commercially available systems: 

3.3.3.1 Carbon Paper

Podotrack® and Podia-Scan® are both based on the 'carbon paper' technique, (see section 

3.3.2.2). The 'Podotrack' is produced by The Langer Biomechanics Group (UK) Ltd. It is a 

simple carbon paper design that claims to be far more accurate and reliable than a basic Harris 

and Beath mat. The 'Podotrack' cost is very inexpensive i.e.£2.25 per mat. Repeatability and 

accuracy are still poor.

The Podia-Scan system is supplied by SPI (Sensor Products Inc.) The system consists of a 

consumable sensing mat, scanner and Windows-based image analysis software. Podia-Scan 

sensing mats contain a carbon-based layer that produces a back and white pressure distribution 

of the foot, where black is high and white is low pressure. It uses the Podia-Scan mat in 

conjunction with a scanner and software, the system produces an enhanced full-color 

representation of the sole of the foot. The resolution of the system is very high and the cost is 

very low. The repeatability of the device is poor.
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3.3.3.2 Microcapsules

Pressures® and Topaq® are based on the 'microcapsules' technique, (see section 3.3.2.5).

Pressurex is a Fuji film product, while both are supplied by SPI (Sensor Products Inc.)

Pressurex is a super thin pressure mat (4 to 8 mm thick) - enabling it to conform to curved

surfaces. The colour intensity of Pressurex film is directly related to the amount of pressure

applied to it. The greater the pressure, the more intense the colour.

Once the pressure has been applied and the Pressurex mat developed, the mat is placed on the

Topaq scanner system, which will convert the colour intensity into a pressure map.

3.3.3.3 Force Sensing Resistors (FSR)

Musgrave®, Matscan®, F-mat®, HR-Mat® & FootScan® are all based on the 'force sensing 

resistors (FSR)' technique, (see section 3.3.2.6).

The 'Musgrave' is produced by a North Wales based company and was designed by Whittle in 

1991. It consists of 2048 FSR in a Matrix of 64 by 32. The computer scans the footplate every 

15 milliseconds and stores the results to enable an accurate visual display of the readings. The 

computer can store up to 64 scans and can scan every 960ms if required. A number of papers 

have been written about this system (Ledoux et al., 1995), (Borton and Stephens, 1994), (Song 

et al., 1996), (Plank, 1995), (Bennett et al., 1996), (Roggero et al., 1993), (Bennett andDuplock, 

1993), the dynamic and linear response being very good. The high cost and relatively small area 

limits its use to research.

An American based company - Tekscan, produces the 'Matscan, F-Mat & HR-mat'. They use 

an extremely thin (-0.1 mm), flexible tactile force sensor, using the resistive ink technique, (see 

section 3.3.2.6). The sensors use a grid-based formation. The number of sensors range from 

8352 at a spatial resolution of 4 sensors/cm2 to 2128 at a spatial resolution of 1.4sensors/cm2 . 

Although the resolution of these mats are very high and the cost is very competitive, a number 

of papers have been published expressing concern at the poor linear & dynamic response of the 

sensors (McPoil et al., 1995).
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The Sports Company Adidas produces the 'FootScan' pressure system., (see section 3.3.2.6). 

The system is placed in a number of sports shoe shops around the world in order to help the 

customers select the most appropriate shoe. It is based on changes in electrical resistance, and 

the results are processed by a microcomputer to provide a detailed analysis the of pressure 

distribution. The Scanning rate is 50Hz.

3.3.3.4 Capacitance

The 'Emed®' systems are based on the 'capacitance' technique, (see section 3.3.2.7). They are 

all developed and produced by the German company Novel. A number of papers have reviewed 

the reliability, accuracy and effectiveness of the Emed system (Hughes et al., 1991), (Sanfilippo 

et al., 1992), (Hughes et al., 1993), (Quaney et al., 1995).

There are four systems, the AT, ST, NT & ET. The measurement method is based on calibrated 

capacitive sensors. The signals, produced from a maximum of 4000 pressure sensors, are 

displayed as a conform colour picture on a monitor or as a printout on a colour printer. The 

measurement variables of the Emed systems are pressure (in Newton/cm2), time (in seconds), 

and location of pressure (in x/y coordinates). The system enables both static and dynamic 

measurement with a maximum speed of 150,000 sensors per second. The repositioning element 

(like a spring-balance) of a capacitive sensor is exactly defined. Furthermore, shear - forces are 

elastically compensated and do not change the characteristics of the capacitive sensor over time. 

The matrix configuration of the sensors provides for identification of each single sensor for 

calibration. The Emed systems are calibrated with a patented method using novel-trublu 

calibration systems. All sensors are simultaneously loaded in steps and a specific calibration 

curve for each sensor is calculated. Only calibrated values (using SI units) are displayed. The 

calibration can be verified by the user. The platform can withstand extreme total loads and 

requires no special mounting frame but only a flat working surface. The dynamic, repeatability 

& leg response of this system is very good. The only problem is the high cost and reasonably 

poor resolution i.e. 1 sensor/cm2 .
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3.3.3.5 Piezo-electric

The 'ACP® (Analisi Computerizzata del Passo)' is based on the 'piezo-electric' technique, 

(see section 3.3.2.8). It is produced by the Italian company BAT (Buratto Advanced Technology 

S.r.l). It consists of a matrix of piezoelectric pressure sensors.

3.3.4 Summary of barefoot platform system techniques

Each of the barefoot measurement techniques has its advantages and disadvantages. The choice 

of the barefoot measurement techniques depends on the specific requirements needed. The 

following table, (Table 3.2), shows the advantages and disadvantages of each commercially 

available system.

Technique

Carbon Paper

Carbon Paper

Microcapsules

Resistive

Resistive

Resistive

Capacitive

Piezo-electric

Name

Podotrack

Podia-Scan

Pressurex/ 

Topaq

Musgrave

Matscan, F- 

mat & HR-mat

FootScan

Emed

ACP

Advantages

Extremely cost 

effective

Cost effective

Cost effective

High resolution

Very high resolution

High resolution

Very high resolution

High accuracy

Disadvantages

Very poor accuracy

Poor accuracy

Poor accuracy

Poor long-term reliability

Poor linear and dynamic 

response

Poor accuracy

Expensive

Low resolution

Table 3.2: Review of commercially available barefoot platform systems 

3.4 In-shoe systems

The in-shoe systems measure the pressure between the plantar surface of the foot and the shoe 

(in-shoe measurement). There are two designs for the in-shoe systems: discrete and matrix
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sensors (Cavanagh et al., 1992).

3.4.1 Discrete devices

The discrete device places transducers at anatomically defined locations on the plantar aspect of 

the foot, (Figure 3.19).

Sensors

Insole 

Figure 3.19: Locations of Discrete Sensors

In 1947 Schwartz and Heath attached 12.5mm piezoelectric disc to the plantar surface of the 

foot (Schwartz and Heath, 1947). The areas that were analysed were under the big toe, 1 st, 3 rd 

and 5th metatarsal head, and medial and lateral aspects of the heel on both sides. In 1963 

Bauman and Brand used capacitive pressure pads with dimensions of 100mm2 area and 1mm 

thick (Bauman and Brand, 1963). The sensors were taped to the 5 metatarsal heads, great toe 

and heel. Hennacy and Gunther in 1975 redesigned the Bauman and Brand sensors so that the 

range was more linear and had a greater pressure range by using piezolectric crystals (Hennacy 

and Gunther, 1975). In 1973 Lereim and Serek-Hanssen designed a silicon beam strain gauge 

transducers (Lereim and Serek-Hanssen, 1973). These were embedded in a PVC insole. The 

transducers have a diameter of 12mm and are 2.5mm thick. The disadvantages of a discrete 

device outweigh those of its advantages, (Table 3.3).
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Advantages

Low cost (average)

Simple manufacture

Disadvantages

Imprecise positioning of the individual sensors

Migration of sensors due to shear stress

Bulky sensors e.g. Capacitance & Strain gauge

Low resolution

Table 3.3: Advantages and Disadvantages of a discrete device

3.4.2 Matrix devices

The matrix device consists of a number of pressure sensing elements that are arranged in rows 

and columns, (Figure 3.20).

Row/Column tracks

Figure 3.20: Matrix Pressure Pad

In 1969 Brand & Ebner used microcapsules embedded in foam and shaped into socks (Brand 

and Ebner, 1969). When load is applied to the crystals they break releasing a dye onto the sock. 

This produces a visual representation of the applied pressure. Nicol and Henning in 1976 

developed a flexible capacitance transducer array (Nicol and Hennig, 1976). This array has been 

developed constantly and is one of the main technologies behind pressure systems today. 

In 1982 Hennig et al. constructed an insole containing an array of-500 piezoelectric ceramic 

(lead-zirconate-titanate) transducers embedded in silicon rubber (Hennig et al., 1982). In 1984 

Pedotti et al. produced an insole from a film of the piezoelectric polymer, polyvinylidene 

fluoride (PVDF) (Pedotti and Assente, 1984). Circular aluminium discs of 6mm diameter were 

deposited onto the film to form transducer electrodes at 16 sites. Aluminium tracks transferred
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the output signal from each transducer to the periphery of the insole for connection to remote

instrumentation.

Durie and Shearman constructed sensor pads from conductive rubber in 1979 (Durie and

Shearman, 1979). This sensor was a very low cost device that could be produced in various

shapes. The system is flexible, cheap and durable but had a poor frequency response and

accuracy. A conductive polymer was used by Peruchon et al. in 1989 (Peruchon and Jullian,

1989). The design comprises of a flexible copper-plate circuit substrate which has electrodes

etched onto it to form an array of 127 elements.

A magneto-resistive device was designed in 1980 by Tappin et al (Tappin and Pollard, 1980).

The device consisted of a self-centering stainless steel plate with a magnet attached to it. This

plate was then connected to a resistor that was attached to the shoe. This device measures the

shear stress applied and is independent of any vertical pressure. Laing et al made a slight

development on the design in 1991 (Laing et al., 1991).

The Harris mat technique has been adapted for use in the in-shoe by Brand in 1988 and

Brand/Coleman in 1990 (Brand, 1988), (Brand and Coleman, 1990). The device consists of a

rubber mat with projections of varying height on it. The mat is then inked and a piece of paper

placed on top. A load is applied and the deposit of ink is proportional to the pressure applied.

In 1984 Grieve and Rashdi used a sheet of aluminium instead of the inked mat and paper

(Grieve and Rashdi, 1984). The deformations in the aluminium were then analysed by an optical

scanner.

Maalej et al. developed a force-sensing resistor where a conductive polymer was deposited

between two metal tracks thus providing resistive path between the two tracks (Maalej et al.,

1988). Rose et al. evaluated resistive ink devices in 1992 (Rose et al., 1992). In 1994

McLauchlan et al. studied the reliability of a piezoelectric in-shoe transducer, and found that the

device was very reliable and would be a very useful research tool (Mclauchlan et al., 1994).

Overall the advantages of a matrix device outweighs its disadvantages, (Table 3.4).
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Advantages

High resolution

Complete coverage of plantar area

Thin pressure mats

Simple manufacture

Disadvantages

Poor long term reliability

Interference between elements

Calibration problems

Table 3.4: Advantages and Disadvantages of a matrix device

3.4.3 Commercial in shoe systems

3.4.3.1 Projection

Podia-Scan®, distributed by sensor products is an economical and efficient method for

measuring static plantar foot pressure distribution using the Carbon Paper technique.

3.4.3.2 Resistive

F-Scan®, produced by Tekscan (McPoil et al., 1995), (Brown, 1995).

There are 960 individual sensing points per foot (4 sensors per cm2). Sensors can be trimmed to

fit adults as well as infants. The sensors can accommodate irregular shoe type or foot size, and

create minimal interference with normal patient locomotion. The F-Scan sensor is extremely

thin (.007") and conforms to most environments. The F-Scan system is capable of capturing

static, walking and jogging events - sampling the complete sensor 165 times per second

(316,800 sensors per second). Each sensor can be reused and lasts, conservatively, up to ten

patients.

The F-Scan System detects, displays and records plantar forces while they are taking place. The

F-Scan for Windows™ software allows you to view and record the patient's data for later

analysis. The images can be viewed as graphically informative 2-D and 3-D images, and various

other graphical functions are available. The F-Scan system is simple to use, and office personnel

can easily do the tests.
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Footscan® insoles, produced by RsScan

The polymer sensors measure 5 mm to 7 mm and will offer a resolution as high as 4 sensors per 

cm2 . Spots with overpressure are precisely localized. The sole is only 1.5 mm thick. Insoles can 

be ordered in all shoe sizes. It has a sample frequency up to 1000 Hz. There are two methods for 

calibration available: sending the soles to Belgium (where they apply known loads and calibrate 

the output) or using the hybrid footscan® plate, depending on the level of accuracy required.

Dinatto®, produced by Buratto Advanced Technology S.r.l. (BAT)

The insoles contain 64 sensors each. The sensors use FSR (Force Sensitive Resistance) 

technology. There are a large number of sizes available, each being 2 mm thick. There is a 

possibility to transfer the data of the analysis using an external radio module. The analysis time 

is unlimited and the frequency can go form 50 Hz to 70 Hz. The software provides information 

on the Maximum Load, Average Load and Time/Pressure Integral. Each step may also be 

furnished together with the Curve of the Center of Load.

3.4.3.3 Capacitance

Pedar®, Produced by Novel.

The Pedar system has 256 sensors. The insoles come in various sizes, with thickness' varying

from 1- 2.6mm. The device scans with a speed of 10,000 sensors per second.

The Pedar system works under 'Windows' and has an optional air pressure calibration device. It

allows configuration of the sensor matrix by software and can be synchronized to video and

EMG gait analysis systems. There are two systems: one where the insoles are connected to the

computer via a cable and an another that is mobile and stores information on a small PCMCIA

card.

3.4.3.4 Microcapsules

Pressurex®, distributed by sensor products inc. is a pressure mat designed to fit inside the shoe,

(see section 3.3.3.2).
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3.4.4 Shear Forces

The pressure distribution transducer designs so far have only been concerned to measure plantar 

pressures. The shear forces, especially between the foot/shoe interface, can be a significant 

factor in the development of ulcers, (see chapter 2). The design of transducers that are able to 

measure the shear forces applied by the foot is very difficult. The transducer techniques that 

have been built and tested include:

3.4.4.1 Magneto-resistor

In 1980 Tappin and Pollard developed a discrete shear transducer using magneto-resistive 

elements (Tappin and Pollard, 1980). The same design was used by Lord et al. in 1992 (Lord et 

al., 1992). The system consisted of a permanent magnet that moves relative to a magneto- 

resistive element, resulting in a change in resistance proportional to the applied force. Silicone is 

used to bond the two halves of the transducer, and the elasticity provides a restoring force to 

return the magnet to its equilibrium position. A maximum shear stress of 250kPa can be 

measured, with a frequency response of up to SOOHz. A number of clinical tests have been made 

using this transducer design. In 1983 Pollard et al tested the effect of various footwear on 10 

subjects (Pollard et al., 1983) and later by Tappin and Robertson in 1991 (Tappin and 

Robertson, 1991). Modifications to the transducer were made by Laing et al. in 1992 (Laing et 

al., 1992) and it's use in combination with vertical pressure was investigated by Williams et al 

in 1992 (Williams et al., 1992).

3.4.4.2 Capacitive

The German company, Novel, are currently researching the use of capacitance in the design of

shear sensors.

3.4.4.3 Piezoelectric

A copolymer piezoelectric in-shoe device has been designed and was evaluated by Akhlaghi and 

Pepper in 1993 (Akhlaghi and Pepper, 1993).
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3.4.5 Summary of In-shoe system techniques

The discrete devices are shown to be less effective than those of matrix devices. As with the 

barefoot measurement techniques, each in-shoe matrix device technique has it's advantages and 

disadvantages. The choice of in-shoe device depends on the specific requirements needed. The 

following table, (Table 3.5), shows the advantages and disadvantages of each commercially 

available system.

Technique

Projection

Resistive

Resistive

Resistive

Capacitive

Microcapsules

Name

Podia-scan

F-scan

Footscan

Dinatto

Pedar

Pressurex

Advantage

Cost effective

Cost effective, Very 

High resolution & thin

High resolution & thin

High resolution & thin

Very good long-term 

reliability

Cost effective

Disadvantage

Non-accurate results

Poor long-term reliability

Poor long-term reliability

Poor long-term reliability

Low resolution & bulky pressure 

mats

Non-reusable, poor accuracy

Table 3.5: Review of commercially available In-shoe devices

3.5 Barefoot measurement vs. In-shoe measurement

The load distribution measurements are the preferred methods for the identification of feet 'at 

risk' for amputation, (see chapter 2). They are used as the baseline indication of risk in all 

patients on entry to clinics. While there are still no clear guidelines as to thresholds of pressure 

for risk, this is the only dynamic component to the examination and one on which clinicians 

have come to depend on for a statement of how the foot functions in the absence of shoes. 

The in-shoe pressure measurement measures the pressure between the foot and shoe interface. 

Foot wear is widely believed to facilitate and enhance athletic performance and to be a 

therapeutic modality in such diseases as diabetes mellitus, Hansen's disease, and rheumatoid
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arthritis where elevated pressure causes either injury or pain. In-shoe pressure measurements 

provide a means to better understand the effects of shoe design modifications on the mechanics 

of the foot and this has the potential to influence both shoe design and clinical practice. 

One significant advantage of in-shoe transducers compared to pressure platforms is that multiple 

steps can be collected much more easily. This allows more robust statistical estimates of 

relevant parameters to be obtained and is more versatile for the study of activities other than 

level locomotion (such as stair climbing or sports activities). The barefoot pressure platforms 

would require to be ~2m in length and a metre in width for just a few steps to be taken, this 

would increase the cost of most transducer technologies available to be far in excess of what a 

clinic could afford.

An advantage of barefoot pressure platforms is the very high reliability and accuracy of the 

results. The technology is far less demanding than in in-shoe pressure systems since the 

platforms are on a flat walking surface. The transducer cables experience bending as they 

emerge from the shoe and there is repeated local compression of the same areas of the 

transducer. The inside of the shoe can also reasonably be described as a 'hostile environment' 

since it is warm, damp, and contoured. All of these factors have the potential to increase 

measurement error and device failure. Another advantage of the barefoot pressure platform 

systems is the very high resolution that they can achieve. This is again due to the 'friendly 

environment' of the platform system.

The barefoot pressure platforms are used routinely to assess the baseline indication of risk in 

diabetic patients at clinics e.g. 'We suggest that barefoot measurement is the preferred method 

for identification of feet 'at risk'for ulceration.... " (Ulbrechet et al., 1994).

3.6 Summary

The information presented in this chapter gives a detailed knowledge on the history of the 

developments of both 'force plates' and 'load distribution systems'. The 'load distribution 

systems' were split into two sections i.e. barefoot platform and in-shoe systems. The various
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techniques used in the devices were explained in detail, with a short section describing the

systems that are available today.

The final section dealt with the issue of barefoot platforms against in-shoe systems. The

conclusion being that both have their uses, with the barefoot platform being specifically used in

the routine assessment in the identification of feet at risk of ulceration. This is the area that this

research is going to be concentrating on, thus designing and building a new barefoot platform

pressure system.

The next chapter will explain in detail the field of 'interferometry' which will be the

fundamental technique used in the design of the new barefoot platform pressure system.
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Chapter 4 

Interferometry
'When two undulations, from different origins, coincide either 
perfectly or very nearly in direction, their joint effect is a 
combination of the motions belonging to each.' 
Dr. Thomas Young

This chapter briefly describes the basic formation of an interference pattern and an overview of 

the theory of interferometry and its applications. The basic understanding of the wave nature of 

light is described along with the use of interferometers today, concluding with the 

interferometer techniques to be used in this research. Interferometry will be the method by 

which the new barefoot platform system measures pressure.

4.1 Introduction

The word interferometry is derived from the word 'interference'. Interference is a phenomenon

that occurs between waves e.g. sound, light, ocean or seismic. Interferometry measures the

phase changes in a light beam, which are due to changes in the optical path length (Jenkins and

White, 1957). In order for interference to occur the waves must combine at the same place and

at the same time i.e. coherence (Fincham, 1980), (Rarogiewicz, 1997), (Davidson, 1997).

In order to understand the concepts used in all the interferometry techniques used later on in this

chapter a thorough understanding of the wave nature of light and the process by which an

interference pattern is created is addressed.

The individual classifications of interference effects are then briefly explained, leading onto a

detailed explanation of how a laser produces a coherent light.
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Interferometers are then described in detail i.e. the theory behind the two classes: wave-division 

or amplitude division. A number of examples of interferometers of each class are described. 

In order to understand all fields of interferometry the theory behind holography is then 

explained, providing information on how it is used in interferometry. The theories behind the 

moire, projected fringe, & speckle techniques are then described, with examples of 

interferometers using those techniques.

The properties of polarised light is discussed as well as ways of creating it. A number of its 

applications are discussed with emphasis on the photoelastic technique. The chapter concludes 

with a review of all the interferometry techniques presented.

4.2 The Principle of Coherence

By considering light as a wave it is assumed that when it travels through a medium, the medium

undergoes local periodic simple harmonic displacements which are repeated every time T i.e.

period.

The source of the light (simple harmonic wave) at time t, amplitude a, has a displacement y' of

the oscillator given by:

[4.1]

If the wave travels to a point S which is a distance x from it's source, then using speed = 

distance/time, the time required to travel to point S will be x/c, where c is the velocity of 

propagation. At the point S, the equation of motion is given by: 

y = a sin (2/7) (t-x/c) [4-2]

given that: ^(wavelength) = c (speed of light) x T 

equation 4.2 can be re-written as: 

y = a sin 

or
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Phase is defined as the fraction of a complete vibration the particle has executed at a given

instant. The phase at the source determines the phase at point S. If we consider two separate

independent light sources combining at point S, there will be no fixed phase relationship

between the two and therefore no possibility of producing stationary interference patterns.

These waves are termed 'incoherent' and the intensities of the waves combine locally.

Incoherent waves however do produce interference, but the vibration frequency of visible light

is so rapid (10 15Hz) and the phase changes frequently changing that the interference effects

appear too rapid to be detected.

If two waves are produced by the same light source but travel different paths, they are termed

'coherent', the waves superimpose and produce visible interference effects since it's their

'amplitudes' and not their 'intensities' that combine. These waves produce 'standing waves'

since any phase change in one wave is duplicated in the other since they both emanate from the

same source.

It is therefore proven that in order to produce visible stationary interference effects, the two

waves required to combine need to emanate from the same light source. The stationary waves

created by the combination of the coherent waves are also termed 'interference fringes'.

There are two types of interference. If the two waves that are combined are in phase with each

other i.e. the crest of both waves coincide, then the resulting wave will be of the same

wavelength but having amplitude equal to the addition of the two initial wave amplitudes. This

is called constructive interference.

The condition for constructive interference therefore occurs when the path difference is a whole

number of wavelengths:

Path difference = n^ [4.4]

where n is an integer.

Destructive interference is the same as constructive interference except that the two initial 

waves are out of phase with one another, thus if the initial waves have the same amplitude then
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the resulting wave will be cancelled out.

The condition of destructive interference therefore occurs when the path difference is an odd

multiple of 7J2:

Path difference = A,(n + l/2) [4.5]

where n is an integer.

This pattern of constructive/destructive interference consists of light and dark alternating bands 

of light. The bright bands corresponding to constructive interference and the dark band 

corresponding to destructive interference, (Figure 4.1). These fringes are contour lines 

connecting areas of equal phase difference.

Figure 4.1: Fringe pattern

The above conditions obey the 'Principle of Superposition'. Consider two beams with 

amplitudes yi and y2 combining at point S to produce a resultant beam of amplitude Y.

y, = alSm(2n/ty(ct-xi) [4.6] 

y2 = a2sm(2x/A)(ct-X2) [4-7]

where

4 [4-8] 

<f>< + 0 [4-9]

0=2n(xr-x3)/t. [4-10

and
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Y = a,sin(/> + a2sin(0+ 6) [4.11]

Y=(ai +a2cos6>)sin0 + a2sindcos(/> [4.12]

The phase difference at S is given by the quantity 6. Its value is In times the number of 

wavelengths in the path difference between the two beams reaching S.

4.3 Interferometers

Interferometry is the use of the interference effect to measure small angles or distances. The

device that measures these angles/distances is called an interferometer. A large number of

papers have been published on this field (Reid, 1986), (Wyant, 1982), (Robinson & Reid, 1993),

(Tolansky, 1955), (Dyson, 1970).

Interferometers are used to test lenses, mirrors and are used extensively in Astronomy

(Rarogiewicz, 1997).

There are two types of interferometers i.e. two types of wave division. One is called 'division of

wave front' and other 'division of amplitude'.

4.3.1 Division of Wave-front: Diffraction

The definition of diffraction is given by:

'When waves pass through an aperture, or past the edge of an obstacle, they always spread to

some extent into the region which is not directly exposed to the oncoming waves.' (Jenkins and

White, 1957)

Huygen proved this property of light in 1678. Figure 4.2 shows a group of plane waves

approaching a barrier AB that has an opening S of width slightly smaller than the wavelength of

the plane waves. The plane waves are either reflected or absorbed at every point of the barrier

except at S. At point S light spreads out to form semicircles, which are observed on the screen

CD.
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S

D

Figure 4.2: Diffraction of waves

This experiment proved that light does not travel in straight lines. The light is most intense

opposite point S and decreases as the angle increases.

Huy gen's principle: 'Each point on a wave front may be regarded as a new source of waves.'

4.3.1.1 Young's Experiment

In 1 802 Thomas Young designed the first experiment to prove the wave nature of light. The 

experiment produced an interference pattern by using a double slit arrangement as shown in 

Figure 4.3.

A

B

Figure 4.3: Young's double-slit experiment

Young used sunlight as the light source, although experiments today use a monochromatic light, 

which passed through a pinhole S and then through two other pinholes S/ and S2, which were at
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a considerable distance away. This technique produces two spatially coherent light sources. 

Spherical waves are produced by Si and S2 which interact with one another so as to form a 

symmetrical pattern of varying intensity which is observed at screen AC. The pinholes are 

replaced today with narrow slits, which produce cylindrical wave fronts.

Young proved that this was an interference effect by simply covering up S/ and discovering that 

the fringes vanished. This proved that the interference fringe pattern was not due to diffraction 

but interference, even though the spread of the waves is due to diffraction.

4.3.1.2 Theory of the double slits experiment

If we consider the slits Si and 82 emitting crests at the same time, then at point P the crest from 

slit S2 arrives later than that from slit Sj, (Figure 4.4). Point P will only be a point of 

reinforcement if the wave crest from S2 arrives a complete cycle later than that from S;. This 

means that the crest from S? has to travel a distance equal to a whole number of wavelengths 

compared with that from S2 , The extra distance S2P - S,P is called the 'path difference'.

O JL

Figure 4.4: Path difference

[4.13]The phase difference 5=kA = (2n/Z.)(S2P - S,P)

The path difference = S2A

At zero phase difference i.e. point O, the point is bright. The nth bright fringe appears at P,

where OP = x.

Therefore:

S2 -S, = nA

S2P2 -S,P2 = {D2 +(x+d/2)2}-{D2+(x-d/2)2}
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Therefore:

S2P - S,P = 2xd/(S2P + S,P) [4.14]

If D is at least a thousand times that ofx & d, the angles 0& 0' are very small, and practically 

equal to one another i.e. SiAS2 regarded as a right triangle and: 

dsin0' = dsin0 & sin 0 = x/D 

then

but,

Therefore: 

xd/D = nA

or

[4.15]

The (n+l)th fringe will appear atxj where xj = (n+1) AD/d 

Therefore the separation between each fringe is: 

A= Xl -x = AD/d [4.16]

Bright fringes occur when:

x = nAD/d [4.17]

Dark fringes occur when:

x = (n+l/2)AD/d [4.18]

43.1.3 Intensity distribution of the Fringe System

There is an important point to consider; if the two waves arrive at the same point and are 

completely out of phase with one another i.e. destructive interference, resulting in a zero
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intensity, what has become of the energy of the two waves. The law of conservation of energy 

reminds us that energy cannot be destroyed.

The answer is that the energy is not destroyed but redistributed throughout the interference 

pattern i.e. the average intensity on the screen is exactly what would be expected without any 

interference effects, (Figure 4.5).

6n

Figure 4.5: Intensity distribution

The intensity at any given point on the screen AB is given by:

I = 40* cos2 8/2 [4.19]

Where 'a' is the amplitude of the separate waves and Sis the phase difference.

Two examples of interferometers that use the division of wave-front technique are the Rayleigh 

and Vaisala's Interferometer. The Rayleigh Interferometer was first designed in 1896 and 

measures the refractive indices of gases with great accuracy. This is achieved by directing a 

monochromatic light source onto a single slit. A lens is then used to make the resulting beam 

parallel and then illuminate two wide slits, which are about 1cm apart. The two beams then pass 

through two tubes and then through two glass plates, after which another lens brings the beams 

into focus at a certain point where an interference pattern is observed. If the two tubes are 

evacuated the fringes produced will be symmetrical. The Vaisala's Interferometer is a slight 

modification on the Young's double slit technique. It is used to accurately measure very long
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distances up to 100m. A parallel beam of light is directed towards a double slit arrangement i.e. 

S, & S2, (Figure 4.6). The beams emitted from S, & 52 are reflected off the two sided mirrors of 

A, B & C. These are then focused by a lens towards a point F, where an interference pattern is 

produced. The distance between A & B is fixed therefore in order to produce a fringe pattern at 

F, BC would need to be adjusted so that AB = BC. Once this is done the beams are then shifted 

so that BC & CD are compared and this is continued all the way across the device i.e. CD 

compared with WX, which is very time consuming. This produces an extremely long path with 

interferometric precision.

D w

Figure 4.6: Vaisala's Interferometer 

4.3.2 Division of Amplitude: wedge-fringes

This technique divides the wave by partial reflection where the two resulting waves maintain 

their wavelengths but having a reduced amplitude.

If the light being emitted towards a thin sheet of glass is considered, part of the wave will be 

reflected from the initial surface whereas the rest of the wave will continue through the glass 

sheet until being reflected off the other side of the sheet. These two waves are both coherent and 

are capable of being combined and producing an interference pattern, temporal coherence. 

The very first experiment to show this phenomenon was performed by Newton, Newton's rings. 

The reflection of the light beams can occur in two cases:

• parallel-sided reflecting film or transparent material

• faces inclined to one another i.e. wedge.
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4.3.2.1 Parallel-sided reflecting or transparent materials

In order to understand the production of the fringe patterns a detailed explanation of the fringe 

spacing is required.

The 'cosine law' explains this relationship for parallel-sided films (Jenkins and White, 1957). 

Cosine Law:

Figure 4.7: Light Path

Interference occurs between the light reflected at C on the front surface of the plate and at F on 

the rear surface, (Figure 4.7). 

Using Snell's Law:

= n2 SinY [4.20]

where:

n/ = Refractive index of air (= 1)

«2 = Refractive index of the plate (= n)

(EF + FC)n - ED = 2nLCosY [4-21]

Phase Difference = (2it/ty(2nIJCosY) [4-22]

The reflection at point 'C' introduces a phase change of n, which is the same as changing the

path length by A/2.

Dark Fringes occur when: 

4mLCosY „
[4.23]

i.e.pA, = 2nLCosY (where/? is an integer)
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Bright Fringes occur when:

There are two ways of classifying a fringe pattern: 

i) equal thickness 

ii) equal inclination

In both cases the refractive index of the medium and the wavelength of the light source are 

constant. The two variables are the 'angle of inclination, T and the 'plate thickness of the 

medium, L\ The 'equal thickness'' classification corresponds to a constant 'angle of inclination'' 

but with variable 'plate thickness'. The 'equal inclination'' classification corresponds to a 

constant 'plate thickness' but with variable 'angle of inclination'.

4.3.2.2 Wedge-shaped films

A classic example of wedge-shaped films producing interference effects is when a soap film is 

help up and horizontal fringes are seen, with the film being thin at the top and thicker at the 

bottom i.e. a wedge.

An experiment to clearly show this phenomenon can be devised where two glass slides are 

placed on top of one another, with a spacer at one end e.g. piece of wire, (Figure 4.8). A 

monochromatic light source is used to illuminate the slides, by reflecting the light off a glass 

plate held at 45° to the glass slides. A microscope is then used to observe the fringe patterns 

produced.

m. —— m
Microscope

Glass Plate

Monochromatic 
Light Source

Wedge

Figure 4.8: Wedge fringes
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The fringes produced represent contours of equal wedge thickness, parallel to the thin edge of 

the wedge. The thickness of the wedge for every dark fringe is given by 2t = nA0, as shown in 

Figure 4.9.

The increase in the thickness of the wedge t, per dark fringe, is A(/2, therefore the spacing of 

each fringe is given by:

[4.25]

R, Incident light

Glass Slides

Figure 4.9: The wedge angle

The reflection of point 7 reverses the phase of the incident wave, therefore the interference 

between the waves R, & R2 will be destructive if Rt travels a whole number of wavelengths 

relative to R2 .

4.3.2.3 Newton's Rings

Another experiment that's very similar to the above mentioned is the Newton's rings 

experiment (Pegna et al., 1997). Although Hooke actually described the experiment it is named 

after Newton because he analysed the fringe properties, but it was Young who gave a 

satisfactory explanation of their formation in terms of waves.

The set-up is exactly the same as the previous example except that instead of a wedge producing 

an interference pattern, a long focal length lens is placed on top of a flat glass plate, (Figure
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4.10a), where the circular fringe produced are shown in Figure 4.10b.

t

Microscope

Glass Plate

Monochromatic 
Light Source

Figure 4.10a: Newton's Rings Figure 4.10b: Circular fringes

The thickness of the air film gradually increases away from point B i.e. no air film, lens and 

glass plate in contact, (Figure 4.11). The interference effect occurs between the lower surface of 

the lens i.e. ABC and the flat glass plate DBE. The interference pattern consists of rings of equal 

thickness, increasing radii and decreasing separation. Due to the 180° degree phase change at 

point B, the center ring is dark.

Figure 4.11: Theory of Newton's rings

A dark fringe is formed when the thickness of the lens is: 

2t = nA(/ju

A bright fringe is formed when the thickness of the lens is: 

2t =(n+

[4.26]

[4.27]

4-14



Chapter 4_________________________________________Interferometry

The diameter of a given fringe ring is given by the equation:

[4.28] 
A*

where:

dm = diameter of the nth dark ring center,

ju = refractive index of the lens,

AQ = wavelength of the light in air.

Two examples of interferometers that use the division of amplitude technique:

• Michelson's Interferometer

• Twyman Green Interferometer

• Fizeau Interferometer

4.3.2.4 Michelson's Interferometer

One of the most important instruments in the field of modern physics is the Michelson 

Interferometer. It laid down the foundation for the theory of relativity given by Einstein and 

introduced a method of measuring distance accurately using light waves.

The instrument is a simple 'two beam' system, where two waves are superimposed, producing 

interference fringes. The incident light is divided into two beams using a beam splitter. One of 

the beams is called the 'reference beam' and is produced by reflecting off a very accurate 

reference point. The second beam is reflected from the surface being tested, and is called the 

'test beam'. The set-up consists of a coherent light source with mirrors and beam splitters being 

used to either split or recombine the beam. The separate beams are then recombined at a certain 

point to produce interference, (Figure 4.12).
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Reference Surface

Test Surface

Figure 4.12: Michelson Interferometer

The path length between the two beams can be varied by moving the test surface. The test 

surface is usually placed on a movable object that uses screws to vary the distance extremely 

accurately. If the test surface is moved a distance V, then the path difference is 2x. The phase 

difference is given by:

In order to measure the speed of the object, the test surface is moved and the number of bright

fringes counted. The number of bright fringe per unit time i.e. speed = distance /time, enables

the measurement of the speed of the object.

When the reference and test surface are both perfectly orthogonal to one another then a 'null

fringe condition' occurs, where one fringe covers the whole image. This fringe may be bright or

dark, depending on the phase difference between the two waves. If the distance between the

reference and test surface is increased, but continually being parallel, then the image will

alternate between being bright and dark.

If a tilt to one of the surfaces is applied, (Figure 4.13), then a number of fringes are seen. The

number of fringes increases with the angle of the tilt.

When testing optical components the surface quality can be found by studying the straightness

of these introduced tilt fringes e.g. flat surfaces will have perfectly straight fringes.
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-Hi

Tilted

Camera
Figure 4.13: Application of a tilt

4.3.2.5 Twyman Green Interferometer

The Twyman Green interferometer is a variation on the Michelson interferometer (Morimoto 

and Fujisawa, 1993), (Doi, 1997). The difference is that the beam is expanded and collimated 

and then directed onto a beam splitter, (Figure 4.14). The beam is then split into two beams, a 

reflected and transmitted beam, having equal amplitudes. One of these beams is then directed 

onto the reference surface, which produces the reference beam. The other beam is directed 

towards the test surface, which produces the test beam. This technique enables very easy change 

of the reference surface reflectivity relative to the test surface, so as to match the intensities of 

the test and reference beams, thus producing a high fringe contrast.

Reference Surface

Laser

1 1
1

n1 1

imator 
i

i t
i^*"# »*»**

/ BS

i i

* — H

'

—

—
Test Surface

Camera

Figure 4.14: Twyman Green Interferometer
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4.3.2.6 Fizeau Interferometer

A coherent light source (laser) is expanded and collimated to the size of the sample being tested 

(Hatsuzawa, 1985). The beam is then directed towards the reference surface. This surface has its 

front surface coated with an anti-reflection coating. Part of the beam is reflected off the rear 

reference surface while the other part of the beam is directed towards the test surface. Both 

beams are then recombined using the beam splitter, (Figure 4.15).

Reference 
Surface

Laser 11J -••' BS
nator

i

/
' i r

—

Camera

Test Surface

Figure 4.15: Fizeau Interferometer

4.3.3 Holographic Interferometry

By using a hologram process, where a picture is created that has recorded not only the light 

intensities but also the phase differences, it is possible to store the wavefronts that are scattered 

from the surface of an object as a hologram (Horman 1965), (Erf, 1974), (Henry, 1998). This 

means that the wavefront produced can be accessed any time. Interference holograms are 

created when two or more holograms are superimposed onto the same photographic plate. The 

constructive/destructive patterns created on a standard hologram are in Figure 4.16a. The 

interference hologram of two slightly different hologram patterns superimposed is shown in 

Figure 4.16b.
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i

Figure 4.16a: Hologram pattern Figure 4.16b: Interference hologram

In order to create an interference pattern for static deformations two techniques are possible. 

The double-exposure technique is an accurate but time consuming technique where two images 

are taken of the same hologram one before and another after loading (Parker, 1994), (Jeong, 

1997). The real-time interferometry technique is less time consuming where it measures one 

image of the object, and the hologram is then processed and placed in exactly the same position 

as it was recorded. A holographic vibration analysis technique enables an accurate measurement 

of dynamic deformation measurements, but requiring very precise instrumentation. It entails 

taking a hologram of an object when at rest, and being replaced to observe interference patterns 

when the object is vibrating with laser beam being chopped with the same frequency of 

vibration. By varying the phase between the light pulse and object vibration it is possible to 

observe the vibration of the object in slow motion. One other technique is the Electronic 

Speckle Pattern Interferometry (ESPI), which is a very fast and simple techniuqe which replaces 

the holographic plate with a TV-camera, as the means to store the image (Butters, 1971), 

(Butters, 1978), (L^cberg 1987), (Floureux, 1993), (Sirohi, 1997). The image reconstruction 

takes place electronically with the angle between the object and reference waves being very 

small due to the limited resolution of TV-cameras. Transparent objects can be analysed 

accurately using holographic interferometry by measuring the change in the refractive index of 

the object (Vest, 1979). When an object is placed in the way of one of the beams, the change in 

the refractive index, due to some change in the object's volume, alters the phase of the beam. 

Therefore the phase change in the two beams directed onto the holographic plate results in an 

interferogram, relative to the shape and size of the object.
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4.3.4 Moire techniques

Moire fringes are created very simply by holding two gratings face to face with a bright 

background behind. If the lines of the gratings are parallel the image will appear uniformly 

bright if the lines are overlapping one another. If one of the gratings is rotated, fringes are 

formed that are perpendicular to the grating lines (Yokozeki, 1982), (Reid, 1984), (Harding, 

1997), (Figure 4.17). a

Moire fringes

Figure 4.17: Moire fringes

The fringe spacing is given by: 

b = a/tanO [4.29]

The two techniques that use this method are the 'In plane deformation and strain' and the 'Out- 

of-plane deformations and contouring' techniques. The In plane deformation and strain 

technique places one diffraction grating onto the test surface, so that it deforms relative to the 

test surface (Post, 1982), (Sciammarella, 1982). The Out-of-plane deformations and contouring 

technique enables moire fringes to be produced without a grating being deflected. This is 

achieved by using a shadow-moire or projected fringes technique. The shadow-moire technique 

projects a grating shadow onto a surface, where moire fringes are then produced between the 

grating and the shadow cast on the object (Takasaki, 1982), (Yoshino, 1982), (Yoshizawa, 

1982). The projected fringes technique is a slight variation on shadow-moire technique where 

fringes are projected directly onto the surface of the object enabling fast analysis (Idesawa et al., 

1977), (Suzuki, 1982), (Takeda 1982), (Reid, 1984), (Womack, 1984).
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4.3.5 Photoelastic Technique

When glass, Perspex or polythene are stressed either by bending or twisting they become doubly

refracting e.g. where an incident unpolarized ray is lit into two rays i.e. ordinary (which obeys

SnelPs law) and extraordinary rays (travels with different speeds & directions). These rays are

plane polarized in directions at right angles to each other. If these materials are then placed

between two crossed polaroids e.g. using a polariscope, distinctive coloured fringes are

observed about the regions of strain. Interpretation of the pattern reveals the overall strain

distribution.

The principles of photoelasticity can be illustrated using two laws:

i) The double refracting property of a material due to it being stressed splits the normally

incident light into two components along the principle stress directions in a plane that is

perpendicular to the direction of the propagation and are transmitted only along these

planes through the model, 

ii) The velocities of light transmission along these directions are directly proportional to

the intensities of the respective principal stresses.

The above laws basically state that the inputted polarized light emerges from the photoelastic 

system as an elliptical polarized beam. The degree of ellipticity is dependent on the direction 

and magnitude of the stress applied. The set-up of a basic photoelastic polariscope is shown 

below in Figure 4.18.

Photoelastic Material to be 
stressed

Light Source Elliptically
Polarized

Light

Polarizer Polarizer 

Figure 4.18: Photoelastic Polariscope

4-21



Chapter 4 Interferometry

The photoelastic technique is used in the construction of plastic materials and exposing any

weaknesses. It is a fast and simple way of analysing materials but is affected by material

irregularities.

Individual photoelastic sensors have been constructed in order to measure stresses and strains

e.g. in rocks & between pneumatic lip seals. These sensors can be placed at the end of a fiber

optic cable, in order produce remote sensors.

By coating a model (any material) with a photoelastic material, it's stress-strain curve can be

measured.

Developments in photoelastic techniques are continuing to improve the field.

4.4 Conclusion of interferometry technique review

As mentioned in chapter 1, a pressure sensor is required to be accurate, large measurable range, 

cost effective, easy to use and have a high resolution. The interferometry techniques discussed 

in the previous sections are various ways of achieving this pressure sensor. A detailed 

understanding of how each technique works enables an informative choice of the technique best 

suited to this research. Table 4.1 shows the advantages and disadvantages of each technique.

Technique Advantages Disadvantages

Rayleigh Interferometer Highly accurate Difficult to be applied to the 

measurement of pressure

Vaisala's Interferometer Highly accurate Time consuming

Michelson's Interferometer Highly accurate, simple to 

use & applies itself well to 

pressure measurement.

Large laser beam required.

Twyman Green 

Interferometer

Highly accurate, simple to 

use & applies itself well to 

pressure measurement.

None

Table 4.1: Review of Interferometry Techniques

4-22



Chapter 4 Interferometry

Fizeau Interferometer Highly accurate, simple to 

use & applies itself well to 

pressure measurement.

None

Double exposure holographic 

Interferometry

Accurate & 3D representation 

of the pressure measurement.

Time consuming & only 

static measurements are 

possible.

Real time holographic 

Interferometry

Accurate & 3D representation 

of the pressure measurement.

Requires very precise 

instrumentation.

Electronic Speckle Pattern 

Interferometry (ESPI)

Speed and simplicity of use. Low resolution

Holographic interferometry 

of transparent objects

Accurate results. Difficult to be applied to the 

measurement of pressure

Moire in plane deformations 

and strain analysis

Simple set-up Non-accurate results

Shadow moire Simple set-up Non-accurate results

Moire projected fringes Fast analysis Difficult to be applied to the 

measurement of pressure

Photoelasticity Speed and simplicity of use. Material irregularities 

presenting errors.

Table 4.1: Review of Interferometry Techniques (continued)

Table 4.1 shows that the techniques most appropriate to this research are the Twyman-green and 

Fizeau interferometer. The Michelson interferometer is virtually identical to the Twyman- 

Green except that it does not have the beam expander/collimator stage. The beam 

expander/collimator arrangement means that even with a standard laser/optics arrangement the 

measurable area can be large enough to measure an entire foot. The Twyman-green and Fizeau
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interferometers lend themselves to measuring varying thicknesses, which could be due to 

pressures being applied to a sample e.g. a foot standing on a clear plate. They also allow real- 

time measurements to be made, which is highly beneficial in measuring the biomechanical 

movement of the foot, (see chapter 2). Their accuracy & resolution is also very high, ensuring 

an accurate representation of the pressure being applied. The resolution being determined by the 

wavelength of the laser. The production of an interferogram is very straightforward ensuring 

that the system is easy to use. The reliability of the techniques depends wholly on the test 

surface. Finally, their components are not complicated or expensive ensuring easy manufacture.

4.5 Summary

This chapter presents a thorough understanding of the theory of light and then builds on this by 

explaining the theory behind a number of interferometry techniques. After each interferometry 

technique was discussed in detail, its advantages and disadvantages were presented. From this 

analysis of the various techniques it was clearly seen that the division of amplitude (wedge- 

fringes) interferometers i.e. Twyman Green and Fizeau Interferometers, were best suited for this 

research. The reasons for their choice were their potential ability to measure pressure, take real- 

time measurements & their high accuracy. The ability of the techniques to measure pressure is 

obtained by the measurement of surface deformations created by an applied pressure. The real- 

time measurement ability of the techniques provides an option of measuring dynamic pressures 

i.e. walking. The high accuracy obtained by the techniques is due to the precise nature of the 

measuring process i.e. changes in the path length of the laser beam.

The next chapter describes in detail the fringe analysis technique and image display software 

used in this research.
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Chapter 5

Fringe Analysis & 
Image Display

'A picture is worth ten thousand words.' 
Frederick R. Barnard

An interferogram by itself is not sufficient to enable easy analysis of pressures being applied. 

This chapter contains the theory behind fringe analysis, including the techniques used. The 

suitability of two fringe analysis software packages is examined. The properties of the image 

display software created for this research is explained, with the graphical user interface 

described in detail.

5.1 Introduction

Until a few years ago when computers began to be powerful enough to perform image 

processing, all fringe analysis was done manually. Thomas Young in the early 1800's began to 

perform experiments to measure the wavelength of light using interference fringes. 

Due to the introduction of lasers i.e. a coherent light source, far more detailed experiments could 

be made and with the addition of digital cameras and video capture cards image analysis has 

taken a big stride forward. Due to the availability of such hardware many research project have 

been concentrating on 'Automatic Fringe Analysis' where the user requires little or no prior 

knowledge. This has enabled fringe analysis to be used in a far wider field as a practical 

measuring tool.
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The chapter contains a detailed theory behind the production of an interferogram. Various 

techniques that 'wrap' and 'unwrap' interferogram s are then described, concluding with a 

review of the techniques that are best suited to this research. Two commercially available 

software programs are analysed for their suitability in this research. The correction of processed 

interferograms is dealt with. A specifically created software program is described that allows 

pressure images to be inputted and then analysed in various ways with a GUI created to enable 

easy use of the program, with each function being described in detail.

5.2 Theory of Fringe Analysis

Interferometry usually generates a two dimensional image of the form:

[5.1]g(x,y) = a(x,y) 

where

a(x,y) = Background Intensity 

b(x,y) = Amplitude 

/o = Spatial carrier frequency 

$x,y) = Phase

Equation 5.1 enables a direct representation of the contour map but not the sign of the phase i.e. 

hill or valley, (see Figure 5.1). The same image is used in Figures 5.4. & 5.5.

Figure 5.1: Fringe Interferogram
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There are two main problems with extracting information from a fringe map:

1. Uniting phase measurements from neighboring fringes.

2. Distinguishing between elevation and depression.

In order to perform any signal processing the fringe pattern needs to be converted into the 

frequency domain i.e. into phase information. The phase information can be obtained in one of 

three ways:

• Fringe Tracking (Yatagai et al., 1982)

• Fast Fourier Transform - FFT (Takeda et al., 1981, Kujawinski and Wojciak 1990)

• Phase stepping - Quasi-Heterodyne Technique (Thalman and Danliker 1984, Breuckmann 

andThieme, 1985).

5.2.1 Fringe Tracking

Fringe tracking identifies the position of each fringe and then follows their track across the 

interferogram. The main steps are:

a) filtering the image e.g. FFT to remove low pass filter speckle images.

b) either:

i) fitting a curve to the intensity data and then interpolating between the fringe centres

or

ii) identifying the fringe positions and following their track across the interferogram

so that a skeletonising of the pattern could take place, reducing the amount of data

to be processed.

c) numbering the fringes interactively or automatically.

d) calculating the measurement parameter from the fringe pattern data.

5.2.2 Fast Fourier Transform

The FFT method introduces a tilt or translation to resolve the elevation/depression problem by 

yielding carrier fringes that are interpreted by the FFT process.
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Equation 5.1 is re-written in the following form:

g(x,y) = a(x,y) + c(x,y)exp(2mf<>x) + c(x,y)exp(-2mffjx) 

where

c(x,y) =

[5.2]

[5.3] 

* denotes a complex conjugate.

Equation 5.2 is Fourier Transformed with respect to x by the use of a set of one-dimensional 

Fast Fourier Transforms, one for each line, which gives:

G(f,y) =A(f,y) + C(f;-f0,y) +f0,y) [5.4]

Where the capital letters denote the Fourier spectra and / is the spatial frequency in the x

direction.

If it is assumed that a(x,y), b(x,y) and $x,y) all have frequencies that are much lower than that

of the carrier frequency^, then their spectra will be separated as shown in Figure 5.2. The y axis

is normal to the page.

fo

C*(fx+fo,y)

•fo

C(fx -fo,,y)

Figure 5.2: Spectra of Fringe Pattern

This FFT algorithm utilises one of the two side lobes. The function C(fx -fo,y) is isolated by a 

filter which is centered on/0. The carrier frequency is removed by shifting C(fx -fn,y) byf0 to 

the origin to give C(fx, y), the result is shown in Figure 5.3.
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C(f»y)

f

Figure 5.3: One of the Side Lobes Translated to the Origin

By taking the inverse Fourier transform of C(£,y) with respect to x, c(x,y) can be determined. 

The phase can be calculated from Equation 5.5.

[5.5]c(x,y) =

however

exp[i(/>(x,y)] = cos(j>(x,y) + i sin<p(x,y))

therefore the Phase is given by:

,y) = arctan

[5.6]

R[c(x, yy\
[5.7]

where R[c(x,y)] & I[c(x,y)] represent the real and imaginary parts ofc(x,y), (Figure 5.4).

Figure 5.4: Phase map
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This Fourier Transform method performs a one-dimensional FFT on each scan line of the field. 

This one-dimensional version of the algorithm requires the carrier fringes to be incremented 

along the horizontal axis of the frame. If the carrier fringes are not vertical i.e. diagonal, then the 

algorithm operates on the horizontal component of the carrier and leaves a ramp in the solution 

running from the top to bottom of the frame, the gradient of which corresponds to the vertical 

component of the carrier fringe pattern.

A two-dimensional FFT (Macy, 1985), does not require carrier fringes to run vertically, (Figure 

5.5), and is used in all the work described from now on.

Figure 5.5: Two-dimensional Fourier transform of finite fringe interferogram

5.2.3 Phase Stepping

The Phase Stepping method works on the principle of needing multiple interferograms at 

different phases to work out the elevation/depression values (Reid, 1986/7). 

It is the most accurate technique available for producing phase images, its technique enables 

simple determination of elevation and depression.

5.2.4 Conclusion of frequency domain techniques

Although all three techniques produce a 'phase fringe' pattern, which contains within it a coding 

of direction as well as displacement, the Fast Fourier Transform and Phase stepping techniques 

are more applicable in resolving the bi-directional ambiguity. Due to phase stepping's need for
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multiple interferograms at various phases it is prevented from being used in the project. That

leaves the FFT technique as the preferred method of obtaining the frequency domain (phase

fringe pattern) of a fringe pattern.

The 'phase fringe' pattern is usually referred to as the 'wrapped phase map' or, as it is derived

from the tangent of phase, a 'tan' fringe field.

The wrapped phase map contains the elevation/depression information and the pixel intensity

(grey scale) represents the phase i.e. phase of 0 is black & phase 2n is white. The analysis of the

wrapped phase is called 'Phase Unwrapping'.

5.3 Phase Unwrapping

There are many techniques used for unwrapping phase maps created by an FFT technique, here 

are 6 of the most common (Judge, 1992):

• Phase Fringe Counting/Scanning

• Cellular-automata

• Minimum Spanning Tree

• Noise-immune Cut

• Phase Unwrapping by Regions

5.3.1 Phase Fringe Counting/Scanning

The Fringe counting system eliminates noise in the interferogram by using a FFT low pass filter 

(Chambless and Broadway, 1979) or spatial filtering. An edge detection technique using a 

system that looks for a phase change at a specific threshold level is used to locate the edges of 

the fringes, creating an image of these roll-over points. Each fringe edge is counted by scanning, 

line by line, across the entire map. The direction of the rollover of the fringe edges determines 

whether the count is incremented or decremented. The count is multiplied by 2rc and added to 

the phase values of successive pixels (Parker, 1988). A vertical scan enables each line scan to be 

referenced. This technique produces an unwrapped map.
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The advantage of this technique is that it works in virtually every case and requires no phase 

shifting equipment. The disadvantage of the technique is that the algorithm relies heavily on the 

quality of the fringes i.e. any discontinuities in the fringe map is carried throughout the entire 

scanning process. This means that a fringe map where there is a hole would not be able to be 

processed using this technique.

5.3.2 Cellular-automata Method

The basic set-up would be a line of sites. Each site is given the value zero or one. This sequence 

of site values is called the 'configuration'' of the cellular automation. The cellular automation 

evolves in discrete time steps. As the automation evolves each site would be determined by its 

previous value and the previous values of neighbouring sites. The range of the neighbourhood is 

determined at the beginning of the automation.

In practice the values of each site can be any finite value, not necessarily zero or one. The 

dimensions of the sites may be a 2 or 3 dimensional lattice, not just a line. The value of each site 

can also be determined by values from proceeding time steps (Wolfram, 1984), as well as 

previous values.

The Cellular-automata contains five fundamental defining characteristics:

1. The sites are structured in a discrete lattice.

2. The automation evolving occurs at discrete time steps.

3. Each site has a finite set of possible values.

4. The same set of rules determines the evolving of each site.

5. The rules for the evolution of a site depend only on the sites of its local neighbourhood.

The unwrapping of a map is produced by the action of many operations, which to begin with 

have a small spatial extent. The field fundamentally represents a continuous function, but with 

added point-like inconsistencies. The approach works from the pixel level and gradually gathers 

more and more of the surrounding areas together, until the whole field is solved.
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5.3.3 Minimum Spanning Tree

This technique finds a path through the phase image where errors can be avoided with a high 

probability before unwrapping begins. In order to localise errors, the areas that contain very 

poor information are unwrapped at the very end of the unwrapping procedure. 

This procedure is accomplished by comparing all the neighbourhoods in the wrapped image and 

sorts them either with:

a) size of phase difference between neighbouring pixels i.e. the Berlin development

(Ettemeyer et al., 1989). 

or

b) difference in the average phase of adjacent pixel pairs, rather than the difference of pixels 

only i.e. the Warwick development (Towers et al., 1991).

With the Berlin development, in order to compare each site with its upper right neighbour a 

graph of edges is created. This graph is then converted into a table where edges are arranged so 

that the edges with the smallest values i.e. the difference of the phase between neighbouring 

points is as small as possible, are placed at the top, and points with increasing values are placed 

at the bottom. The phase is arranged in a unified circle so the values 0 and 360 degrees are 

identical.

A minimum spanning tree is then constructed using this table. This is done by connecting all 

neighbouring points with small edges ascending to the greater edge values i.e. points with the 

greatest neighbourhoods are elevated at the very end. Since these points have the highest 

probability of containing mistakes, they are limited locally to small areas of the phase map i.e. 

when the density of edges is too great, cracks in a part of the reconstruction (interference fringe 

jumps), or shadows (missing information) are present.

The Warwick development technique is less sensitive to noise, due to the hierarchical approach 

by where the algorithm resolves 'good' data first and delays any resolving of spike noise to the
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end. This ensures that discontinuities larger than a pixel pose no problems to the resolved

image.

This tiling approach greatly reduces the computational complexity i.e. from 0(n2) to 0(n/m *

m2), where:

m = number of pixels in a tile

n = number of pixels in the image.

5.3.4 Noise-immune Cut Methods

This technique enhances the fringe scanning algorithm (Goldstein et al., 1988). The basic design 

of the algorithm is to place cuts, on a scan line by scan line basis, between points of phase 

discontinuity in order to minimise the length of the propagated discontinuity. The size of the 

discontinuity is termed the 'cut length'.

The point discontinuity mask is known as a residue, and is signed. This means that it may be 

either positive by one cycle, negative or zero, (Figure 5.6), (the values shown are fractions of a 

fringe, not phase values). The sign of the residue is determined by the difference between the 

start and end phase pixels, after a clockwise step through the 4 pixels compromising the residue.

0.0 -— t—
0.7 «4

>> 0.2

— t—
- 0.5

Figure 5.6: A Positive Residual

The interferogram is scanned until a residue is found. Once a residue is found a box of size 3 

pixels is placed around the residue and another residue is searched for. If another residue is 

found, a cut is placed between the pair detected. If the new residue is of opposite sign to the 

first, then the cut is designated as "uncharged" and the scan is continued in search of another 

residue. If the sign of the residue is the same as the original, then the box is moved to the new
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residue and the search is continued until either an opposite residue is located, the resulting total 

cut then being uncharged, or new residues can be found within the boxes. In the later case, the 

size of the box is increased by 2 and the algorithm repeats from the then current starting residue. 

The processing stage detects pixels of phase discontinuity and masks them out. The phase 

unwrapping path required to circumnavigate the discontinuities can be done in a number of 

ways i.e. the Goldstein and Huntley techniques. The Goldstein method (Goldstein et al., 1988) 

states that while the masking process is underway, phase is unwrapped scan line by scan line as 

far as the first residue on each scan line while the technique proposed by Huntley (Huntley, 

1989) relies on placing cuts within the phase map.

5.3.5 Phase Unwrapping by Regions

This technique uses a very different method to that used in the previous techniques (Gierloff, 

1987). The fringe field is segmented into areas of inconsistency, which are then related to one 

another. This method solves the problem associated with large-scale discontinuities. 

The algorithm operates by dividing the fringe field into regions, (Figure 5.7).

Figure 5.7: Field Divided into Regions

The regions are selected by determining whether points lie within a tolerance of adjacent points 

already included i.e. 0.5 to 1.5 radians (one fringe = 2n radians). If a given percentage i.e. 40 to 

65%, of adjacent points are within this tolerance band then the point is considered as part of a 

region. A point can have up to eight neighbours.
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After all the points have been assigned to a region, the edges of the regions are compared to

determine if there is a discontinuity between them. There may be logical inconsistencies within

the regions e.g. some points along region edges may be within an acceptable range of each other

and yet others not.

Every edge between adjacent regions is traced. The edge points are compared to determine

whether a shift should be made e.g. up by 2n, down by 2n or whether no shift. Each point

carries a vote. The number giving a specific answer must be greater than a defined fraction of

the total number of points in the edge.

As soon as the relationship between regions has been defined, regions that have been identified

as having no phase ambiguities are combined into a single region. These regions are then

compared to determine necessary phase shifts.

Logical inconsistencies are possible when adjusting regions relative to other regions. The way

to shift the regions is determined by weighting the answer of the comparison by the number of

points along the common edge.

This technique outperforms many of the other techniques based on fringe counting, but has

problems associated with path independence and the weighting criteria.

5.3.6 Review of the Unwrapping Techniques

The Phase fringe Counting/scanning Approach is a simple method but relies too heavily of the

quality of the fringe edges.

Cellular-automata approach has a natural parallelism and path independence but any bad data in

the interferogram would have to be masked, also a large number of iterations are needed to

produce a result.

The Minimum spanning Tree addresses the pixel level phase unwrapping problem. The Berlin

development technique is very sensitive to noise but the Warwick technique addresses the pixel

level phase unwrapping problem and is not as sensitive to noise as the Berlin method. The time

complexity is also greatly reduced.
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Noise-immune Cut method can deal with regions of an image that contains no fringe

information but the area over which the consistency test operates is very small. There is also a

problem with natural or aliasing induced path inconsistencies.

Phase Unwrapping by regions method addresses the problem posed by large scale

discontinuities but the path independence can not be guaranteed and the weighting criterion for

connecting regions together is flawed.

Phase Unwrapping Using a Priori Knowledge about the band Limits of a Function method can

resolve functions that are corrupted by additive noise but is not practical due to its use of band

limits.

After considering all the methods, the Minimum Spanning Tree was chosen due to its accuracy

in unwrapping detailed interferograms and the ability to reduce the effect of errors to a

minimum, (see Figure 5.8).

Figure 5.8: Unwrapped Interferogram using Minimum Spanning Tree algorithm

5.4 Fringe Analysis Programs

There are 2 software programs that enable fringe analysis to be carried out:

• FRAN Fringe Pattern Analysis

• BIAS Fringe Processor

Both programs are Windows based with 32-bit performance. No special hardware e.g. frame

grabbers or video processors, are required.
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5.4.1 FRAN Fringe Pattern Analysis

This software, (Figure 5.9), was developed by Warwick University as part of a PhD (Judge, 

1992). The program has 3 main sections:

A. Options

There are two main options:

a) Pre-Processing

The pre-processing function of the program allows averaging and median filters to be used on

3x3 pixel sections.

b) Unwrapping Options

The program uses a 'Minimum Spanning Tree Pixel technique' but gives you the choice of the

size of the large-scale discontinuities in pixels i.e. the number of discontinuities allowed.

B. Selection

This function allows the user to select the line that's taken as theundeformed carrier, which will 

then enable FFT analysis to be taken. The method of selecting a line can be done either by 

selecting a full field area i.e. horizontal line across the entire image or by specifically defining 

an area using the cursor.

C. Analysing

Once the above steps are finished the actual process of anyalsing the image begins. There are 

two choices:

a) FFT & Unwrapping

b) 3 Bucket phase step method & Unwrapping
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Figure 5.9: FRAN Graphical User Interface

5.4.2 BIAS Fringe Processor

The BIAS Fringe Processor was developed at the Bremen Institute of Applied Beam 

Technology (BIAS) and the former Berlin Institute of Cybernetics and Information Process 

(ZKI), (Figure 5.10). The program has three main ways of processing the fringe patterns:

A. Simulation

This feature allows the complete formation process of a fringe pattern. The simulation includes 

various noise components e.g. speckle and electronic noise, and computes the different phase 

distributions when an object is loaded. This simulation feature is not required for this research.

B. Processing

This feature contains most of the common fringe processing procedures:

a) Fringe tracking

b) Phase shifting

c) Fourier transformation

d) Carrier frequency

C. Tool Box

The toolbox contains a number of useful procedures i.e. FFT, filters, palette, plot 3D, histogram.
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Figure 5.10: Fringe Processor Graphical User Interface

5.4.3 Review of FRAN and BIAS fringe analysis software programs

The interferogram in Figure 5.11(a) is processed by both FRAN & BIAS software programs. 

The interferogram pattern consists of a circular fringe which can't be processed using the 

techniques incorporated in the software programs chosen. This will determine how localised the 

programs will process the errors.

Interferogram (a) FRAN (b) BIAS (c) 

Figure 5.11: Fringe analysis results

The results of the processing are as follows:

FRAN

The processing is very fast, i.e. a 256 x 256 pixel image taking 5sec. The Unwrapped image 

contains many imperfections, (Figure 5.11 (b)) with the circular fringe producing a large square 

error.
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BIAS

The processing is very slow, i.e. a 256 x 256 pixel image taking 30sec. The unwrapped image is 

virtually perfect, (Figure 5.11 (c)) with the only error being caused by the circular fringe, which 

even then is highly localised around the error fringe.

5.4.3.1 Summary of fringe analysis software

The quality of the unwrapped image produced by the BIAS software is of a significantly higher 

quality than that of the FRAN software, for this reason alone the BIAS software program was 

chosen. The speed of the processing required is not a significant factor in this research.

5.4.4 BIAS Fringe Processor in detail

The process by which the fringe patterns underwent analysis in this research will now be 

discussed in detail. The analysis is segmented into 4 steps:

5.4.4.1 Pre-processing

The dimensions of the fringe pattern must be of the form 2nx2". This is achieved by using the 

image processing package 'Paint Shop Pro'. The fringe pattern is placed on a background of 

black i.e. a fringe pattern of dimensions 134x202 is placed in the middle of a black square of 

dimensions 256x256. The new image is then converted into a 8-bit grey value image, (Figure 

5.12).

Initial Fringe Pattern Pre-processed image 
Figure 5.12: Pre-Processing
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5.4.4.2 Carrier frequency processing

a) Once the image has been pre-processed a substantial tilt is added to the wavefront, causing 

carrier fringes and the image then undergoes a FFT, producing a Real, Imaginary and a 

Fourier spectrum [log 10] image, (Figure 5.13).

Real Part Imaginary Part 

Figure 5.13: Forward FFT

Fourier Spectrum [Log 10]

b) A filter is then used to cut away the zero peak of the FFT, this is done manually using the 

cursor. A filtered real, imaginary and Fourier spectrum is then created, (Figure 5.14).

Filtered Real Part Filtered Imaginary Part

Figure 5.14: Filter

Filtered Fourier Spectrum 

[Log 10]

c) An inverse Fourier transform is then performed creating a back-transformed real and 

imaginary image as well as a wrapped phase image, (Figure 5.15).
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Back-transformed 

(Real Part)

Back-transformed

(Imaginary Part)

Figure 5.15: Inverse FFT

Wrapped Phase Image

5.4.4.3 Phase Unwrapping

A starting point for unwrapping is selected, and the unwrapped image, (Figure 5.16), is created 

using the software's own unwrapping algorithm i.e. widespanning tree algorithm.

Figure 5.16: Unwrapped Image

5.5 Image Display 

5.5.1 Fringe Correction

In order to correct an unwrapped image of a fringe pattern, the initial fringe pattern was 

subtracted from the pressure fringe pattern. The initial fringe pattern contained all the 

abnormalities in the pressure plate. Once the unwrapped image of this fringe pattern was 

subtracted from the pressure pattern, the resulting image would be completely due to the applied 

pressure, (Figure 5.17).
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oo 
oo

Pressure Pattern Initial Pattern Corrected Pressure Pattern 

Figure 5.17: Fringe Correction

The above processing was achieved by using the software program 'MATLAB', which was a 

numeric computational and data visualisational aid, (Figure 5.18).

The two images i.e. pressure pattern & initial pattern, are inputted into Matlab, and the resulting 

image were displayed in a two-dimensional 256 colour grey image. The image was then saved 

as a MAT (Matrix) file:

a = double(imread('c:\PressurePattern.tif)); 

b = double(imread('c:\InitialPattern.tif));

z = a-b;

Imshow(C), colormap(grey), axis off; 

save 'c:\CorrectedPressurePattern' z

£te E« Window Help _._--___——.-

EDU» a = double(imreadl "c:\PressurePattern.tif ));
b = double(iraread('c:\InitialPattern.tif));
Z = a - b;
Imshow(c), colormaptgrey), axis off;
Save 'c:\CorrectedPressurePattern' z

Figure 5.18: Matlab Command Window
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For reasons that will be explained later in section 5.5.2.1, the matrix that was saved must always 

be called 'z'. The image produced by Matlab was then captured using the 'Windows Screen 

Capture' facility and saved as a TIFF (Tagged Image File Format) file using Paint Shop Pro, 

(see Figure 5.19).

Ete E« ¥«** Irnsga Cotai M«*» S**e'«m Cs»« W"Jw tifto

l Q| • NB| sLJ & afiTal y\

oo 
o o

Figure 5.19: Captured Matlab processed image

5.5.2 Fringe Analysing GUI (Graphical User Interface) 

Overview

In order to display the fringe patterns and the subsequent processed images, a GUI was created 

that would enable the user to input and manipulate images in order to aid analysis. The GUI was 

created using Matlab, and then compiled to create a stand-alone program that could be used on 

any 'Windows' based system.

5.5.2.1 Detailed Content of the GUI

The features that needed to be included in the programming of the GUI were as follows:

• simple file loading procedure

• 2D image representation

• 3D image representation

• calculation of pressures i.e. maximum value
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• histogram

• various colour maps

• zoom in and out

• manual image rotation

• 3D animation

Simple file loading procedure

This was achieved by creating a clearly labeled text box 'Inputting Images' that required the 

user to simply type in the location of the file. The file must be a 'mat' format and as earlier 

discussed contain a matrix called 'z'. The reason for this was to simplify the program so that 

compiling the program later on would not create any errors. Once the file name was typed, the 

user was instructed to push a button clearly marked 'Load', this would then retrieve the file, 

(Figure 5.20).

2D & 3D image representation

Matlab contained a number of 2D & 3D image display functions. The 2D functions that were 

chosen were:

a) Imshow

This displayed the intensities of the image into 256 colours, set to a default colourmap 'jet'.

b) Contour

This produced a contour plot of the matrix, treating the values as heights above a plane.

c) Imcontour

This was the same as 'Contour' except that the contours were filled with a colour, depending on

its height.

The 3D functions that were chosen were:
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• Mesh

This ploted the matrix as a coloured parametric mesh, with the colours being dependent on the

heights of the individual values.

• Surf

This ploted a coloured parametric surface, with the colours being dependent of the heights on

the individual values.

• Surfl

This was the same as 'Surf except that a light source was introduced, so that the colouring was

dependent on curvature.

These functions are incorporated into the GUI by creating a clearly labeled section i.e. 'Plot', 

where 6 clearly labeled multicoloured push buttons are located, that automatically access the 

appropriate function, (Figure 5.24).

Calculation of Pressures

In order to accumulate quantitative data from the images, the program must be able to calibrate 

the pressures and provide an accurate pressure value that the user can easily understand. This 

was accomplished by providing the program with an equation that converts image intensity into 

pressure values in Pascal's.

a) Max Pressure

The program would automatically calculate and display the maximum pressure of the imported

image, (Figure 5.24).

b) Individual Pixel Values of Pressure

The program enabled the user to read the pressures of up to any three pixels of the image. This

was achieved by the user pressing a clearly defined push button and then using the cursor to
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locate up to 3 pixels on the imported image. As soon as the locations of the pixels were made 

the user presses the left button on the mouse, and the pressure values for each pixel was 

displayed in three clearly defined display boxes, (Figure 5.24).

c) Colourbar

The colourbar was the basic tool that enabled the user to analyse the pressures of the imported 

image. Its structure was a vertical bar with the entire range of colours used by the current 

colourmap. It was labeled at certain points by the pressure that corresponds to the particular 

colour. In order to display the colourbar, the user was required to tick the colourbar box, and 

select the colour of its axis that would best contrast with the background colour and colourmap 

chosen, (Figure 5.24).

Histogram

Detailed analysis of the imported image required that a pressure histogram be taken. This was 

achieved by the user pressing a clearly defined push button i.e. 'Profile', and then using the 

cursor to place a line on the image, the pressure histogram would then be taken across this. The 

line did not need to be straight i.e. can be any shape, and the histogram was calculated when the 

user presses the right hand mouse button. The histogram was displayed in the main display area. 

The x-axis is the number of pixels, and the y-axis the pressure given in kPa, (Figure 5.20).

Figure 5.20: Histogram Profile

5-24



Chapter 5 ______________________________Fringe Analysis & Image Display

Colour Maps & Shading

When a pressure image was displayed, depending on its pressure range and the areas need to be 

highlighted, a certain colourmap and shading option would be beneficial. For this reason 12 

different colourmaps and 3 shading options had been incorporated into the program. If a 3D 

image representation had been chosen the shading options were enabled. The user selected the 

options by using the cursor to highlight the appropriate colourmap/shading options, (Figure 

5.24).

Background Colour.

In order to have sharp contrast with the colourmap chosen the background colour could be 

changed to one of 5 colours. This was achieved by selecting the option 'Figure' on the toolbar. 

This would then display a pop-down option of the colours available, (Figure 5.21).

~t Figure No. 1: Foot Pressure

I Figure

Figure 5.21: Background Colour

Axis and Grid Options

Once the above options have been decided, the option of whether to have an axis to the image or 

place a grid over the top was given. These enabled the user to either roughly or accurately locate 

the position of certain values. In order to ensure that the axis and grid have a high contrast with 

the background colour and colourmap chosen, the option of having both black or white was 

given. The user selected the appropriate option by using the cursor to tick the required option. 

Once the axis box was ticked the grid and black/white options were enabled, (Figure 5.24).
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Zooming in and out

When the 2D image representation was chosen, the zooming option would be enabled. This 

allowed the user to zoom in and out on area on the image map. This was achieved by the user 

pressing a clearly defined push button and then using the cursor to locate the area and using the 

left and right mouse buttons to zoom in and out, (Figure 5.24). Double clicking the left mouse 

button would return the initial image.

Image Rotation

When the 3D image representation was chosen, the image rotation option would be enabled. 

This allowed the user to rotate the image about any axis. This was achieved by the user pressing 

a clearly defined push button and then using the cursor to rotate about whatever axis was 

required, (Figure 5.24). The rotation occurred when the left mouse button was pressed. Double 

clicking the left mouse button would return the initial image.

Animation

This feature simply allowed the user to view the 3D representation of the image during a 360° 

rotating about its horizontal axis. In order to view the animation the program must first create 

the animation matrix which required the user to press a clearly defined push button labeled 

'Make'. This would then enable the program to create the required matrix, while doing so a 

'Making Animation' test message would be displayed at the top right of the screen. Once the 

matrix had been created, the animation of one 360° rotation about its horizontal axis would be 

displayed automatically. The push button labeled 'Play' would also be enabled. In order to view 

the animation again, the 'Play' button would be pressed. This would play one rotation of the 

image for every press of the button, (Figure 5.24).

Information

In order to understand what each function of the program did, information was given on any 

function of the program. This was achieved by the user pressing a push button labeled 'Info'. A
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test box was then displayed in the middle of the screen, with information on the last acquired 

function, (Figure 5.22).

i Information ______ .icixi
SURF 3-D colored surface.
SURF(X,Y,Z,C) plots the colored parametric surface defined by 
four matrix arguments. The view point Is specified by VIEW. 
The axis labels are determined by the range of X, Y and Z, 

HP 1 or by the current setting of AXIS. The color scaling is determined 
by the range of C, or by the current setting of CAXIS. The scaled 
color values are used as Indices Into the current COLORMAP. 
The shading model Is set by SHADING.

Figure 5.22: Function Information

Closing the Program

In order to close the program, the user was given a very clear quit option. This was achieved by 

the user pressing a push button labeled 'Close'. This then displays a text box asking if the user 

was sure they wanted to quit, 'Yes' and 'No' push buttons are displayed. The 'Yes' option 

would close the program, whereas the 'No' would simply remove the text box, (Figure 5.24).

Saving and Opening a GUI

The program allowed the user to save a specific GUI of an imported image and open an already 

saved one. This was achieved by selecting the option 'File' on the toolbar. This then displayed a 

pop-down option of the saving and opening options available, (Figure 5.23).

/ Figure No. 1: Fool Pressure

| File Figure
New Figure Drl+N 
Open... Cttl+0 
Close CW+W

Figure 5.23: File Options

Overall Image of the GUI

Figure 5.24 shows the complete GUI, showing the positions of all the function buttons relative

to each other.
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t Finuie No. 1: Foot Piessuie
: ,fie Figure

Figure 5.24: Complete view of the GUI

The GUI proved to be a very user-friendly program. It enabled the user to easily access a matrix 

file, and had a number of display options. The analysis options were also quite exhaustive. 

Overall, the program was a significant aid to any analysis of imported images.

5.6 Summary

The information presented in this chapter has enabled a detailed understanding of the theory 

behind the production of an interferogram. The chapter then builds on this and provides a 

comprehensive description of techniques that 'wrap' and 'unwrap' interferograms, concluding 

with a selection of the techniques that are best suited to this research.

Two software programs are tested for their suitability in this research, with the 'BIAS Fringe 

Processor' being chosen due to its more accurate processed images. The individual processes 

required in the software package are described, enabling an understanding of the time required
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for each interferogram, which is considerable. The time consuming nature of the program is not 

an important factor at this stage.

The actual correction of processed interferograms is dealt with, explaining a simple technique of 

removing any errors due to the pressure plate and providing a pressure image corresponding to 

the applied pressures.

A specifically created software program is described that allows pressure images to be inputted 

and then analysed in various ways. A GUI is created to enable easy use of the program, with 

each function being described in detail. 

The next chapter describes in detail the overall proposed system for this research.
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Chapter 6

Proposed 
Pressure System

'The meaning of a proposition is the method of its
verification.'
Moritz Schlick

This chapter discusses in detail each area of the proposed system i.e. pressure platform, CCD 

camera & material testing. Three prototypes were built, the advantages and disadvantages of 

each are dealt with and analysed.

6.1 Introduction

Many techniques have been used to measure applied vertical forces, i.e. capacitive, resistive & 

piezo-electric. These techniques depend on three facets of the transducer: reliability, pressure 

range and accuracy within the required pressure range. Systems that use discrete elements 

require a very accurate calibration method or alternatively taking the average of the elements 

active in the contained situation. By comparing two pressure systems that use slightly different 

sized elements two different pressures can be recorded e.g. the smaller the sensor, the larger the 

apparent pressure recorded in the same. An array of these sensors in order to achieve this task 

would mean a relatively poor resolution and a relatively high cost. The proposed system uses an 

interferometry technique, where a laser light is directed onto a specially coated pressure 

sensitive plate. This produces an interference pattern consisting of light and dark fringes that 

appear as contours representing the pressure distribution across the plate. Applying pressure to
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the surface of the pressure plate alters its thickness. The interferometric technique detects

variations in the thickness of the pressure plate of less than 0.01 micron. Vertical pressure will

be recorded as a static vertical representation and also as a film in order to observe the pressure

as the step progresses during the stance phase of a gait cycle. This method will be coupled with

advanced computer imaging equipment providing a rapid and inexpensive method of conversion

of interference fringes into high-resolution pressure force contours.

This chapter explains in detail the entire optical set-up of the system, which is separated into

four sections: expander/collimator, mirror, screen & pressure plate. Calculations are presented

as to the configuration of the laser beam expander/collimator. The requirements of the mirrors

are explained, as well as the processes by which they are made. The pressure plate requirements

are described, as well as the various tests carried out on the various materials. The results of the

tests are presented and analysed in order to determine the optimum material to use for the

research.

The various processes required to perform image capture and processing are then described,

concluding with a detailed diagram of the whole system.

Three prototypes of the pressure system are presented, explaining in detail the construction of

each, and providing a brief conclusion as to their performance.

6.2 Optical set-up

In order for the variations of the interferometry technique to be used in the measurement of 

applied foot pressures, the design of the optics involved needed to the analysed. 

The equipment required to build a pressure device, with an area large enough to measure an 

entire foot was:

• laser beam expander/collimator

• mirror

• screen
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• pressure plate

The area under consideration was larger than that usually associated with interferometry 

techniques e.g. measuring the curvature of lenses. This in itself does did not pose a problem in 

that all that was required was to increase the dimensions of the set-up.

6.2.1 Laser beam expander/collimator

A He-Ne (Helium Neon) laser, wavelength of 633nm, provided the coherent light source 

required. The beam was initially 0.75mm in diameter and therefore needed to be expanded and 

collimated to obtain the large beam required i.e. ~145mm, (Figure 6.1).

He-Ne Laser

0.75mm

D

Figure 6.1: Beam expander/collimator

The magnification (M) of the beam expander/collimator is give by:

M= [{ft +/;}//;]

M>\ beam expansion,

/; = -5 and/2 = 1000, (f, and/2 are the focal lengths of the two lenses)

therefore, M= 199

145mm

[6.1]

The He-Ne laser was placed in a holder set on a movable optics track. The lenses required for 

the beam expander/collimator configuration were each held securely in a lens holder and placed 

in front of the laser on the track, (Figure 6.2).

6-3



Chapter 6 Proposed Pressure System

Beam 
expander/collimator

1
Optics Track

Figure 6.2: Optics Track

6.2.2 Mirror

A high quality mirror was required to reflect the beam towards the pressure plate, and then 

direct the interference beam onto a screen. The mirror needed to be 300 x 250mm, and with the 

beam being reflected directly off the reflective coating, not having to pass through the glass 

first. A standard mirror, where the beam would pass through the glass first before being 

reflected would cause fringe patterns to be produced due to the interference effects between 

both surfaces of the glass. Therefore a custom made mirror was required with a high level of 

reflectance and flatness. In order to produce the mirror required, a sheet of glass was placed in 

an evaporator and a layer of aluminium evaporated onto it.

6.2.3 Screen

Using the mirror to direct the interferogram onto a perfectly flat white screen allowed analysis 

of the fringe pattern. Any deformities in the screen would alter the pattern of the fringes, 

therefore great care in the constructing and positioning of the screen was required. In order to 

produce a screen as flat as possible, a high quality sheet of paper was pulled tight over a wooden 

frame, like a skin on a drum, and fastened.

6.2.4 Pressure Plate 

Overview

An optically clear material was placed on a strong support so as to allow a laser to be directed
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from underneath and prevent any bending from occurring, (Figure 6.3).

Pressure object
Pressure , | Test surface sensitive plate

Reference
surface ^ y\^. "Support

\

Constructive/destructive Coherent laser 
interference light

Figure 6.3: Pressure Sensitive Plate

Applying pressure to a plate will alter its thickness, with the amount of compression depending 

on its Young's Modulus and the amount of pressure. This will in turn vary the path length of the 

light reflected from the test surface, producing an interference pattern representing the pressure 

distribution across the plate.

6.2.4.1 Holder

The holder for this plate was required to hold the plate firmly in place and strong enough not to 

bend when foot pressures were being applied. The holder should be capable of withstanding 

lOOGPa without bending i.e. a pressure far in excess of any pressure capable of being applied 

by a foot.

Solid steel was used due to its high Young's Modulus, E = 200GPa. A basic table design was 

chosen in order to allow overall easy access to the bottom of the plate. The interface between 

the steel holder and pressure plate was made as flat as possible in order to reduce any bending of 

the plate, which would effect the initial fringe pattern. In order to do this the steel holder was 

placed on a milling machine. The pressure plate was then bolted onto the holder. The table was 

placed on an even surface so as to eliminate any rocking, and rigid enough not to bend, thus 

causing inaccurate readings.
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Basic Investigation

The investigation into material properties was required in order to find the optimal material with 

the best optical and compression properties i.e. does not diffuse the laser light and compresses 

no more than a few wavelengths of the He-Ne (Helium-Neon) laser (633nm) when maximum 

pressure is applied. The reason that the material is not allowed to compress more than a few 

wavelengths was that after about 5 wavelengths circular fringes would be produced, which were 

very difficult to analyse. In order for the interferometry technique to produce accurate results 

both surfaces of the material need to be highly parallel. The optical clarity of the material was 

determined by the quality of the fringes produced. Callipers were used to measure the degree to 

which the two surfaces were parallel. By determining the required compression of a material 

when the maximum load was applied the Young's Modulus could be calculated. The Young's 

Modulus value will enable a suitable material to be chosen from looking at reference tables. 

Young's Modulus (E) is the same in tension and compression to a good approximation. 

E = Young's Modulus = stress/strain = FL/Ad

F = Compressive Force = 200N (upper normal limit)

L = Original Length = 20mm

A = Area = 7r(12.5)2 = 490.8mm2

d= Max deformation (this is the compression required to change the interferogram by 4 fringe

widths i.e. 633nm x 4) = 2.5|um = 0.002532mm [6.2]

E = (200 x 20)/(490.8 x 0.002532) = 3226N/mm2 = 3.2187GPa [6.3]

6.2.4.2 Review of various materials

The Young's Modulus of each material is given in Table 6.1, along with the advantages and 

disadvantages of each material i.e. light attenuation, compression/weight ratio and the parallel 

nature of the surfaces.
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Material

Glass

PMMA 
(Perspex)

Silicon Rubber

Rigid 

Polyurethane

Polyurethane 
Elastomer

Polycarbonate

Clear PVC

Polystyrene

Young's 

Modulus /GPa

60.0

3.2

N/A

N/A

0.025

2.4

2.4-4

2.8-3.5

Advantages

Excellent Optical properties 

(very low light attenuation), 
and highly parallel.

Very low light attenuation 
& compression /weight 
ratio. Highly parallel.

Compression /weight ratio
N/A.

Compression /weight ratio
N/A.

None.

Good compression /weight 
ratio, highly parallel.

Very low light attenuation, 
highly parallel.

Very low light attenuation 
and compression weight 
ratio.

Disadvantages

Poor compression /weight 
ratio.

None.

Very high light 
attenuation, poor parallel 
quality

High light attenuation and 
poor parallel quality.

Very high low light 
attenuation, compression 
/weight ratio & poor 
parallel quality

Very high light 
attenuation.

Poor compression weight 
ratio.

Poor parallel quality

Table 6.1: Material Review

The results of the review show that 'Perspex' is the most suitable material since it is optically 

clear, has a Young's Modulus very close to the theoretical value, reasonably parallel surfaces 

and can be obtained in sheets of thickness greater than 2cm which ensures that the plate does 

not bend or flex.

The compression/weight ratio was required for all the materials in order to practically analyse 

how each material behaves when being loaded and unloaded. The test would also confirm the 

selection of 'Perspex' as the pressure plate material. The test used a test-rig that compressed
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25mm diameter discs, (Figure Ml), of materials with known loads and measuring the 

compression of the material using displacement transducers, (Figure 6.4). The 

compression/weight ratio was tested for all the materials shown in Table 6.1.

Test
Material

Force

Displacement 
Transducers

Figure 6.4: Material Compression tester

6.2.4.3 Compression/weight ratio test

In order to measure the compression/force ratio of each material under consideration a holder 

was required that would compress the material discs between two solid steel cylinders. Steel 

was chosen due to its extremely high tensile strength, E = 200GPa, so that any compression 

measured was only due to the material under test. In order to ensure that steel cylinders would 

always fit perfectly into the holder, a groove was cut out of one side of each cylinder, to within 

5mm of the top surface, ensuring that there was a perfectly circular surface in contact with the 

test material. This groove enabled a grub-screw to fix the cylinder onto the holder without any 

bur from the grub screw affecting future movement of the cylinder, (Figure 6.5). 

Aluminium

Groove

Front View Side View

Figure 6.5: Steel Cylinder

The holder also had to hold two displacement transducers, one either end of the steel cylinders, 

they needed to be fixed firmly so that they did not move during loading. The material of the 

holder was chosen to be aluminium due to its reasonable strength and availability, no load was
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being applied to it directly, therefore strength was not a major consideration, (Figures 6.6a & b 

and Figure M2).

Aluminium

\
Locking grub 
screw

Side View Rear View 

Figure 6.6a: Top Section of Holder

Displacement 
Transducer

O::

Side View Top View 

Figure 6.6b: Rear Section of Holder

The rear section of the holder was placed on a solid brass cylinder, which was in contact with 

the base of a loading machine. In order to ensure that the load was as uniform as possible, a ball 

bearing tilting device was placed between the holder and loading device. This consisted of two 

steel plates with a hemisphere cut out of both. A ball bearing was then sandwiched between the 

two plates, (Figure 6.7).
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Loading device 

Steel Plate
Ball

Base of Loading 
Machine

Test material

I t:::::.i

Brass Cylinder

Figure 6.7: Loading set-up 

Loading Machine

The loading machine applied loads up to IkN, (Figure M3). The rate of loading was precisely 

controlled, and could be cycled between fixed values.

The displacement transducers were placed either side of the test material in order to average out 

any uneven loading. The displacement transducer outputs were fed into a data-logging machine, 

and the load/displacement graph was printed out on a plotter, (Figure 6.8 and Figure M4).

Data Logger Load Machine Driver Signal- Loading Machine
averager

Figure 6.8: Force/compression testing equipment
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The load applied by the loading machine and the compression that the test material exhibits 

were recorded both as graph plots using the data plotter and in digital format by the data logger. 

The graph from the plotter enabled instant visual analysis of the behavior of the test material, 

whereas the digital format allowed more accurate graphs to be made later on in the process of 

analysing the results. 

Two types of tests were performed on each material:

a) loading up to IkN and back to zero

b) cycling 1000 times from SON up to IkN and back down again and then taking another result

of loading up to IkN and back down to zero.

The initial loading test enabled a baseline to be taken for a new sample. The result after 1000 

cycles allowed analysis of how the material behaved after prolonged loading conditions. 

The example in Figure 6.9 showed a 20mm thick 25cm diameter disc of Perspex being 

compressed when new, and after 1000 cycles of loading. The maximum compression was the 

same in both cases but the graph after 1000 cycles shows that the material has become more 

rigid, with the loading and unloading curves coming closer together i.e. less hysteresis.

Initial

0.005 0.01 0.015 0.02 0.025 

Com? re** ion Ann)

1200

zj..

Aft

— =

er 1000 cycles
x#

^^
,

^7
S'

^
r

7 —

o , ———— ——
0 0.005 001 0015 0 02 0.025 0.03 

Compression Imm

Figure 6.9: Perspex Force/Compression graphs

In order to measure the Young's Modulus of a material from the Force/Compression graphs, the

gradient is measured and then multiplied by the original length divided by the cross sectional

area of the sample:

Young's Modulus = gradient x original length/cross sectional area

For the graphs shown in Figure 6.9 the calculations are as follows:
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20mm Perspex

Gradient = 1000/0.01315 N/mm

Original Length = 20mm

Area = rcr2 = 7t(25/2)2 = 490.8mm2

Young's Modulus = 1000/0.01315 x 20/490.8 = 3098.8 N/mm2 = 3.0988GPa

Percentage error with reference to the theoretical value = 3.725%

20mm Perspex after 1000 cycles

Gradient = 1000/0.0126474 N/mm 

Original Length = 20mm 

Area = Ttr2 = :r(25/2)2 = 490.8mm2

Young's Modulus = 1000/0.0126474 x 20/490.8 = 3221.9N/mm2 = 3.2219GPa 

Percentage error with reference to the theoretical value = 0.099% 

i.e. percentage change =3.625%

The above procedure was done for every test material. The result of each test is shown in the 

graph below, (Figure 6.10), with all force/compression graphs shown in Appendix B.

•After 1000 Cycles

Test Mate rials

1 = Perspex 3mm
2 = Perspex 20mm
3 = Polycarbonate
4 = PVC
5 = PETG
6 = Polystyrene
7 = Rigid Polyurethane
8 = Polyurethane 

Elastomer
9 = Silicon Rubber

Figure 6.10: Young's Modulus of Test Materials

The results in Figure 6.10 show that every 'hard' material exhibited some stiffness after being 

cyclically loaded/unloaded 1000 times, with the 'softer' materials only exhibiting slight
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stiffness with Polyurethane Elastomer showing none. The calculated Young's Modulus from 

each test material were all within the range, where a range was given, or very close to the 

theoretical values.

The results of the tests confirmed the theoretical calculations that show that 'Perspex' is the most 

suitable material to use as the pressure plate. Although the Young's Modulus does change 

slightly after 1000 cycles, the change is negligible, and becomes closer to the theoretical value. 

The 'Perspex' plate was very soft and susceptible to scratches, therefore extreme care was taken 

to ensure that no scratches were made e.g. the addition of a thin protective layer that has 

negligible affect on the pressure measurement.

6.3 Image Capture & Processing

The system used a mirror reflecting the initial laser beam onto the 'Perspex' plate and then

directed the reflected beam onto a screen. Various methods were used to capture the images:

i) SLR (Single Lens Reflex) Camera

ii) Scanner

iii) CCD Camera

i) Camera

By using a very high quality SLR camera and tripod, photos were taken of the images projected 

onto the screen. The developed pictures were extremely poor, showing that the low light level 

was a significant problem.

ii) Scanner

A flat-bed scanner was held vertically and placed in the position of the screen. The scanner 

scanned across the image projected onto it. The results showed that it was unable to scan such a 

low light level image.

iii) CCD Camera

A CCD camera was used to capture the images and then using a video card was imported into a
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computer. The results were very good, with the added advantage over the other two techniques 

of being able to measure a video sequence of pressures.

6.3.1 CCD Camera

The CCD camera was required to be a low light level monochrome camera. The most 

appropriate one was a TECSEC 'Hyper sensitive monochrome CCD camera', with a zoom lens. 

The number of pixels were 752H x 582V, with the light sensitivity being 0.05 Lux.

6.3.2 Video Card

A video card was required to take video files and individual static images, both of high quality, 

(Figure 6.11 and Figure M5). A number of cards were researched but the 'Matrox Rainbow 

Runner' was easily the most appropriate, balancing cost with performance. The Matrox 

Rainbow Runner would only work if attached to a Matrox Mystique 220 graphics card. This did 

increase the cost slightly, but the graphics card already in the computer needed to be changed 

anyway, therefore the additional cost of another graphics card was minimal. The resolution of 

the files taken was 573 x 390. The video files were either 25 or 12 frames/sec.

Beam Perspex Plate 
Expander/ / 
Collimator

He-Ne Laser

Screen Video card & Computer 

Figure 6.11: Image Capturing

6.4 Prototypes of the Pressure plate

Three pressure plate designs were made, each one developing on from the last one i.e. the 3 rd 

being the best design.
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6.4.1 The 1 st Prototype 

Basic Design

The first prototype used a variation on the Fizeau Interferometer. The pressure plate holder was 

constructed out of a solid steel frame. Steel was chosen due its rigid properties, since the entire 

frame needed to be rigid enough to be able to withstand the weight of a person walking on it, 

without bending or moving in any way. A Perspex sheet (pressure plate) was bolted onto the 

frame. To ensure that the Perspex sheet was perfectly parallel to the frame i.e. no bumps or 

spikes that would cause uneven stresses in the sheet, the frame was placed on a milling 

machine. The frame also held a high quality mirror (200x150x5mm) that directed the laser 

beam onto the plate and then re-directed the interference pattern onto the screen, (Figure 6.12).

Perspex Sheet

Mirror

Solid Steel Frame

Figure 6.12: 1 st prototype basic design

6.4.1.1 Perspex Sheet

Perspex has already been found to posses all the requirements needed for the pressure plate. A 

450x250x20 mm high quality clear Perspex sheet was bolted onto a solid steel frame. It was 

important to ensure that the Perspex plate was kept free of any scratches, which would have a 

detrimental effect on the interference pattern, due to light scattering. Care was also taken with 

the holes drilled into the Perspex sheet, due to its fragile nature, i.e. cracking.
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In order to improve the parallel quality of the Perspex plate, a high quality Perspex plate was 

polished by a specialised company. Due to the fine polishing, stress lines were created that had 

a detrimental effect on the interferogram patterns.

A high quality Perspex plate, without any polishing, was chosen. The errors due to the poor 

parallel nature of the plate were removed later on during processing.

6.4.1.2 Mirror Holder

The method of holding the mirror needed to be considered carefully due to the very fragile 

nature of the glass sheet, which the mirror had been evaporated onto. For this prototype a simple 

arrangement of a nylon screw either end of the mirror was used to clamp the mirror within a 

brass cylinder, (Figure 6.13).

Nylon Screw
\

Brass Figure 6.13: Mirror holder

The mirror holder was the only part of the frame that moved. The holder was required to move 

the mirror in 4 planes, (Figure 6.16):

a) Vertically Rotation

b) Vertical Pitch

c) Horizontal Rotation

d) Horizontal Pitch

Each movement needed to be locked in any position. The rotation and pitch movements also 

required to be smooth so that interference patterns could be taken during the movements. 

The movements required were achieved as follows:
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a) Vertically Rotation

The brass mirror holder was placed either side of the mirror, and tightened using the nylon 

screws. The brass mirror holder was then fed through an aluminium bar, one either side of the 

mirror. Brass rings are then attached to the brass mirror holders. The mirror was then held in 

position by grub screws, (Figure 6.14).

Roughened 
brass ring \

Figure 6,14: Vertical Rotation

Locking 
grub screw

Aluminium bar 

b) Vertical Pitch

The aluminium bar that held the brass mirror holder was constructed in two parts, each 

overlapping, enabling the height of the mirror holder to be changed, (Figure 6.15). The 

combination allowed three major stages of vertical pitch, with a reasonable movement within 

each stage.

CT 

O LJ

A

V

Locking screw

Figure 6.15: Vertical Pitch 

c) Horizontally Rotation

The above structure was attached to a horizontal aluminium bar. This in turn was attached, via a 

brass disc, to an aluminium block, (Figure 6.16).
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Aluminium block

Aluminium bar

Brass disc

Figure 6.16: Horizontal rotation

d) Horizontal displacement

The aluminium block from the above structure was attached, via four oil bearings, to two silver 

steel rods. The entire structure could be locked in place using a nylon screw, either side of the 

silver steel bars. The rods were attached at either end, to blocks of Perspex, which in turn were 

screwed into the pressure plate frame, (Figure 6.17).

Perspex block

Oil Bearings Silver Steel Bars

Figure 6.17: Horizontal pitch

Nylon locking screw

The complete mirror holder design is shown in Figure 6.18. The design of the complete pressure 

holder design is shown in Figure 6.19 and Figure M6.
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Figure 6.18: Mirror Holder

Pressure Plate

Steel Frame

Figure 6.19: 1 st Prototype Complete Design

6.4.1.3 Disadvantages

The 1 st prototype produced clear well-defined interference patterns that enabled accurate 

pressure measurements to be made. Its only drawback was the area available to measure 

pressure. The fringe patterns were very close together, due to the small area of the laser beam, 

therefore in order for the digital camera to be able pick up the fringes a relatively small area had 

to be measured i.e. 90x60 mm.

6.4.2 The 2 nd Prototype 

Basic Design

The method by which the 2nd prototype dealt with the problem described above was by altering
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the way in which the fringes were produced in order to alter the fringe widths, enabling easier 

capture via the digital camera.

This prototype used a slight variation on the Twyman-Green interferometer technique discussed 

earlier in section 4.3.2.5, and shown in Figure 4.13.

Whereas in the 1 st prototype the laser beam was reflected onto the pressures plate and then re 

directed onto a screen using the same mirror, in the 2nd prototype the laser beam was split into 

two beams using a beam splitter. The beam splitter reflected 50% of the beam's intensity onto 

the pressure plate, and passed the other 50% through to a mirror that was placed directly behind 

it. The beam was then reflected from the top surface of the pressure plate and directed back 

towards the beam splitter. The beam directed towards the mirror was the key regarding this 

prototype. This beam was the reference beam, and by altering the angle of the mirror, the 

separation between the fringes would increases or decreases.

This effect can be demonstrated by considering two pieces of glass, (Figure 6.20). The first 

glass block has the bottom surface slightly at and angle with the top surface, whereas the second 

block of glass has its bottom surface at a far greater angle to its top surface. In both cases the top 

surface resembles the pressure plate in the prototype and the bottom surface the angle of the 

mirror. When a laser beam is shone through the glass block a fringe pattern is created. The first 

glass block will have a fringe pattern where the fringes are further away than those produced by 

the second glass block.

Glass Block

TLaser Laser

Fringe Patterns

Figure 6.20: Tilting
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The reference beam was then reflected by the mirror towards the beam splitter where it 

recombined, producing an interference pattern which was then directed towards the screen. By 

increasing the fringe separations the digital camera would be able to capture larger areas of the 

pressure patterns.

6.4.2.1 Beam Splitter

Due to the large dimensions of the beam splitter required for this research i.e. 390x270x3mm, 

one needed to be specifically made. In order to produce the beam splitter required, a sheet of 

glass was placed in an evaporator and a layer of aluminium evaporated onto it. By referring to 

Figure 6.21 it is seen that an aluminium coating of 6nm produced a 50% reflective coating.

100-r
ALUMINUM: R&T vs Thickness @ 630nm (Back surface not included)

10 15 20 25 30 35 40

Layer Thickness (nm)
45 50 55

—I 
60

Figure 6.21: Aluminium Reflectance/Transmittance (Denton Vacuum, 1999)

6.4.2.2 Perspex Sheet

For the 2nd prototype the same Perspex sheet was used as in the 1 st prototype.

6.4.2.3 Pressure Plate Frame

Steel tubing was used in the building of the frame for the 2nd prototype, instead of the solid steel 

used in the 1 st prototype. This enabled greater mobility (lower weight), without losing any
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important structural strength. Instead of attaching the steel bars using screws as in the 1 st 

prototype, the steel tubing was welded together to give it added rigidity. The frame was again 

placed on a milling machine in order to remove any unwanted bumps or spikes that would cause 

uneven stresses in the pressure plate. The frame also held two high quality mirrors and a beam 

splitter. The design of the basic table was the same as in the 1 st prototype, but with extra steel 

tubes added to hold the extra mirror and beam splitter. There was also an extra long steel tube 

that was bolted onto either side of the frame in order to provide extra stability, (Figure 6.22).

Beam Splitter Pressure Plate Mirror 2

Bolt

Mirror 1

Frame

Stability tube

_LL

Figure 6.22: 2nd Prototype Pressure Plate Frame

6.4.2.4 Mirror & Beam Splitter holders

The two mirrors and beam splitter in this design were all bigger than the mirror in the 1 st 

prototype, which meant that the design of the holders needed to be changed. The dimensions of 

the mirrors and beam splitter were:

a) 390x270x3mm (mirror 1)

b) 390x200x3mm (mirror 2)

c) 390x270x3mm (beam splitter)

The holder design in the 1 st prototype would not be able to hold these mirrors and beam splitter 

due to the increase in weight. The only solution was to design a holder that supported the glass
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underneath as well as its side. The simplest design was an 'L' shaped piece of metal that had a 

grove cut into it so that the glass could slide into it. A few nylon screws would then lock it in 

place.

Mirrors

The mirrors needed to be able to move in 3 planes of movement:

a) Vertically Rotation

b) Horizontal Rotation

c) Vertical Pitch

As in the 1 st prototype, each movement needed to be locked in any position. The rotation and 

pitch movements also required to be smooth so that interference patterns can be taken during the 

movements.

The movements required are achieved as follows:

a) Vertically Rotation

This is achieved by exchanging the brass mirror holders in the 1 st prototype with an 'L' shaped

aluminium one.

b) Vertical displacement

This is identical to the 1 st prototype

c) Rotating horizontally

The above structure is attached to a horizontal aluminium bar. This in turn is attached to a steel 

tube via a brass disc. This brass disc enabled the mirror to rotate left and right with reference to 

the steel tube.

The complete mirror holder design is shown in Figure 6.23.
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Figure 6.23: Mirror Holder 

Beam Splitter

The beam splitter only needed to be able to move in 1 plane of movement:

a) Vertical Rotation

A brass cylinder was attached to each 'L' shaped mirror holder and fitted through a hole drilled

into the steel frame. A brass ring was then attached to the other end of it, ensuring that it didn't

fall out of the frame. A screw was then used to lock it in place, (Figure 6.24).

Locking /
screw

Steel
frame ! !
Figure 6.24: Beam Splitter Vertical Rotation Holder

The overall diagram of the complete system is shown in Figures 6.25a & b and Figure M7.

o 1

Figure 6.25a: 2nd Prototype Complete Design (side view)
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Figure 25b: 2" Prototype Complete Design (front and rear view)

6.4.2.5 Disadvantages

Although in theory this design should produce very accurate and easily captured fringe patterns, 

the reality was very different. The beam splitter was a glass plate coated with a 50% reflective 

coating. Due to the large size of the glass plate, an antireflective coating on the other side of the 

plate was not possible. The lack of an anti reflective coating meant that the beam splitter 

produced fringes, which were greater in magnitude than those created by the pressure plate.

6.4.3 The 3rd Prototype 

Basic Design

The 2nd prototype was large enough to hold the mirrors and the beam splitter, and could measure 

the pressures of the entire foot, which was an advantage over the 1 st prototype. The technique 

used for the 3 rd prototype was exactly the same as the 1 st prototype, except for the pressure plate 

itself. Although a larger mirror enabled a larger area under the foot to be measured, the same 

problem was present i.e. capturing the fringe patterns with the digital camera. 

This problem was solved by coating the pressure plate with 100% and 50% reflectance coatings
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on either side. This increased the intensity of the fringe patterns, enabling the digital camera to 

capture them.

6.4.3.1 Perspex Sheet

In order to coat the Perspex pressure sheet with 50% and 90% reflective coatings, the sheet was 

cleaned thoroughly of all grease. By referring to Figure 6.21 it is seen that an aluminium coating 

of 6nm produces a 50% reflective coating and 60nm a 90% reflective coating. The sheet was 

again rotated within the evaporator to produce an even coating, and extra care was taken with 

the 6nm coating i.e. a very slow evaporation ensuring a high quality coating, (Figure 6.26). 

Constant contact with the aluminium coating would wear it away with time, therefore a thin 

sheet of paper was placed over its surface. The paper sheet would have negligible effect on the 

pressure measurements.

Perspex

60nm aluminium 
coating - 90% 
reflectance

6nm aluminium 
coating - 50% 
reflectanceFigure 6.26: Reflective coatings 

6.4.3.2 Pressure Plate Holder

The pressure plate holder from the 2nd prototype was used again, but this time the beamsplitter 

and 2nd mirror were removed, (Figures 6.27a & b and Figure M8).

Figure 6.27a: 3 rd Prototype Complete Design (side view)
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Figure 6.27b: 3 rd Prototype Complete Design (front and rear view)

6.4.3.3 Disadvantages

There were no disadvantages with the quality of the fringe pattern, but a higher resolution CCD 

camera and a larger mirror, would enable the system to measure the entire foot, rather than just 

the forefoot.

6.5 Summary

The choice of material for the pressure plate was clearly seen in the tests to be Perspex, due to 

its optical and mechanical properties. By evaporating a thin layer of aluminium onto its surface 

it became a very good pressure plate.

The 1 st prototype showed clearly that the interferometry technique was able to measure pressure. 

From then on the 2nd and 3 rd prototypes simply ensured that the fringe patterns were as clear as 

possible and that the area capable of being measured was large enough to take plantar foot

pressures.

The 1 st prototype which was a variation on the Fizeau Interferometer, was well designed but was 

unable to produce fringe patterns that were large enough for the required areas to be measured. 

This was due to its actual physical dimensions, therefore improving its effectiveness was
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relatively straightforward.

The 2nd prototype was a significant alteration on the l sl prototype. By using a slight variation on

the Twyman-Green interferometer, the fringes produced should in theory have been far clearer.

In practice the beam splitter required was not of sufficient quality i.e. it produced it's own fringe

patterns, making the design unusable.

The 3 rd prototype went back to the first 1 st prototype i.e. a variation on the Fizeau

interferometer, but increased its dimensions and changed some materials. The Perspex plate was

also improved by evaporating a 90% reflective coating on one side and a 50% reflective coating

on the other. This ensured that all the laser light was used, increasing the intensity of the fringes.

The results were very good, with accurate measurements of the forefoot being made. In order to

take measurements of the entire foot, either a higher resolution CCD camera should be used or

increase the dimensions of the mirror.

The next chapter examines in detail the results obtained using the 3 prototypes.
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Chapter 7

Results of 
Pressure System

'The physicist can never maintain that he knows something 
with absolute certainty, unless they be direct observational 
fact.' 
James Jeans

This chapter contains all the key results from all the tests carried out on each of the 3 prototypes 

described in chapter 6. The tests include the resolution of each prototype, the size of the foot 

pressure measurable area, repeatability, calibration, short term reliability and sensitivity to heat. 

Normal and simulated foot pathology measurements are made and the effectiveness of the 

image display graphical user interface, described in chapter 5, is tested. Each result is analysed 

and commented on its importance.

7.1 Introduction

The 1 st prototype, using the variation on the Fizeau interferometer, was tested i.e. the quality of

interferogram/unwrapped patterns produced, with the results presented and analysed. It's

suitability for foot pressure measurements are discussed.

The 2nd prototype, using the variation on the Twyman-Green interferometer, did not produce

any recordable results, therefore the reasons for its failure are discussed in detail.

The 3 rd prototype, again using the variation on the Fizeau interferometer, was an enlargement of

the 1 st, therefore results are shown as to the area of the foot that can be measured, and the
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quality of the images produced are discussed. The resolution of the system was determined by 

its ability to measure various shapes i.e. cross, star & triangle, and the results are presented and 

analysed. The repeatability of pressure measurements over a number of positions on the 

pressure plate are tested, the results are presented and analysed. Various materials were applied 

to the surface of the pressure plate in order to calibrate the pressure range being measured to 

within a required range. The results of the tests are presented i.e. calibration graphs and bar 

charts, with analysis and conclusions. The short term reliability of the materials were tested by 

cycling up and down 100 times between known loads. The results are presented and analysed. 

The resolution of the system with the various materials applied were tested. It was found that 

the system was affected by heat i.e. body temperature. A test was constructed that determined its 

significance, and a solution described. The unwrapped pressure images are then image enhanced 

to remove any errors. Various enhanced images are shown e.g. normal & simulated pathological 

foot pressures, with the results analysed as to their effectiveness. An enhanced entire walking 

pattern is also shown during a single step, with images at 0.1 sec intervals. Finally, the method 

of calculating the pressure values of a pressure pattern is described and displayed using the 

image display graphical user interface described in chapter 5.

7.2 Prototype Testing

Each of the 3 prototypes were tested as to their ability to measure foot pressures accurately and 

clearly. The first two prototypes were only tested for their resolution i.e. ability to produce clear 

images, and their measurable foot pressure areas. The 3 rd prototype was the main system and 

therefore underwent many more tests i.e. repeatability, calibration, short term reliability and 

sensitivity to heat. Normal and simulated foot pathology measurements were made and the 

image display graphical user interface, described in chapter 5, was also tested.

7.2.1 The 1 st Prototype

Various footwear tread patterns were applied to the surface of the pressure plate at varying 

pressures, this was achieved by walking over the plate. The interferograms produced are shown
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in Figure 7.1, their quality are a macro indication of the resolution of the prototype.

Figure 7.1: Footwear Tread Patterns

The footwear tread patterns shown in the above figures show clear fringes. The shapes are 

complex, showing that that the system has a very broad measuring ability i.e. high resolution.

7.2.1.1 Specific Shapes

The shapes in the previous section were random, with no precise correlation between actual 

shape and the interferogram pattern, due to the nature of the test. In order to test the systems 

ability to measure specific shapes, a number of shapes with clearly defined curves, edges & 

ridges were used. The shapes were applied to the surface of the pressure plate at varying 

pressures. Figures 7.2a, b, c & d show the results of a top of a flat head screw, circular disc, pin 

& two hemispheres being applied to the pressure plate.

10mm 38mm

Figure 7.2a: Top of a flat head screw Figure 7.2b: Circular Disc
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50mm 35mm

Figure 7.2c: Pin Figure 7.2d: Two Hemispheres

The quality of the fringes produced are a micro indication of the resolution of the system. The 

interferograms produced by the specific shapes clearly show the range of shapes that the system 

was capable of measuring. The shape in Figure 7.2a was very complex, in that it had a flat 

circular shape with a grove running through the middle i.e. flat-head screw. The interferogram 

clearly shows this.

The other examples i.e. Figures 7.2b,c & d, show a consistent representation of the shapes being 

applied, and with all examples the fringes are clearly defined, enabling image processing.

7.2.1.2 Unwrapped Examples

Now that the interferograms were shown to be clear and well defined, capable of measuring a 

wide range of shapes, the next test was to see if the interferograms could be processed. In order 

to show this, a very distinct interferogram pattern was chosen. The interferogram pattern was 

created by four hollow cylinders, (Figure 7.3a & Figure M9). The four hollow cylinders were 

chosen in order to be a demanding resolution test for the prototype.

1mm 6mm
-HK-H K

Side View Top View
Figure 7.3a: Side and top view 

of four hollow cylinders
Figure 7.3b: Interferogram with no applied pressure
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Figure 7.3c: Interferogram with 
pressure applied

Figure 7.3d: Unwrapped image of interferogram 
with no pressure applied

Figure 7.3e: Unwrapped image of 
interferogram with pressure applied

Figure 7.3f: Corrected unwrapped image of 
interferogram with applied pressure

The unwrapping of both the initial interferogram and the interferogram after the shape was 

applied was straightforward, as discussed in chapter 5. The maps produced are clearly defined, 

enabling their subtraction to produce a representation of the initial shape. The four hollow 

cylinders shown in Figure 7.3b,c,d,e & f are clear examples of the entire process. The 

interferograms are clear and well defined, (Figures 7.3b & c), and their corresponding 

unwrapped images, Figure 7.3d & e, are free of any errors caused by abnormalities in the 

pressure plate. By using a Matlab program the initial image is subtracted from the pressure 

unwrapped image, producing an accurate and clear representation of the four hollow circles, 

(Figure 7.3f). More examples of specific shapes being analysed are given in Appendix C.
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7.2.1.3 Foot Pressure Measurement

Now that the system had demonstrated its ability to be able to measure complex shapes and be 

processed accurately, the next step was to apply the foot to the pressure plate. Since the 1 st 

prototype was only a basic set-up, there was only enough area to measure 3 toes. This enabled 

analysis of how the system coped with the pressures involved in a normal foot pressure, and its 

ability to measure the unique projections and curvatures associated with the foot. The entire 

process is shown in Figures 7.4a, b, c, d & e. All foot pressure measurements in this research are 

of the right foot.

Figure 7.4a: Interferogram with no pressure applied

Figure 7.4b: Interferogram with pressure of 3 toes applied
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Figure 7.4c: Unwrapped image of interferogram with no pressure applied

Figure 7.4d: Unwrapped image of interferogram with pressure of 3 toes applied

Figure 7.4e: Corrected unwrapped image of interferogram with pressure of 3 toes applied 

The initial and pressure interferograms shown in Figures 7.4a & b are very clear, each fringe is 

sharp. The unwrapping of these interferograms produces a continuous unwrapped map for each 

interferogram, Figures 7.4c & d. Subtracting Fig. 7.4d from Fig. 7.4c produces the corrected 

pressure pattern shown in Fig. 7.4e. The pressure pattern shows a very clear representation of 

the pressures of the three toes applied to the pressure plate. There is significant pressure on the
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medial side of the big toe i.e. abduction, the pressure applied by the metatarsals is also clearly 

seen. This is a clear indication that the pressure system is capable of measuring increased 

applied foot pressures.

7.2.2. The 2nd Prototype

As discussed previously in section 6.4.2.5, the prototype did not produce any recordable 

interferograms of the pressures being applied.

7.2.3 The 3rd Prototype

7.2.3.1 Foot Pressure Measurement

Since this prototype was an enlargement on the 1 st, the first test was to see the area of the foot 

that the system was capable of measuring. The entire process is shown in Figures 7.5a, b, c, d &

e.
Scratches

Low Level 
Parallelarity

Figure 7.5a: Interferogram with no pressure applied

Figure 7.5b: Interferogram with foot pressure applied
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Figure 7.5c: Unwrapped image of interferogram with no pressure applied

Figure 7.5d: Unwrapped image of interferogram with foot pressure applied

Figure 7.5e: Corrected unwrapped image of interferogram with foot pressure applied 

The results, (Figures 7.5a,b,c,d & e), show that the system was capable of measuring all of the 

front foot i.e. all 5 toes and the metatarsal heads. As with the 1 st prototype the initial and 

pressure interferograms shown in Figures 7.5a & b are very clear, each fringe is sharp. The 

unwrapping of these interferograms was not without localised errors, (Figures 7.5c & 7.5d). 

These are due to the scratches, causing scattering, and deformed fringes caused by low level 

parallelarity shown in Figure 7.5a. The deformities in the pressure plate are what cause the 

errors in the unwrapped image, which are highly localised, and do not affect the rest of the
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image. Subtracting Figure 7.5d from Figure 7.5c produces the corrected pressure pattern shown 

in Figure 7.5e. The pressure pattern shows a very clear and accurate representation of the 

pressures of the 5 toes, there is significant high pressure under the 5th toe. The errors produced 

during unwrapping do slightly distract from the pressure image. The corrected pressure pattern 

is therefore image enhanced using an image processing software package, where the errors are 

brushed out. The resulting image, (Figure 7.5f), has not lost any of the pressure image 

information.

Figure 7.5f: Image enhancement of the corrected unwrapped foot pressure interferogram

7.2.3.2 Resolution measurement using specific shapes

In order to give an indication of the resolution of the system three shapes a cross, star and a 

triangle were applied to the surface of the pressure plate, (Figure M9), with a loading of 3 ON. 

The results are shown in Figures 7.6a, b & c. Low Density Fiber (LDF) paper was placed in 

between the shapes and the pressure plate in order to prevent any scratches.

10mm

Figure 7.6a: Interferogram with 'Cross' applying pressure
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12mm

Figure 7.6b: Interferogram with '5 Point Star' applying pressure

12mm

Figure 7.6c: Interferogram with 'Triangle' applying pressure 

Unwrapped and Corrected Shapes Results

The interferograms are unwrapped and by subtracting the initial from the pressure image a 

corrected image of the applied pressure was produced, (Figure 7.7 a, b & c). These results 

enabled the resolution of the system to be measured. The arm of each of the shapes was 1.5mm 

thick. From this fact and the ability of the system to clearly represent the curves of the shapes, 

the system was able to determine shapes of area 0.56mm2 i.e. (1.5/2)2 . The resolution of the 

system was therefore equivalent to 204 sensors per cm2 i.e. 204/cm2 .

Figure 7.7a: Unwrapped image of interferogram with 'Cross' applying pressure
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Figure 7.7b: Unwrapped image of interferogram with '5 Point Star' applying pressure

Figure 7.7c: Unwrapped image of interferogram with 'Triangle' applying pressure.

7.2.3.3 Repeatability

In order to measure the repeatability of the system over the entire pressure plate, loads of SON 

are placed at 5 different positions. The shape in contact with the plate is circular with an area of 

490.8mm2. A high density foam was placed between the load and pressure plate in order to 

ensure that the plate was not scratched in any way.

Figure 7.8 shows there are variations in compressive measurements across the pressure plate. 

The maximum deviation is between the 1 st and 5 th position, (0.0016 - 0.00123) 0.00037mm i.e. 

-11.26% & +14.46% error. This was a significant error across the plate, which will hinder 

accurate measurements over large areas. This system was only measuring pressures over 

relatively small areas to begin with i.e. forefoot, therefore the variance across the plate was not
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as significant. By purchasing a higher quality Perspex plate, with less surface undulations, the 

system will be able to accurately measure large pressure areas i.e. the entire foot.

0.0018
0.0016

| 0.0014
e 0.0012
•g 0.001
I 0.0008
I 0.0006
O 0.0004

0.0002
0

D Position 1
•Position 2 
O Position 3 
O Position 4
• Position 5
^Average = 0.001438mm

Test sites

Figure 7.8: Repeatability graph at test loads of SON

7.2.3.4 Calibration of the Pressure System

During foot pressure measurements taken in section 7.2.3.1, it was found that circular fringes 

were occasionally produced i.e. the compression had gone beyond the 0.002532mm set earlier 

in equation 6.1. In order to ensure that the maximum applied pressure produces the maximum 

acceptable compression of the pressure plate, various materials i.e. LDF paper, High, Medium 

and Low density foams were placed on the surface of the pressure plate, and the compression of 

the pressure plate against known loads were recorded. The various materials distributed the 

load, to varying degrees, across a larger area, thus lowering the pressure and hence the 

compression. The maximum pressure to be applied was set at 1.4 MPa (upper normal limit 

being 1.23MPa), with the displacement at this pressure set to 0.002532mm, (Equ. 6.2). 

In order to measure the compression/force ratio of each material under consideration, a holder 

was required that would apply know loads to the surface of the test materials that was then 

placed on the pressure plate. This was achieved by placing weights on a vertically moving 

platform, ensuring that applied force was always vertical, which was clamped to the pressure 

plate frame, ensuring stability. The moving platform was created out of certain sections of the 

mirror holders used for the 2nd Prototype, discussed in section 6.4.2.4, (Figure 7.9).
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Weights Loose Bolts

\

Figure 7.9: Weight Holder

The weight holder was made entirely out of aluminium, which was strong and light, and two G- 

clamps were used to attach the holder to the frame, (Figure M10). A ball bearing and cup was 

placed on top of a 10mm diameter brass cylinder, which was in direct contact with the test 

material. The ball bearing was then placed directly underneath the weight holder and into the 

hole which was situated in the middle of the horizontal bar which the weight rested on, (Figures 

7.10). This reduced the effect of any sideways movement of the weight holder, or if the brass 

cylinder was not placed directly under the center point of the applied load.

Weight

1 1 !
Bi

Test Mat<

„ [ j-^ — — —— _•ass Cup • —— -— ___^_ • —— \ l
^riil P 1 *

1
Ball Bearing 

Brass Cylinder

-*- — . Pressure Plate

Figure 7.10: Ball Bearing

Pressure/calibration graphs were recorded in order to calculate pressure values of any 

unwrapped interferogram. The compression was recorded while the material was loaded up to 

2MPa or until the fringes become circular, and then back down to zero i.e. loading/unloading.
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Figures 6.11, 6.12, 6.13 & 6.14 are only four examples of the entire set of results taken, the rest 

are shown in Appendix D.

• 1 sheet of LDF paper calibration graph

• 1-5 layers of high density foam graphs

• 1-7 layers of medium density graphs

• 1-8 layers of low density foam graphs

800 -T- - , .
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; | 400
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I °- 200
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\
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0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 \ 

Compression Imm *

Figure 7.11: Calibration using LDF paper

0.0005 0.001 0.0015 
Compression /mm

0.002 0.0025

Figure 7.12: Calibration using High Density Foam 1 Layer
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0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 
Compression Imm

Figure 7.13: Calibration using Medium Density Foam 1 Layer

0.0005 0.001 0.0015 
Compression Imm

0.002 0.0025^

Figure 7.14: Calibration using Low Density Foam 1 Layer

Only one cycle for each result was taken due to time restraints i.e. 1 cycle taking 2 days. The 

loading curves of Figures 7.11, 7.12, 7.13 & 7.14 are all smooth and were easily read to acquire 

information. The unloading curves were not as easy to read. Figures 7.11 & 7.12 show the 

curves to be reasonably smooth, however Figures 7.13 & 7.14 are not at all smooth. There was a 

distinct jumping effect being recorded. This was due to the actual methodology of taking the 

measurements i.e. taking certain heavier weights off to replace with lighter ones, thus in gradual 

stages reducing the pressure. This effect would have been removed by using a loading machine 

to load and unload the material. The loading machine was unavailable during this stage of the
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research. The variation in the loading and unloading is called 'hysteresis'. It is the measure of 

the energy lost as heat during one compression-relaxation cycle. This effect was not a problem 

to this system since it was the high pressures that were important, which will be the pressures 

during loading. By using these graphs the compression/pressure relationship will be known, 

enabling accurate measurements to be made.

In order to determine from these graphs which combination was the best, bar graphs were 

produced for each material i.e. pressure & compression calibration bar graphs, (Appendix E). 

From these bar graphs, percentage error vs. number of layers bar charts were derived, with the 

percentage error being relative to the required theoretical values i.e. a compression of 

0.002532mm at 1.4MPa. This assumed that the compression/pressure relationship was linear, 

but it was only meant as a guideline, (Figures 7.15, 7.16, & 7.17).

s?
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Figure 7.15: Compression Calibration of High Density Foam
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Figure 7.16: Compression Calibration of Medium Density Foam
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Figure 7.17: Compression Calibration of Low Density Foam

The percentage error of LDF Paper was found to be 57.8% with one layer.

From the graphs above i.e. Figures 7.15, 7.16, & 7.17 and the value found for the LDF Paper, it 

was clear that the combinations closest to that required, i.e. lowest percentage error, were:

• 2 layers of High density foam - 4.29% error

• 2 layers of Medium density foam - 0.9% error

• 3 layers of Medium density foam - 1.62% error

• 4 layers of Low density foam - 1.35% error

The other consideration to the choice of combination was the ability to reach the upper pressure 

required i.e. 1.4MPa. The pressure values were found from Figures E3, E5 & E7 in Appendix E:

• 2 layers of High density foam -1307kPa i.e. 7.64% error

• 2 layers of Medium density foam - 1116kPa i.e. 20.28% error

• 3 layers of Medium density foam - 1371kPa i.e. 2.07% error

• 4 layers of Low density foam - 1243kPa i.e. 11.21% error

Using the above information a graph was constructed that compared the errors of each 

combination. The two errors for each material combination were averaged in order to give an 

overall figure of merit, with a low value being better than a high value.
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a 2 layers of high 
density foam

• 2 layers of
medium density
foam 

Q 3 layers of
medium density
foam 

O4 layers of low
density foam

Figure 7.18: Overall figure of merit

It is clear from the graph above, (Figure 7.18), that the lowest percentage error was for the 3 

layers of medium density foam i.e. 1.845%. This is the best combination for foot pressure 

measurements.

7.2.3.5 Short term reliability testing

In order to determine how the various materials would behave after a number of compressions, a 

test-rig was constructed that loaded/unloaded the samples 100 times up to 40N. The samples 

were unloaded back down to just above zero so that the test apparatus would always be in 

contact with the sample, ensuring even loading.

! [B40N
D40N after 100 cycles

12.91% Increase

Figure 7.19: High Density Foam
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0.00135

0.0013

| 0.00125

o 0.0012

j| 0.00115

3 0.0011

0.00105

0.001

• 40N
D40N after 100 cycles

15.25% Increase

Figure 7.20: Medium Density Foam

• 40N
n40N after 100 cycles

13.16% Increase

Figure 7.21: Low Density Foam

The results of this test, (Figures 7.19, 7.20 & 7.21), showed that all the foams exhibited 

significant changes during the 100 cycles. The percentage increase in all three foams were 

virtually identical, with the high density foam being the best with a 12.91% increase, the low 

density foam was next with a 13.16% increase, with the medium density foam being the worst 

material with a 15.25% increase after 100 cycles. The conclusions of this test was that there was 

no advantage to be gained by using any of the particular foams, high density foam was only 

slightly better than the rest, and the foams should be replaced often.

7.2.3.6 Saturation tests

The saturation of the pressure system, when each of the materials were applied to the surface of 

the pressure plate, was measured by loading the four hollow cylinder shape onto the pressure 

plate, and applying a load of 120N.
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LDF Paper

Figure 7.22a: Corrected unwrapped image of 
interferogram with 15N applied

High Density Foam

Figure 7.23a: Corrected unwrapped image of 
interferogram using 1 layer

Medium Density Foam

Figure 7.22b: Corrected unwrapped image of 
interferogram with 40N applied

Figure 7.23b: Corrected unwrapped image of 
interferogram using 2 layers

Figure 7.24a: Corrected unwrapped image of Figure 7.24b: Corrected unwrapped image of 
interferogram using 2 layers interferogram using 3 layers

Low Density Foam

Figure 7.25a: Corrected unwrapped image of Figure 7.25b: Corrected unwrapped image of 
interferogram using 2 layers interferogram using 3 layers

The area in contact with the plate was 7i(3)2 .
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Pressure = Force/Area

= 120/7i(3)2 = 4.

The interferogram using LDF paper as the test material, saturated (circular fringes) at a load of 

40N i.e. 1.4MPa, Figure 7.22a. The clearest interferogram, pattern of the four hollow circles 

was at 15N i.e. 530kPa, Figure 7.22b. The various density foams were similar in the layers 

required to produce a clear interferogram. The high density foam only required 2 layers to 

produce a clear interferogram, (Figure 7.23b), with the interferogram saturating with only one 

layer, (Figure 7.23a). The medium and low density foams were identical in that they both 

produced clear interferograms with 3 layers, (Figures 7.24b & 7.25b), with the interferogram 

saturating with 2 layers, (Figures 7.24a & 7.25a). The interferogram s are shown in Appendix F. 

The conclusion of this test was that LDF paper would not be suitable for measuring foot 

pressures since it saturated at 1.4MPa, which was the pressure required to be measured. All the 

various foam densities would be capable of measuring foot pressures due to their ability to 

produce clear interferogram s at pressures well in excess of the required 1.4MPa. The table 

below, (Table 7.1), shows the results of the resolution observations.

Material
LDF paper
High Density Foam
Medium Density Foam
Low Density Foam

Saturated
40N
1 Layer
2 Layers
2 Layers

Optimum
15N
2 Layers
3 Layers
3 Layers

Table 7.1: Material Resolution 

7.2.3.7 Heat Test

It was found that heat from the foot caused the fringe pattern to change. The movement of the 

fringe pattern represented negative pressure. This was due to the temperature of the foot heating 

the surface of the pressure plate, and causing the plate to expand. This produced a negative 

pressure interferogram. In order to measure the relationship between heat and the fringe 

movement, the foot was placed on the plate surface. Measurements were then taken until the 

fringes no longer moved, and then the foot was removed with further results taken until the
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fringe pattern returned to its initial position. Figure 7.26 shows a graph of Fringe Displacement 

vs. Time graph. Appendix G shows the Fringe Movement vs.Time .

50 100 150 

Time/sec

200 250

Figure 7.26: Displacement Caused by Body Heat/Time 

Expansion of length = a x L x temperature rise A9 

a = coefficient of linear expansion = 7.7 x 10"5 K" 1 

L = Original Length = 0.02m

A0 = 299K (Foot temperature) - 294K (Initial temperature of the pressure plate) = 4K 

Therefore:

Expansion = 7.7 x 10'5 x 0.02 x 4 = 0.00616mm 

Experimental Value = 0.0058025mm 

Error = 5.7%

The discrepancy was due to the varying foot temperature.

The heat sensitivity problem was solved easily by placing one layer of either of the foam 

densities on the surface of the pressure plate. The fringes did not move afterwards.

7.2.3.8 Processed Foot Pressures

Foot pressure measurements were now made using the various foams tested placed on top of the 

pressure plate. The foot pressure created an interferogram, which was then unwrapped and
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corrected by subtracting the initial image. Once this image was produced it was image enhanced 

to remove any errors.

Detailed Foot Pressure Patterns

Figures 6.27a & b are images of a 'normal' foot pressure, using one layer of the medium density 

foam.

Figure 7.27a: Corrected unwrapped image interferogram with foot pressure applied

Figure 7.27b: Image Enhancement of corrected unwrapped foot pressure interferogram

The foot pressure image shown in Figure 7.27a is a clear representation of the pressures applied 

by the forefoot, as compared with a scanned imaged of the loaded forefoot, (Figure Mil). There 

are significant pressures on the lower half of the big toe and on the 4th and 5th toes. The 

metatarsals of the foot are also clearly seen.

The error marks on the image are removed using 'Paint Shop Pro'. The resulting image is seen 

in Figure 7.27b, showing a clear foot pressure image, without any of the important information 

being lost. Results from the high & low density foams are shown in Appendix H.
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Simulated foot pathologies i.e. deformed Foot

The measurement of a deformed foot enabled the analysis of the effectiveness of the prototype. 

A normal healthy foot was used to simulate a deformed foot by using various support 

mechanisms to relieve the pressures exerted by the toes. The following processed images were 

taken using LDF paper to prevent scratching.

Figure 7.28a: Image enhanced pressure image of a foot with amputated 2 , 3 & 5 toes

Figure 7.28b: Image enhanced pressure image of a foot with amputated 1 st, 4th & 5th toes

Figure 7.28c: Image enhanced pressure image of a foot with an amputated 1 toe

The foot pressure image shown in Figure 7.28a, clearly show extreme pressure being exerted by 

the 1 st toe, and very small pressure being exerted by the 4th toe. This is consistent with a patient
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whose 2", 3 rd & 5lh toes were amputated. The reason for the pressure distribution was that the 

patient had abducted the foot to ensure that the majority of the pressure was distributed on the 

medial side of the foot i.e. the 1 st toe. The image shown in Figure 7.28b shows very high 

pressures being exerted by the 2nd and 3 rd toes. This was to compensate for the loss of the other 

digits. A similar image is seen in Figure 7.28c, where the 1 st toe is obviously absent, and so the 

foot has abducted to place the most pressure on the lateral side of the foot, i.e. 3 rd, 4th and 5th 

toes. More simulated foot pathologies are shown in Appendix I.

Walking Pattern - Processed

In order to understand fully the pressures applied by a foot during a gait cycle, a set of images 

during the walking cycle were taken using a CCD camera, taking 25 frames/sec. The following 

processed images are taken using LDF Paper to prevent scratching.

0.9sec
Figure 7.29: Image enhanced series of pressure patterns during a walking cycle
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The images shown in Figure 7.29 present an overview of how the foot behaves during a single 

cycle. The initial contact that the foot has with the pressure system is shown at time O.lSsec 

where the 1 st & 2nd toes are clearly seen. The image at time 0.3sec shows the forefoot about to 

put its entire weight on the plate, which is what happens at time 0.45sec, with a significant 

pressure being applied by the 5th toe. The pressure is reduced at time 0.6sec, with the toe-off 

being clearly seen at time 0.75sec. The foot is no longer in contact with the system at time 

0.9sec. These pressure images correspond with that expected in a normal biomechanical 

movement of the forefoot i.e. initial contact, mid stance and toe off, (see chapter 2). The 

pressure patterns created by the toes are clear/high contrast images that enable easy analysis. 

The entire walking pattern images are shown in Appendix J.

7.2.3.9 Dynamic Response

The CCD camera and software are capable of a sampling rate of 25 frames/sec i.e. 1 frame 

every 0.04secs. The dynamic response of the pressure system was determined by the ability of 

the pressure plate to return to its original thickness after the applied pressure had been removed. 

This was achieved by applying pressure i.e. 10kg/cm2, to the surface of the pressure plate and 

timing how quickly the fringe pattern returned to its original pattern. Figure 7.30 shows that the 

system regained the first 30% of the applied compression within 0.04seconds with the following 

48% being regained in 0.2seconds and the last 22% taking 0.4seconds. The system finally 

regained its original shape after 0.64seconds, giving a dynamic response of 1.56Hz. This is low 

compared to systems mentioned in chapter 3, which possessed dynamic responses of over 50Hz. 

The walking pattern in Figure 7.29 has now been shown not to be an accurate representation of 

the pressures being applied by the foot, since the 1.56Hz dynamic response corresponds to an 

image being taken every 0.64 seconds, whereas the walking pattern has images taken every 

0.15 seconds.

This strongly suggests that the material for the pressure plate be changed, or for the system to be 

used only in static measurements.
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120

Figure 7.30: Dynamic Response

7.2.3.10 Pressure Values

The final process was to provide a pressure range for the processed unwrapped image. This was 

achieved by measuring the displacement of the fringe that represented the highest-pressure i.e. 

highest intensity on the unwrapped image. The high density foam was used as an example for 

measuring the pressure range.

Figure 7.31: Interferogram with the pressure of 5 toes applied

The highest pressure point was found to be that located under the 5th toe, highlighted in Figure 

7.31. The fringe movement was calculated by measuring the initial fringe separation and using 

it as a reference. The fringe movement of the pressure interferogram was measured e.g. under 

the 5 th toe. This then enabled the increase factor to be calculated. This was then multiplied by 

the laser wavelength and divided by two to produce the compression of the pressure plate. The
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division by two was required due to the reflection of the laser from the top surface of the test

plate.

Initial separation = 1.2mm

Pressure separation = 2.6mm

Increase factor = 2.16

Compression = (2.16 x 633 x lO"9)^ = 0.000683mm

From Figure 7.12, the corresponding pressure = 520kPa.

Pressure /kPa 

520

390

260

130

Figure 7.32: Calibrated foot pressure image

Once the maximum pressure value was calculated, a pressure colour scale was placed along the 

side of the image to enable pressure measurements along the entire image to be taken, (Figure 

7.32). The processed image clearly shows a very high pressure being exerted by the 5th toe, and 

high pressures by the 1 st and 4*1068. That the foot is seen to be adducting i.e. distributing the 

pressure unevenly towards the lateral side of the foot, is a clear indication of the effectiveness of 

the pressure system. The results for the medium & low density foams are shown in Appendix 

K.
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7.2.3.11 Image Display Graphical User Interface (GUI)

The pressure range mentioned in the above section was then incorporated into the Image 

Display Graphical User Interface (GUI) software program, where the user was capable of 

measuring/manipulating various factors to do with the pressure image, (Figure 7.33). 

The program is a stand-alone program, which allows analysis to be carried out on any computer. 

The speed of processing within the program was relatively fast, with the more complex 

functions taking only 5 seconds to process. The loading procedure was very easy to use, 

although the need to convert each image into a matrix file beforehand did complicate things 

slightly. This was due to the limitations of using MATLAB in creating a GUI. A simple solution 

would be to re-program the loading procedure to accommodate for this, which would then allow 

a standard image file i.e. tiff, to be loaded straight into the GUI.

The ease of use of the program was dramatically increased by the use of colour for each push 

button. The 3 individual pressure pixel values option worked extremely well, and turned out to 

be one of the central functions used. The various colourmaps provided was not initially thought 

of to be an important feature, however after processing a number of images, it was found that 

various colourmaps highlighted certain attributes. Some colourmaps would seem to be very 

general in their pressure variations, whilst others would provide a dramatic contrast between 

varying pressures.

Some of the tick boxes have slight 'glitches', in that they sometimes need to be clicked twice to 

prompt a function. The animation function worked well in rotating a 3 dimensional 

representation of the image by 360 degrees. The only problem that was encountered was that the 

speed of rotation depended on the specification of the computer. This was fine on my research 

computer, since the rotation was slow enough to analyse, however on another computer, which 

had a higher specification, the rotation was too fast for any quantitative assessment to be made. 

This can easily be remedied by including a variable rotation speed bar on the GUI. The 

programming code for the GUI is shown in Appendix L.
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i Figuie No 1: Foot Piessuie BED

Figure 7.33: Image Display GUI

7.3 Summary

The 1 st prototype using the variation on the Fizeau interferometer was very successful, in that it 

proved that the idea worked. The fringe patterns produced were very clear and an accurate 

representation of the shape and pressures being applied was produced. Due to its limited 

measurable area another prototype was clearly required. The 2nd prototype was in theory the 

next step forward, using a variation on the Twyman-Green interferometer, however due to the 

limitations on the evaporation equipment i.e. no anti-reflective coating on the beam splitter, the 

practical results were extremely poor. Since the 1 st prototype worked so well, it was decided that 

the next prototype should simply enlarge on the ideas behind it. This prototype, again using a 

variation on the Fizeau interferometer, performed as expected and enabled detailed accurate foot 

pressure measurements to be made of the entire forefoot.

7-31



Chapter 7_________________________________Results of Pressure System

The resolution of the system was very high, as shown in section 7.2.3.2. Complex shapes were 

capable of being measured and then analysed clearly, with the resolution of the system being 

0.5mm2 . The repeatability across the pressure plate was not as high as was hoped i.e. approx. ± 

13% error. This was due to the relatively poor quality of the Perspex sheet used i.e. low 

parallelarity of the surfaces. The calibration of the system was very successful using various 

material layers on the surface of the pressure plate. The vast number of calibration tests showed 

that 3 layers of medium density foam was the optimum combination for measuring foot 

pressures within the required measurable range i.e. 0-1.4 MPa. The maximum pressure range 

of the pressure system was 0.01 - 4.24MPa. The short term reliability of the foams were tested 

and found to deteriorate significantly after 100 cycles of 40N. It was therefore suggested that the 

foams be replaced often. The resolution of the system using the various layers required for 

calibration was tested and found that all the various density foams were capable of producing 

high resolution results within the required pressure range, although LDF paper was not suitable. 

During testing it was found that the pressure plate was significantly affected by body heat i.e. a 

183.3% increase in the fringe position compared with its original position. The solution to this 

problem was very simple i.e. 1 layer of either of the foam densities was sufficient in insulating 

any heat from the surface of the pressure plate.

The pressure images produced using this system were clear and accurate but due to 

imperfections in the Perspex plate i.e. scratches and the poor parallel nature of the surfaces, 

slight errors were present on the image. These errors were removed using an image-processing 

package. The resulting image was error free, without losing any of the required foot pressure 

data. The effectiveness of the system in being able to measure foot pathologies i.e. deformed 

feet, was tested by simulating a deformed foot, the results showed that the system was very 

accurate in its representation of the pressures being applied.

The dynamic response of the system was tested and found to be 1.56Hz. This was lower than 

was expected, with other commercially available systems achieving a dynamic response of over
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50Hz. This limits the system to being used in static measurements only. The ability to convert 

the unwrapped image of the interferogram into quantitative pressure values was shown to be 

very precise but time consuming.

The image display program created using MATLAB, enabled a clear and very user friendly 

method of analysing the pressure image and manipulating various factors relating to it. The 

results clearly show that the 3 rd prototype is a very capable foot pressure measuring system. 

The next chapter discusses the conclusion of the research and proposed future work.
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Chapter 8

Conclusions & 
Future Work

'Now all has been heard; here is the conclusion of the
matter....'
Ecclesiastes 12:13

This chapter discusses the results achieved in this research and identifies areas for future work.

8.1 Introduction

The purpose of this research was to design and build a new barefoot platform pressure system 

using an interferometry technique. The pressure system is to be used as a research and a clinical 

device. Five objectives were set for this research: high resolution, accuracy, large pressure 

range, automated measurement and low cost. Each of these has been addressed by the new 

pressure system.

The Twyman-Green and Fizeau interferometer techniques were chosen due to their ability to be 

used in the measurement of pressures, providing very high resolution and accurate 

measurements. After a number of material tests, the material chosen for the pressure plate was 

Perspex, due to its optical clarity and Young's Modulus value. Perspex enabled a very large 

pressure range to be measured. The CCD camera and image capture software enabled very easy 

digitisation of the fringe patterns, with the fringe analysis software producing very accurate but 

time consuming pressure images. The image display software program created for this research, 

enabled easy analysis of the pressure images. The pressure plate and subsequent frame, along
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with the mirrors and their holders were made of common materials, ensuring low cost, with the 

rest of the system enabling the total cost to be well below commercial systems.

8.2 Conclusions

i. The Twyman-Green interferometer technique was in practice incapable of producing a 

clear fringe pattern. This was due to the beam-splitter not being of sufficient quality i.e. 

it produced it's own fringe patterns, making the design unusable. The Fizeau 

interferometer technique produced very clear fringe patterns of an area large enough to 

measure the forefoot.

ii. Due to the system using an optical technique for measuring pressure i.e. variation ofthe 

Fizeau interferometer, the resolution ofthe system is extremely high. The wavelength of 

the laser used, 633nm, and the material property of the pressure plate and the plate 

thickness, determines the resolution of the pressure system. The resolution of the 

pressure system is equivalent to 204 sensors/cm2 . This is vastly superior to the highest 

resolution available in a commercial system i.e. Novel's EMED ET-9 with a resolution 

of 9 sensors/cm2 . The new pressure system therefore has a resolution 2266.6% greater 

than its nearest rival.

iii. The new pressure system converts an interferogram into pressure measurements by 

measuring the change in fringe separations. This is an extremely accurate process since 

the measuring process uses the wavelength ofthe laser beam to determine the surface 

deformations caused by the applied pressure i.e. foot. The accuracy ofthe new pressure 

system is reduced after it has been loaded a number of times. This is due to the 

stiffening of the pressure plate after repeated loading. The change in pressure 

measurements after 1000 cycles is 3.626%.
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iv. The pressure range of the new pressure system is 0.01 - 4.24MPa. This is significantly 

larger than that of similar specification commercial systems e.g. 0.01 - 1.27MPa for any 

of the Novel Emed systems. The pressure range of the new pressure system can be 

changed by the application of various density foams. Calibration graphs enable certain 

ranges to be chosen, depending on the applied pressure range.

v. The automation of the new pressure system is separated into two sections, the capture of 

the fringe patterns and the analysis of the digitised fringe patterns. The capture of the 

fringe patterns is fully automated e.g. CCD camera, capture screen & computer capture 

software/hardware that capture the fringe patterns simply and effectively. The 

processing of the digitised fringe patterns require a number of manual operations within 

Fringe Processor 2 and during calibration. These manual operations increase the 

complexity of the overall pressure system and the time required for each processed 

image.

vi. In order to establish the cost of the entire new pressure system the cost of each 

individual part of the system is calculated:

a) Computer system = £600

b) CCD Camera & lens = £400

c) Laser, beam expander/collimator & holders = £500

d) Pressure Plate = £50

e) Mirrors = £20

f) Pressure plate and mirror frame = £ 100

g) Software = £1000 

Total cost = £2670

8-3



Chapter 8______________________________ Conclusions & Future Work

This is significantly lower than commercial systems designed for clinical use i.e. 

Novel's NT-4 is approx. £20,000. It is estimated that a new system could be 

commercialised into a product selling at under £8000. However further developments 

are needed before a commercial system can be realised.

8.3 Future Work

i. The material for the pressure plate needs to be changed. Perspex does not possess the 

material properties required for the system to have a consistently high level of accuracy. 

The new material will be required to have the same optical property as Perspex, but not 

to stiffen after continuous cycling. Another important factor in the decision of a new 

material is the ability of the material to be created with extremely high precision 

dimensions i.e. extremely parallel surfaces with little or no imperfections within the 

plate. The final requirement for the plate is for its dynamic response to be very high.

ii. In order to increase the measurable area of the pressure system, the pressure plate needs 

to be larger, including the mirrors and hence the entire frame structure. The increase in 

the beam diameter that will be required to cover the required area of the pressure plate 

will mean that the power of the laser beam will have to be increased.

iii. The software program being used to analyse the fringe patterns, Fringe Processor 2, is 

very accurate, but complicated, slow and expensive. This can be remedied by creating a 

fully automated software program that analyses the fringe patterns and combines the 

image display graphical user interface into its code. This will drastically reduced the 

overall cost of the new pressure system.
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8.4 Summary

The proposed pressure system uses a variation on the Fizeau interferometry technique, and is to 

be used as a research and a clinical device. The five objectives of the research are successfully 

achieved to varying levels of success:

• resolution is vastly superior to the highest resolution available in a commercial system.

• accuracy is very high but reduced after being cycled a number of times.

• pressure range is significantly larger than that of a similar specification commercial system.

• automation is reasonable; fringe capture is fully automated but the fringe analysis requires a 

number of manual operations.

• total cost of the new pressure system would be significantly lower than a similar

commercial system designed for clinical use. 

In order to improve the pressure system the following criteria need to be addressed:

• new material to be chosen for the pressure plate.

• measurable area of the pressure system to be increased.

• new software program to be created to analyse the fringe patterns faster and easier. 

The proposed pressure system has a number of wider applications i.e. sports analysis, any 

industry application where pressure and/or shape measurements are required & as a heat 

measurement device.
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Appendix A Anatomy and Pathology of the Foot and Ankle

Appendix A:
Anatomy of the Foot and Ankle

A.1 Basic anatomical terms

The relationship between varying parts of the body are based on the anatomical position. The 

reference point of the anatomical position is where the person is standing upright, with the feet 

together and the arms by the side of the body, with palms forward.

The anatomical position, including reference planes and the terms describing relationships between 

different parts of the body, are illustrated in Figure Al.

Sagittal plane

Superior

Right Posterior

Anterior ' ' ^ -" Left

Frontal plane 

Inferior

Figure Al: The Anatomical Position (Whittle, 1999)

The three reference planes are described as follows:

1. Sagittal - any plane that divides part of the body into right and left sections e.g. median plane is 

the midline sagittal plane, which divides the whole body into right and left halves.

2. Frontal - a plane that divides the body into front and back sections.

3. Transverse - the plane that divides a body section into an upper and lower section.
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Appendix A Anatomy and Pathology of the Foot and Ankle

When considering a single part of the body there are 4 other terms that are used to describe 

relationships:

1. Medial - towards the midline of the body e.g. big toe.

2. Lateral - away from the midline of the body e.g. little toe.

3. Proximal - towards the rest of the body e.g. talus is the proximal part of the foot.

4. Distal - away from the rest of the body e.g. the toes are the distal part of the foot. 

Most joints can only move in one or two planes, the possible movements are:

1. Flexion & extension - takes place in the sagittal plane e.g. in the ankle these are called 

dorsiflexion & plantarflexion, (Figure A2).

Dorsiflexion

Plantarflexion

Figure A2: Dorsiflexion & Plantarflexion (Hamill and Knutzen, 1995)

2. Abduction & adduction - takes place in the frontal plane, (Figure A3).

Adduction Abduction 

Figure A3: Abduction & Adduction (Hamill and Knutzen, 1995)
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3. Internal & external rotation - takes place in the transverse plane; also called medial & lateral 

rotation, referring to the motion of the anterior surface, (Figure A4).

Medial rotation

Lateral rotation 

Figure A4: Medial & Lateral Rotation (Hamill and Knutzen, 1995)

There are three other terms that describe the motions of the joints or body segments, they are:

1. Varus & valgus - angulation of a joint towards or away from the midline e.g. abduction or 

adduction, (Figure A3).

2. Inversion & eversion — brings the soles of the feet together/ causes the soles to point away from 

the midline, (Figure A5).

Inversion Eversion 
Figure A5: Inversion & Eversion (Hamill and Knutzen, 1995)

3. Pronation & supination - rotations about the long axis of the foot (or arm) e.g. pronation of 

both feet brings the big toes together, supination brings the little toes together, (Figure A6).
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Promotion = eversion + dorsiflexion + abduction 

Supination = inversion + plantarflexion + adduction

Inversion Eversion Adduction Abduction 

Figure A6: Pronation & Supination (Hamill and Knutzen, 1995)

A.2 Anatomy of the Foot & Ankle

The foot is considered to have three subdivisions: the forefoot (front part of foot, including toes), 

midfoot, and hindfoot (rear part of foot, including heel). The midfoot and hindfoot together are 

sometimes referred to as the tarsus, because they are composed of seven tarsal bones. The tarsal 

bones are irregular in shape and size; their interlocking shapes enable them to form a highly stable 

arrangement (the arches of the foot). The ankle is the joint between the tarsus and the lower leg. The 

bones of the forefoot, midfoot, and hindfoot are shown below, (Figure A7).

The foot, consists of: 

(i) 7 tarsal bones,

(ii) 5 metatarsal bones &

(iii) phalanges - three to every toe, except the big, and often the little toe, which have but two each.
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Phalanges Metatarsals
Cuboid

Os calcis

Talus
Cuneiforms

Navicular
Tubercle

Talus

1 st cuneiform

Os calcis

Figure A7: Anatomy of the Foot (Wolff, 1958)

A.2.1 Muscle Function

The fine motor control of the muscles of the upper extremity is not found in those of the lower 

extremity. The muscles of the lower extremity can be trained to operate individually, but during 

normal gait the muscles operate in a compartmentalised type of function. The muscles anterior to 

the ankle joint axis produce dorsiflexion, and those posterior to it produce plantar flexion. The 

muscles lying medial to the subtalar joint axis are inverters and those lateral to it are evertors.
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A.2.1.1 The Forefoot

The forefoot consists of five metatarsals starting with the first to the fifth; and five toes, along with

the phalanges. There are three phalanges in each toe i.e. proximal, middle and the distal phalange

(except the big toe, which has only distal and proximal).

The first metatarsal bears most of the weight and is the most instrumental in propulsion. It's

structure is short with a large diameter. Several tendons are attached to it, including the tibialis

anterior and peroneus longus.

The fifth metatarsal has a tuberosiry (protuberance) on its lateral side of its base, which the

peroneus brevis tendon is attached.

The second, third and fourth (internal metatarsals) are the most stable. This is due to their position

in the foot and also due to the fact that no major tendons are attached to them i.e. experiencing no

strong pulling forces.

A.2. 1.1.1 Metatarsophalangeal Joints

These are joints between the metatarsal and the proximal phalange of the adjacent toe, (Figure A8). 

These joints are capable of dorsiflexion and plantar flexion. Just prior to lift-off during the walking 

cycle, the dorsiflexion is at it's maximum. Plantar flexion only occurs during athletic activities.

Figure A8: Metatarsophalangeal Joints & Plantarflexion (Menz, 1999)
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The metatarsal head is a term used to define the end of the metatarsal that partakes in the joint of the 

adjacent bones i.e. distal metatarsal head.

Near the head of the first metatarsal, on the plantar surface of the foot, are two sesamoid bones. 

They are oval-shaped bones, which are positioned within the flexor hallucis brevis as it passes over 

the first metatarsal head. They function as part of the MTP joint. They are held in place by their 

tendons and are supported by ligaments e.g. sesamoid collateral & intersesamoidal ligaments.

A.2.1.1.2 Interphalangeal Joints

There are two types of interphalangeal joints: proximal & distal, (Figure A9). The proximal 

interphalangeal joint is between the proximal and middle phalanx of each toe. The distal 

interphalangeal joint is between the distal and middle phalanx of each toe. The big toe only has one 

joint.

—-^
Interphalangeal

Phalanges
/ i r?*^KIT 59""

Figure A9: Interphalangeal Joints (Watkins, 1999)

Only flexion, no extension, occurs within the interphalangeal joints. During normal gait the 

interphalangeal joints are held in full extension, with little or no flexion occurring. Flexion only 

occurs at lift-off.

Each MTP and IP joint is help together by several ligaments:

i) Medial and Lateral collateral ligament (one on each side of the joint)
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ii) Plantar ligament (along the plantar surface)

The big toe only has one joint between its two phalanges and therefore this joint is called the great

toe interphalangeal joint.

A.2.1.2 The Midfoot

The midfoot consists of five bones with numerous articular surfaces i.e. surfaces which articulate by 

way of joints with other bones, 

i) navicular 

ii) cuboid

iii) three cuneiform bones: lateral, middle and medial. _ 

The joints that are proximal to the metatarsophalangeal joints consist of the talonavicular and 

calcaneocuboid joints that together form the transverse tarsal joint or Midtarsal Joint.

A.2.1.2.1 The Midtarsal Joint

5 of the 7 tarsal bones

Figure A10: Talonavicular Joint & Calcaneocuboid Joint (Menz, 1999)

The transverse joint enables adduction and abduction, a slight degree of dorsiflexion and plantar 

flexion, and some rotatory motion (supination and pronation), (Figure A10). There isn't a great deal 

of motion in the normal transverse tarsal joint. Its function is essentially under control of the 

subtalar joint, which is discussed later.
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Appendix A ______________________Anatomy and Pathology of the Foot and Ankle

There is little or no motion through the midtarsal region of the foot. This region consists of the

joints distal to the transverse tarsal joint and proximal to the metatarsophalangeal joints.

The joints that are distal to the transverse tarsal joint consist of the fourth and fifth metatarsals that

articulate with the cuboid bone & the first, second and third metatarsals that articulate with their

respective cuneiform bones. Each of these has an individual joint capsule but all are wrapped in one

big capsule as well to form the Tarso-metatarsal joint.

These joints are anatomically interlocked and held in place by heavy ligamentous structures.

The medial surface of the navicular projects downward to form a tuberosity, which serves as an

attachment for the posterior tibial tendon.

The posterior tibial tendon attaches one of the smaller muscles of the calf to the underside of the

foot. This tendon helps support the arch and allows eversion, (Figure Al 1).

Figure All: Posterior Tibial Tendon (Soar, 1999)

The main nerve to the foot is the posterior tibial nerve, (Figure A. 12). This nerve enters the sole of 

the foot by running down behind the inside protrusion on the medial malleolus. A number of other 

nerves enter the foot from various other directions.
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Appendix A Anatomy and Pathology of the Foot and Ankle

Figure A12: Posterior Tibial Tendon & Secondary Nerves & Arteries (Soar, 1999)

The main blood vessel in the foot is the posterior tlbial artery, (Figure A13). It runs right beside the 

posterior tibial nerve. A number of other blood vessels enter the foot from various other directions.

Figure A13: Posterior Tibial Artery (Soar, 1999)

The lateral surface of the cuboid also has a tuberosity, which serves as a ligament attachment. The 

cuboid bone has no major tendon attachments; however, the peroneus tendon passes across the 

cuboid tuberosity, to run in a groove on the plantar surface of the bone, The anterior tibial tendon 

enables dorsiflexion, (Figure A14).
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Figure A14: Anterior Tibial Tendon (Soar, 1999)

A.2.1.3 The Hindfoot

The forces from the leg is transmitted to the ankle via the True ankle joint, (Figure A15).

The true ankle joint is composed of 3 bones:

tibia (A) which forms the inside, or medial, portion of the ankle,

fibula (B) which forms the lateral, or outside portion of the ankle &

talus (C) underneath.

The true ankle joint is responsible for the dorsiflexion and plantarflexion of the foot.

Beneath the true ankle joint is the second part of the ankle, the subtalar joint, which consists of the 

talus (C) on top and calcaneus (D) on the bottom. The subtalar joint allows side to side motion of 

the foot. The ends of the bones in these joints are covered by rticular cartilage (E). The major 

ligaments of the ankle are: the anterior tibiofibular ligament (F), which connects the tibia to the 

fibula; the ateral collateral ligaments (G), which attach the fibula to the calcaneus and gives the 

ankle lateral stability; and, on the medial side of the ankle, the deltoid ligaments (H), which connect 

the tibia to the talus and calcaneus and provide medial stability. These components of the ankle, 

along with the muscles and tendons of the lower leg, work together to handle the stress the ankle 

receives during walking, running and jumping.
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Anterior View Lateral View Medial View

Figure A15: Bones, Joints & Ligaments of the Foot (Richter, 1995)

The axis of rotation for the subtalar joint runs from the posterior, lateral plantar to the anterior, 

dorsal, medial surface of the talus. The joint is tilted vertically, 41 to 45 degrees from the horizontal 

axis in the sagittal plane, and has a medial slant 16 to 23 degrees in from the longitudinal axis of the 

tibia in the frontal plane, (Figure A16).

Figure A16: Movement of the subtalar Joint (Wolff, 1958)
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The most important tendon for walking, running and jumping is the Achilles tendon, (Figure A17). 

It is one of the longest and strongest tendons in the body. The blood supply to the tendon is very 

low, therefore is prone to chronic injury. This tendon attaches the calf muscles to the calcaneus to 

allow plantarflexion.

Figure A17: Achilles Tendon (Soar, 1999)

The motions of the ankle, subtalar, transverse tarsal, and metatarsophalangeal joint are all

interrelated. In 1953 Hicks described the motion of the foot as a combination of other movements:

Pronation of the foot = dorsiflexion of the ankle, eversion of the calcaneus & abduction of the

forefoot

Supination of the foot = plantar flexion of the ankle, inversion of the calcaneus & adduction of the

forefoot.

A.2.1.4 Plantar Fascia

This is an important structure in the foot where a great deal of foot pathology begins. It originates 

from the plantar surface of the calcaneus and attaches to the plantar surfaces of the five metatarsal 

heads and proximal phalanges of the toes, (Figure A18). The plantar fascia is a major stabilizer of 

the foot. It helps to maintain the arch of the foot and is an anti-pronator in that, in its function of 

maintaining the congruity of the relationship between the calcaneus and the metatarsal heads, it 

resists the torsion movement of the forefoot in relationship to the hindfoot in pronation. Most of the
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eversion of pronation occurs in the mid and forefoot while the calcaneus remains stable in the 

hindfoot.

Plantar Fascia

Figure A18: Plantar Fascia (Steckel, 1996)

This is an image of the bottom of the right foot, which illustrates the location of the plantar fascia, 

and it's attachment to the clacaneus or heel.
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Appendix B: 
Material Testing
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Figure B1: Load/ Displacement - Perspex 3mm

Young's Modulus = slope x original length/cross sectional area

= 10007(0.0078 - 0.0052) x 3/490.8 = 2.35GPa 

Theoretical Value = 2.7 - 3.5GPa

COo

0 0.005 0.01 
Displacement /mm

0.015

Figure B2: Load/ Displacement - Perspex 3mm after 1000 cycles

Young's Modulus = slope x original length/cross sectional area

= 1000/(0.00255) x 3/490.8 = 2.39GPa
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Figure B3: Load/ Displacement - Perspex 20mm

Young's Modulus = slope x original length/cross sectional area

= 1000/(0.1315) x 3/490.8 = 3.09GPa
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Figure B4: Load/ Displacement - Perspex 20mm after 1000 cycles

Young's Modulus = slope x original length/cross sectional area
= 1000/(0.012647) x 3/490.8 = 3.22GPa
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0.015

Figure B5: Load/ Displacement - Polycarbonate 3mm

Young's Modulus = slope x original length/cross sectional area

= 1000/(0.0028) x 3/490.8 = 2.183GPa 

Theoretical Value = 2.4GPa

0.002 0.004 0.006 0.008 0.01 

Displacement/mm

Figure B6: Load/ Displacement - Polycarbonate 3mm after 1000 cycles

Young's Modulus = slope x original length/cross sectional area

= 1000/(0.0030) x 3/490.8 = 2.037GPa
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Figure B7: Load/ Displacement - PVC 4mm

Young's Modulus = slope x original length/cross sectional area

= 10007(0.0034) x 3/490.8 = 2.397GPa 

Theoretical Value = 2.4 - 4GPa
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Figure B8: Load/ Displacement - PVC 4mm after 1000 cycles

Young's Modulus = slope x original length/cross sectional area

= 1000/(0.0029) x 3/490.8 = 2.81GPa
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Figure B9: Load/ Displacement - PETG 6mm

Young's Modulus = slope x original length/cross sectional area

= 1000/(0.0065) x 3/490.8 = 1.88GPa 

Theoretical Value = 4GPa
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Figure BIO: Load/ Displacement - PETG 4mm after 1000 cycles

Young's Modulus = slope x original length/cross sectional area
= 1000/(0.0049) x 3/490.8 = 2.49GPa
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Figure B11: Load/ Displacement - Polystyrene 3mm

Young's Modulus = slope x original length/cross sectional area

= 1000/(0.0028) x 3/490.8 = 2.44GPa 

Theoretical Value = 2.8 - 3.5GPa
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Figure B12: Load/ Displacement - Polystyrene 3mm after 1000 cycles

Young's Modulus = slope x original length/cross sectional area

= 1000/(0.0022) x 3/490.8 = 2.77GPa
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Figure B13: Load/ Displacement - Rigid Polyurethane 4mm

Young's Modulus = slope x original length/cross sectional area

= 10007(0.0145) x 3/490.8 = 0.562GPa 

Theoretical Value = N/A
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Figure B14: Load/ Displacement - Rigid Polyurethane 4mm after 1000 cycles

Young's Modulus = slope x original length/cross sectional area

= 10007(0.0143) x 3/490.8 = 0.569GPa
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Figure B15: Load/ Displacement - Polyurethane Elastomer 4mm
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Figure B16: Load/ Displacement - Polyurethane Elastomer 4mm (No creep)

Young's Modulus = slope x original length/cross sectional area

= 1000/(0.382) x 3/490.8 = 0.0213GPa
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Figure B17: Load/ Displacement - Polyurethane Elastomer 4mm after 1000 cycles
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Figure B18: Load/ Displacement - Polyurethane Elastomer 4mm after 1000 cycles (No creep)

Young's Modulus = slope x original length/cross sectional area

= 1000/(0.380) x 3/490.8 = 0.0213GPa 

Theoretical Value = 0.025GPa
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Figure B19: Load/ Displacement - Silicon Rubber 2mm
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Figure B20: Load/ Displacement - Silicon Rubber 2mm (No creep)

Young's Modulus = slope x original length/cross sectional area

= 1000/(0.023) x 3/490.8 = 0.177GPa 

Theoretical Value =N/A
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Figure B21: Load/ Displacement - Silicon Rubber 2mm after 1000 cycles
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Figure B22: Load/ Displacement - Silicon Rubber 2mm after 1000 cycles (No creep)

Young's Modulus = slope x original length/cross sectional area

= 1000/(0.0216) x 3/490.8 = 0.188GPa
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Appendix C: 

Specific Shapes

Figure Cl: Interferogram with no 
applied pressure

Figure C2: Interferogram with 'Triangle' 
applying pressure

Figure C3: Unwrapped image of interferogram Figure C4: Unwrapped image of
with no applied pressure interferogram with 'Triangle' applying pressure

Figure C5: Corrected unwrapped image of interferogram with 'Triangle' applying pressure
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Figure C6: Interferogram with no 
applied pressure

Figure C7: Interferogram with 'Paper Clip' 
applying pressure

Figure C8: Unwrapped image of interferogram Figure C9: Unwrapped image of
with no pressure applied interferogram with 'Paper Clip' applying pressure

Figure CIO: Corrected unwrapped image of interferogram with 'Paper Clip' applying pressure
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Appendix D:
Material Calibration Graphs
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Figure Dl: Calibration using LDF Paper
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Figure D3: Calibration using High Density Foam 2 Layers
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Figure D5: Calibration using High Density Foam 4 Layers
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Figure D6: Calibration using High Density Foam 5 Layers
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Figure D7: Calibration using Medium Density Foam 1 Layer
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Figure D8: Calibration using Medium Density Foam 2 Layers
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Figure D12: Calibration using Medium Density Foam 6 Layers
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Figure D18: Calibration using Low Density Foam 5 Layers
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Figure D19: Calibration using Low Density Foam 6 Layers
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Figure D20: Calibration using Low Density Foam 7 Layers
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Figure D21: Calibration using Low Density Foam 8 Layers
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Appendix E:
Pressure & Compression calibration bar graphs

• Maximum Pressure 
"Loading Pressure 
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Figure El: LDF Paper Calibration Pressure

D Maximum Compression 
• Loading Compression 
D Unloading Compression

Figure E2: LDF Paper Calibration Compression
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Figure E3: Pressure Calibration of High Density Foam
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Appendix E Pressure & compression calibration bar graph
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Figure E7: Pressure Calibration of Low Density Foam
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Figure E8: Compression Calibration of Low Density Foam

E-3



Appendix F Resolution Interferograms

Appendix F:
Resolution Interferograms

• LDF Paper

Figure Fl: Interferogram with 15N applied - Optimum (LDF Paper)

Figure F2: Interferogram with 40N applied- Saturated (LDF Paper)

• High Density Foam
120N

Figure F3: Interferogram using 1 Layer - Saturated (High Density Foam)
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Appendix F Resolution Interfe

Figure F4: Interferogram using 2 Layers - Optimum (High Density Foam)

• Medium Density Foam
120N

Figure F5: Interferogram using 2 Layers - Saturated (Medium Density Foam)

Figure F6: Interferogram using 3 Layers - Optimum (Medium Density Foam)
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Appendix F Resolution Interferograms

• Low Density Foam
120N

Figure F7: Interferogram using 2 Layers - Saturated (Low Density Foam)

Figure F8: Interferogram using 3 Layers - Optimum (Low Density Foam)
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Appendix H High & low density foarnjoot pressure images

Appendix H:
Foot Pressure Images using High & Low density 
Foams

High Density Foam

Figure HI: Corrected foot pressure image using high density foam

Figure H2: Image enhanced foot pressure image using high density foam

Low Density Foam

Figure H3: Corrected foot pressure image using low density foam
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Appendix H High & low density foam foot pressure images

Figure H4: Image enhanced foot pressure image using low density foam
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Appendix I Simulated Foot Pathologies

Appendix I:
Simulated Foot Pathologies

Figure II: Corrected pressure image of a foot with large pressures on 1 st and 2nd toes

Figure 12: Image enhanced pressure image of a foot with large pressures on 1 st and 2" toes

Figure 13: Corrected pressure image of a foot with amputated 1 st , 3 r and 4' toes
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Appendix I Simulated Foot Pathologies

Figure 14: Image enhanced pressure image of a foot with amputated 1 st , 3 and 4 toes

Figure 15: Corrected pressure image of a foot with amputated 5 toe

Figure 16: Image enhanced pressure image of a foot with amputated 5 toe

rd _ j rth .Figure 17: Corrected pressure image of a foot with amputated 3 r and 5 toes
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Appendix I Simulated Foot Pathologies

Figure 18: Image enhanced pressure image of a foot with amputated 3 rd and 5th toes
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Appendix J Walking Cycle

Appendix J: 
Walking Cycle

Complete series of image enhanced pressure patterns during a walking cycle

Figure Jl:OSec

Figure J3: 0.069sec

Figure J2: 0.34sec

Figure J4: 0.103sec

Figure J5: 0.138sec Figure J5: 0.173sec
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Appendix J Walking Cycle

Figure J7: 0.207sec

Figure J9: 0.276sec

Figure Jll:0.346sec

Figure J8: 0.242sec

Figure Jl0:0.311 sec

Figure J12: 0.3 8sec

Figure J13: 0.415sec Figure J14: 0.45sec
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Appendix J

Figure J15: 0.484sec

Figure J17: 0.553sec

Figure J19: 0.623sec

Figure J16: 0.519sec

Figure Jl 8: 0.588sec

Figure J20: 0.657sec

Figure J21:0.692sec Figure J22: 0.726sec
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Appendix J Walking Cycle

Figure J23: 0.761 sec Figure J24: 0.796sec

Figure J25: 0.830sec Figure J26: 0.865sec

Figure J27: 0.9sec
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Appendix K Medium & low density foam pressure values

Appendix K: 
Pressure Values

Pressure /kPa

620

465

310

155

0

Figure Kl: Calibrated foot pressure image using medium density foam

Pressure /kPa

\^mmia\— 520

390

260

130

Figure K2: Calibrated foot pressure image using low density foam
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Appendix L:
GUI Programming Code
• Mycallbackfcn2.m

• Koi444412.m

• Koi4441.exe

• Foot Pressure.mat

• Koimatfile.mat

• FigureMenuBar.fig

• FigureToolBar.fig

|j Ete Edit View Jjo^ Favorites Help
^ ____ ^————^ ^

Ij Back Fo

I j Address |Cj CSmatlabSwok
UP I |_ Delete Properties \ Viem

work

Select arv ic»n to view 
its description.

bin
I___1 __l 11 2JS-J 

koi44441 koi44441Zm mycallbackfc... Foot Pressure

koimatiilB

17.84MB Jp My Computer

Figure LI: Matlab/Work Folder

Fie Edit View §o Favofftes Herp

Copy Paste 1 Undo | Delete Properties

Address f_l C:\matlab\woikSbin

bin
Select an icon to 
view its description. iFlgjureMenil.] FigureToolB..

98.0KB iHj My Computer

Figure L2: Matlab/WoryBin Folder
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Appendix L_________________________________GUI Programming Code

L.I Mycallbackfcn2.m

function mycallbackfcn(flag)
% Function to evaluate callbacks.
% Make Info global so Info button works.
global Info

switch flag, 
case 'mat3',

%get the userdata
udata=get(gcf,'userdata');
A=udata.A;
z=udata.z;
zoomHndl = findobj(gcbf,Tag','zoomflag');
set(zoomHndi;Enable','On');
rotateHndl = findobj(gcbf,'TagYRotate3dflag');
set(rotateHndl,'Enable','Off);
shadingHndl = findobj(gcbf,'TagVshadingflag');
set(shadingHndl,'Enable','Off);
whiteHndl - fmdobj(gcbf;Tag','ProFlag');
set(whiteHndI,'EnableYOn');
coloronHndl=fmdobj(gcbf,'Tag','Coloronf]agr);
set(coloronHndl,'Enable','OnVValue', 1);
coloronHndl=fmdobj(gcbf,'Tag','whitecolflag2');
set(coloronHndi;Enable','On';Value',0);
whiteHndl = fmdobj(gcbf,TagYPixelFlag5');
set(whiteHndl,'EnableYOn');
coloronHndl=findobj(gcbf,'Tag', rblackcolflag2');
set(coloronHndl,'Enable','On','Value', 1);
imshow(z,[0256]);
H = colorbarCvert');
set(H,TagV123');
T=get(H,'title');
set(T,'string','Pressure /kPa');
set(T,'FontSizer, 12,'FontWeight','bold');
colormap(jet);
set(gca,'TagVAxesl');
axisHndl = fmdobj(gcbtVTag','Gridonflag');
set(axisHndl,'Enable';Off,'Value',0);
axisHndl=findobj(gcbf;Tag','Gridonflag');
set(axisHndi;EnableYOff,'Value',0);
axisHndl = fmdobj(gcbf,'TagYAxisonflagr);
set(axisHndi;Enable','On';Value',0);
colourbarHndl = findobj(gcbf;Tag','Colourbaronflag');
set(colourbarHndl,'Enable','On');
F = max(z);
M = max(F);
maxHndl = findobjCgcbf/Tag'/MaxFlag1);
set(maxHndl,'String',sprintf('%d',M));
whiteHndl = findobjCgcbf/Tag'/whitecolflag');
set(whiteHndl,'Enable','Off,'Value',0);
blackHndl = fmdobj(gcbf;Tag','blackcolflag');
set(blackHndi;EnableVOffYValue',0);
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Appendix L______________________________ GUI Programming Code

listHndl = fmdobj(gcbf,Tag','Listboxl');
set(listHndl,'Value',8);
maxHndl = findobj(gcbf,'Tag','Playflag');
set(maxHndl,'Enable','Off);
Info = {'IMSHOW Display image. 1

'IMSHOW(I,N) displays the intensity image I with N discrete' 
'levels of gray. If you omit N, IMSHOW uses 256 gray levels on' 
'24 bit displays, or 64 gray levels on other systems. 1 } 

case 'mat4'
udata=get(gcf,'userdata');
A=udata.A;
z=udata.z;
zoomHndl = fmdobj(gcbf,'Tag','zoomflag');
set(zoomHndl,'Enable','Off);
rotateHndl = findobj(gcbf,'Tag','Rotate3dflag');
set(rotateHndl,'Enable','On');
shadingHndl = findobj(gcbf,'Tag','shadingflag');
set(shadingHndl,'Enable','On');
mesh(z);
set(gca,'Tag','Axesl');
shading interp;
pixelHndl = fmdobj(gcbf,'Tag','PixelFIag5');
set(pixelHndi;Enable','On');
profileHndl = fmdobj(gcbf,'Tag','ProFlag');
set(profileHndl,'Enable','On');
whiteHndl = findobj(gcbf,'Tag','PixelFlag5');
set(whiteHndl,'Enable','Off);
whiteHndl = findobj(gcbf,Tag','ProFlag');
set(whiteHndl,'Enable','Off);
axisHndl=findobj(gcbf,'TagYGridonflag');
set(axisHndl,'Enable','On','Value', 1);
axisHndl = fmdobj(gcbf,'Tag','Axisonflagl');
set(axisHndl,'EnableYOn','Value', 1);
blackHndl = findobj(gcbf,TagVblackcolflag');
set(blackHndl,'Enable','On','Value', 1);
whiteHndl = findobj(gcbf,'Tag','whitecolflag');
set(whiteHndl,'Enable','On','Value',0);
colourbarHndl = fmdobj(gcbf,'Tag';Colourbaronflag');
set(colourbarHndl,'Enable','On');
H = colorbar('vert');
set(H,'Tag','123');
T=get(H;title');
set(T,'string','Pressure /kPa');
set(T,TontSize',12,'FontWeight','bold');
colormap(jet);
coloronHndl=findobj(gcbf,'TagVColoronflagl'); 
set(coloronHndi;Enable','On','Value',1); 
coloronHndl=findobj(gcbf,'TagYwhitecolflag2'); 
set(coloronHndl,'Enable','OnVValue',0); 
coloronHndl=findobj(gcbf,'Tag','blackcolflag2'); 
set(coloronHndl,'Enable','On','Value', 1); 
listHndl = findobj(gcbf,'Tag','Listboxl'); 
set(listHndl,'Value',8);
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maxHndl = fmdobj(gcbf,'Tag','Playflag');
set(maxHndl,'Enable','Off);
Info = {'MESH 3-D mesh surface. 1

'MESH(X,Y,Z,C) plots the colored parametric mesh defined by' 
'four matrix arguments. The view point is specified by VIEW.' 
'The axis labels are determined by the range of X, Y and Z,' 
'or by the current setting of AXIS. The color scaling is determined' 
'by the range of C, or by the current setting of CAXIS. The scaled' 
'color values are used as indices into the current COLORMAP. 1 } 

case 'mat5'
udata=get(gcf,'userdata');
A=udata.A;
z=udata.z;
zoomHndl = findobj(gcbf,'Tag','zoomflag');
set(zoomHndl,'Enable','On');
rotateHndi = findobj(gcbf,'TagVRotate3dflag');
set(rotateHndl,'Enable','Off);
imshow(z,[0 256]);
colormap(jet);
shading interp;
hold on;
imcontour(z,'k');
hold off;
maxHndl = findobj(gcbf,'Tag','Playflag');
set(maxHndl,'EnabIe','On');
shadingHndl = findobj(gcbf,'Tag','shadingflag');
set(shadingHndl,'Enable','On');
whiteHndl = findobj(gcbf,'Tag','ProFlag');
set(whiteHndl,'Enable','On');
coloronHndl=findobj(gcbf,Tag','Coloronflag 1');
set(coloronHndl,'EnableYOnYValue',l);
coloronHndl=findobj(gcbf,'Tag','whitecolflag2');
set(coloronHndl,'Enable','On','Value',0);
whiteHndl = findobj(gcbf,'Tag','PixeIFlag5');
set(whiteHndl,'Enable','On');
coloronHndl=findobj(gcbf,'TagYblackcolflag2');
set(co]oronHnd],'EnableYOnV Value', 1);
H = colorbar('vert');
set(H,'TagY123');
T=get(H;title');
set(T,'stringYPressure /kPa');
set(T,'FontSize', 12,TontWeighf ,'bold');
colormap(jet);
set(gca,'Tag','Axes]');
axisHndl = findobj(gcbf,Tag','Gridonflag');
set(axisHndl,'Enable','Off,'Value',0);
axisHndl=findobj(gcbf,TagYGridonflag');
set(axisHndl,'Enable','Off,'Value',0);
axisHndl = findobj(gcbf;Tag','Axisonflagl');
set(axisHndl,'Enable','On','Value',0);
colourbarHndl = findobj(gcbf,'Tag','Colourbaronflag');
set(colourbarHndl,'Enable','On');
F = max(z);
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M = max(F);
maxHndl = findobj(gcbf, 1 Tag','MaxFlagl);
set(maxHndl,'String',sprintf('%d',M));
whiteHndl = findobj(gcbf,'Tag','whitecolflag');
set(whiteHndl,'Enable','Off,'Value',0);
blackHndl = findobj(gcbf,'Tag','blackcolflagr );
set(blackHndl,'Enable','Off,'Value',0);
HstHndl = fmdobj(gcbf,'Tag','Listboxl');
set(listHndi;Value',8);
maxHndl = fmdobj(gcbf,'Tag','Playflag');
set(maxHndl,'Enable','Off);
Info = {'CONTOURF Filled contour plot.'

'CONTOURF(...) is the same as CONTOUR(...) except that the contours' 
'are filled. Areas of the data at or above a given level are filled.' 
'Areas below a level are either left blank or are filled by a lower' 
'level. Not-a-Number in the data leave holes in the filled contour plot.'} 

case 'mat6'
udata=get(gcf,'userdata');
A=udata.A;
z=udata.z;
rotateHndl = findobj(gcbf,'Tag','Rotate3dflag');
set(rotateHndl,'Enable','On');
shadingHndl = findobj(gcbf,'TagVshadingflag');
zoomHndl = findobj(gcbf,'Tag','zoomflag');
set(zoomHndl,'Enable','Off);
set(shadingHndl,'Enable','On');
L=gcf;
whiteHndl = fmdobj(gcbf,'TagYPixelFlag5');
set(whiteHndl,'Enable','Off);
whiteHndl = fmdobj(gcbf,'Tag','ProFlag');
set(whiteHndl,'Enable','Off);
surfl(z);
set(gca,'Tag','Axesl');
shading interp;
axisHndl = findobj(gcbf,'TagVGridflagl');
set(axisHndl,'Enable','Off);
axisHndl=findobj(gcbf,Tag','Gridflag2');
set(axisHndl,'EnableYOn');
axisHndl = fmdobj(gcbf,'Tag','Axisoffflag');
set(axisHndl,'EnabIe','On');
axisHndl = findobj(gcbf, r Tag','Axisonflag');
set(axisHndl,'Enable','Off);
colourbarHndl = findobj(gcbf,'Tag','Colourbaronflag');
set(colourbarHndi;Enable','On');
H = colorbar('vert');
set(H,'Tag','123');
T=get(H,'title');
set(T,'string','Pressure /kPa');
set(T,'FontSize',12,'FontWeight';bold');
colormap(jet);
axisHndl = findobj(gcbf,Tag','Gridonflag');
set(axisHndl,'Enable','On','Value', 1);
axisHndl = findobj(gcbf,'Tag','Axisonflagl');
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set(axisHndl,'EnableVOn','Value', 1);
coloronHndl=fmdobj(gcbf;TagVColoronflagr); 
set(coloronHndl,'Enable','On','Value', 1); 
coloronHndl=fmdobj(gcbf,'TagVwhitecolflag2'); 
set(coloronHndl,'Enable','OnYValue',0); 
coloronHndl=findobj(gcbf,'Tag','blackcolflag2'); 
set(coloronHndl,'Enable','On','Value1 ,1); 
blackHndl = fmdobjCgcbf/TagYblackcolflag');

set(blackHndl,'Enable','OnYValue', 1);
whiteHndl = findobj(gcbf,'Tag','whitecolflag');
set(whiteHndl,'Enable','On','Value',0); 

HstHndl = fmdobj(gcbf,TagVListboxl'); 
set(listHndl,'Value',8); 
maxHndl = findobj(gcbf,TagYPlayflag'); 
set(maxHndl,'Enable','Off); 
Info = {'SURFL 3-D shaded surface with lighting.'

'SURFL(X,Y,Z,C) plots the colored parametric surface defined by'
'four matrix arguments. The view point is specified by VIEW.'
The axis labels are determined by the range of X, Y and Z,'
'or by the current setting of AXIS.'
The shading model is set by SHADING.'
'SURFL(..)draws the surface with highlights from a light source.'} 

case 'mat?'
udata=get(gcf,'userdata'); 
A=udata.A; 
z=udata.z;
zoomHndl = findobj(gcbf,'Tag','zoomflag'); 
set(zoomHndl,'Enable','Off); 
rotateHndl = findobKgcbf/TagVRotateSdflag1 ); 
set(rotateHndl,'Enable','On'); 
shadingHndl = findobj(gcbf,Tag','shadingflag'); 
set(shadingHndl,'Enable','On'); 
surf(z);
set(gca,'Tag','Axesl'); 
shading interp;
whiteHndl = fmdobj(gcbf,Tag','PixelFlag5'); 
set(whiteHndI,'EnableYOff); 
whiteHndl = findobj(gcbf,Tag','ProFlag'); 
set(whiteHndl,'Enable','Off); 
axisHndl = findobj(gcbf,'TagYGridonflag'); 
set(axisHndl,'Enable','On','Value',l); 
axisHndl = findobj(gcbf,TagYAxisonflagl'); 
set(axisHndl,'Enable','OnYValue', 1); 
coIourbarHndl = fmdobj(gcbf,Tag','Colourbaronflag'); 
set(colourbarHndl,'Enable','On'); 
H = colorbar('vert'); 
set(H,TagY123'); 
T=get(H;title'); 
set(T,'string','Pressure /kPa'); 
set(T,'FontSize',12,'FontWeightYbold'); 
colormap(jet);
coloronHndl=findobj(gcbf,TagVColoronflagl'); 
set(coloronHndl,'EnableYOnYValue', 1);
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coloronHndl=findobj(gcbf,'TagYwhitecolflag2');
set(coloronHndl,'Enable','OnYValue',0);
coloronHndl=findobj(gcbf,'Tag','blackcolflag2');
set(coloronHndl,'Enable','OnYValue', 1);
blackHndl = findobj(gcbf,Tag', r blackcolflag');
set(blackHndl,'EnableYOn',' Value', 1);
whiteHndl = findobj(gcbf,'Tag','whitecolflag');
set(whiteHndl,'Enable','On','Value',0);
listHndl = fmdobj(gcbf,TagYListboxl');
set(listHndi;Value',8);
maxHndl = fmdobj(gcbf,'TagYPlayflag');
set(maxHndl,'Enable','Off);
Info = {'SURF 3-D colored surface.'

'SURF(X,Y,Z,C) plots the colored parametric surface defined by' 
'four matrix arguments. The view point is specified by VIEW.' 
The axis labels are determined by the range of X, Y and Z,' 
'or by the current setting of AXIS. The color scaling is determined' 
'by the range of C, or by the current setting of CAXIS. The scaled' 
'color values are used as indices into the current COLORMAP.' 
The shading model is set by SHADING. 1 } 

case 'mat8'
udata=get(gcf,'userdata');
A=udata.A;
z=udata.z;
zoomHndl = findobj(gcbf,'Tag','zoomfIag');
set(zoomHndl,'Enable','On');
rotateHndl = fmdobj(gcbf,'Tag','Rotate3dflag');
set(rotateHndl,'Enable','Off);
shadingHndl = findobj(gcbf,'Tag','shadingflag');
set(shadingHndi;Enable','Off);
Y =Imcontour(z);
set(gca,TagVAxesl');
whiteHndl = findobj(gcbf,'Tag','PixelFlag5');
set(whiteHndl,'Enable','Off);
whiteHndl = fmdobj(gcbf,'Tag','ProFlag');
set(whiteHndl,'EnableYOff);
axisHndl = findobj(gcbf,Tag','Gridonflag');
set(axisHndl,'Enable','On','Value',0);
axisHndl = fmdobj(gcbf,TagYAxisonflagl');
set(axisHndl,'Enable','OnYValue', 1);
blackHndl = findobj(gcbf,'Tagr ,'blackcolflag');
set(blackHndl,'Enable','On','Value',l);
whiteHndl = findobj(gcbf,'Tag','whitecolflag');
set(whiteHndl,'EnableYOnYValue',0);
colourbarHndl = fmdobj(gcbf,'Tag','Colourbaronflag');
set(colourbarHndl,'EnableVOn');
H = colorbar('vert');
set(H,'TagY123');
T=get(H,'title');
set(T,'string','Pressure /kPa');
set(T,'FontS ize', 12,'FontWeight','bold');
colormap(jet);
coloronHndl=findobj(gcbf;Tag','Coloronflagl');
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set(coloronHndl,'EnableVOnr ,'Value', 1);
coloronHndl=findobj(gcbf,'Tag','whitecolflag2');
set(coloronHndl,'Enable','On','Value',0);
coloronHndl=findobj(gcbf,Tag','blackcolflag2');
set(coloronHndl,'Enable','OnYValue', 1);
listHndl = findobj(gcbf,'TagYListboxr);
set(listHndl,'Value',8);
maxHndl = fmdobj(gcbf,'Tag','Playflag');
set(maxHndl,'Enable','Off);
Info = {'CONTOUR = Contour plot'

'CONTOUR(Z) is a contour plot of matrix Z treating the values in Z' 
'as heights above a plane.'} 

case 'mat9'
question_ans = questdlg('Are you sure you want to Quit?',... 

'Close','Yes','NoYNo');
if strcmp(question_ans,'Yes') 

close(gcbf);
end 

case 'mat 10',
Value = get(gcbo,'Value');
String = get(gcbo,'String');
shading(String{Value});
% Note no matl 1 callback as this is just a position matrix, 

case'mat 12',
Value = get(gcbo,'Value');
String = get(gcbo,'String');
colormap( String {Value}); 

case 'mat 14',
%Off = eval(get(gcbo,'M'));
maxHndl = findobj(gcbf,'Tag','MaxFlag');
set(maxHndl,'Enable','Off); 

case 'mat 15',
impixel;
shadingHndl = findobj(gcbf,'Tag','shadingflag');
set(shadingHndl,'Enable','Off);
axisHndl = findobj(gcbf,'Tag','Gridflagl');
set(axisHndl,'Enable','Off);
axisHndl=findobj(gcbf,'Tag','Gridflag2 r);
set(axisHndl,'Enable','Off);
axisHndl = findobj(gcbf,'Tag','Axisoffflag');
set(axisHndl,'Enable','Off);
axisHndl = findobj(gcbf,'Tag','Axisonflag');
set(axisHndl,'Enable','On');
colourbarHndl = findobj(gcbf,'Tag','Colourbaronflag');
set(colourbarHndl,'Enable','On');
B = ans(l,l);
maxHndl = findobj(gcbf,'Tag','PixelFlag');
set(maxHndl,'String',sprintf('%d',B));
C = ans(2,l);maxHndl = fmdobj(gcbf, 1 Tag', 1PixelFlag2');
set(maxHndl,'String',sprintf('%d',C));
D = ans(3,l);
maxHndl = findobj(gcbf,TagYPixelFlag3');
set(maxHndl,'String',sprintf('%d',D));
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Info = {'PIXEL VALUES uses: IMPIXEL Determine pixel color values.' 
'IMPIXEL returns the intensity color values of 
'specified image pixels. Use normal button clicks to select' 
'pixels. Press <BACKSPACE> or <DELETE> to remove the' 
'previously selected pixel. A shift-click, right-click,' 
'or double-click adds a final pixel and ends the selection;' 
'pressing <RETURN> finishes the selection without adding a pixel.'} 

case'mat 16',
udata=get(gcf,'userdata');
A=udata.A;
F = size(z,2);
G = length(z);
T = improfile;
plot(T);
shadingHndl = fmdobj(gcbf,'Tag','shadingflag');
set(shadingHndl,'EnableYOff);
axisHndl = findobj(gcbf,Tag','Gridflagl');
set(axisHndl,'Enable','Off);
axisHndl=findobj(gcbf,Tag','Gridflag2');
set(axisHndl,'Enable','Off);
axisHndl = findobj(gcbf,'Tag','Axisoffflag');
set(axisHndl,'Enable','Orr);
axisHndl = findobj'(gcbf,'Tag','Axisonflag');
set(axisHndl,'Enable','On');
colourbarHndl = findobj(gcbf,'TagYColourbaronflag');
set(colourbarHndl,'Enable','On');
H = colorbarCvert1);
set(H,'Tag','123');
T=get(H,'title');
set(T,'string','Pressure /kPa');
set(T,TontSize', 12,'FontWeight','bold');
colormap(jet);
set(gca,'Tag','Axesl');
pixelHndl = findobj(gcbf,'TagYPixelFlag5');
set(pixelHndl,'Enable','Off);
profileHndl = fmdobj(gcbf;Tag','ProFlag');
set(profileHndl,'Enable','Off);
axisHndl = findobj(gcbf,'Tag','Gridonflag');
set(axisHndl,'Enable', rOn','Value',0);
axisHndl = findobj(gcbf,'Tag','Axisonflagl');
set(axisHndl,'EnableYOnV Value', 1);
blackHndl = findobj(gcbf,'Tag','blackcolflag');
set(bIackHndl,'Enable','On','Value', 1);
whiteHndl = findobj(gcbf,'TagVwhitecolflag');
set(whiteHndi;Enable','On','Value',0);
Info = {'PROFILE uses: IMPROFILE Compute pixel-value cross-sections along line 

segments. 1
'IMPROFILE computes the intensity values along a line or a'
'multiline path in an image. IMPROFILE selects equally spaced'
'points along the path you specify, and then uses'
'interpolation to find the intensity value for each'
'point. You specify the line or path using the mouse, by clicking on'
'points in the image. Press <BACKSPACE> or <DELETE> to remove'
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'the previously selected point. A shift-click, right-click, or'
'double-click adds a final point and ends the selection; 1
'pressing <RETURN> finishes the selection without adding'
'point.'} 

case 'mat 17',
%Off = eval(get(gcbo,'B')); 
maxHndl = fmdobj(gcbf,'Tag','PixelFlag'); 
set(maxHndl,'Enable','Off); 

case'mat 18',
%Off = eval(get(gcbo,'C')); 
maxHndl = fmdobj(gcbf,'Tag','PixelFlag'); 
set(maxHndl,'Enable','Off); 

case 'mat 19',
%Off= eval(get(gcbo,'D')); 
maxHndl = fmdobj(gcbf,Tag';PixelFlag'); 
set(maxHndl,'Enable','OiT); 

case 'mat20',
colorHndl = fmdobj(gcbf,Tag','Coloronflagr); 
if get(colorHndl,'Value'),

H = colorbar('vert');
set(H,'Tag','123');
T=get(H,'title');
set(T,'string','Pressure /kPa');
set(T,'FontSize', 12,'FontWeight','bold');
maxHndl = findobj(gcbf,Tag','123');
set(maxHndl,'XColor','black');
maxHndl = findobj(gcbf,'Tag','123');
set(maxHndl,'YColorr ,'black');
T=get(maxHndl,'title');
set(T,'Color','black');
whiteHndl = fmdobj(gcbf,Tag','whitecolflag2');
set(whiteHndl,'Enable','On');
blackHndl = fmdobj(gcbf,Tag','blackcolflag2');
set(blackHndl,'EnableYOnY Value', 1); 

else
H=findobj(gcbf,'tagY 123');
delete(H);
whiteHndl = findobj(gcbf;Tag','whitecolflag2');
set(whiteHndl,'EnableYOff,'Value',0);
blackHndl = findobj(gcbf,'Tag','blackcolflag2');
set(blackHndl,'Enable';Off,'Value',0); 

end
case'mat21',

colorHndl = findobj(gcbf,TagYwhitecolflag2'); 
if get(colorHndl,'Value'),

maxHndl = fmdobj(gcbf,'Tag', r 123');
set(maxHndl,'XColorYwhite');
maxHndl = findobj(gcbf,'Tag','123');
set(maxHndl,'YColor','white');
T=get(maxHndl,'title');
set(T,'Color','white');
whiteHndl = fmdobj(gcbf,'Tag'>hitecolflag2');
set(whiteHndl,'Value', 1);
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blackHndl = findobj(gcbf,'Tag','blackcolflag2'); 
set(blackHndl,'Value',0); 

else
whiteHndl = findobj(gcbf,'Tag','whitecolflag2');
set(whiteHndl,'Value',l);
blackHndl = findobj(gcbf,'Tag','blackcolflag2I );
set(blackHndl,'Value',0); 

end
case 'mat22',

colorHndl = findobj(gcbf,'Tag','blackcolflag2'); 
ifget(colorHndl,'Value'),

maxHndl = findobj(gcbf,Tag','123');
set(maxHndl,'XColor','black');
maxHndl = findobj(gcbf,'Tag','123 T );
set(maxHndl,'YColor','black');
T=get(maxHndl,'Title');
set(T,'ColorVblack');
whiteHndl = findobj(gcbf> 'Tag','whitecolflag2');
set(whiteHndl,'Value',0);
blackHndl = findobj(gcbf;TagYblackcolflag2');
set(blackHndl,'Value',l); 

else
whiteHndl = findobj(gcbf,'TagVwhitecolflag2');
set(whiteHndl,'Value',0);
blackHndl = findobj(gcbf,Tag','blackcolflag2');
set(blackHndl,'Value', 1); 

end
case 'mat23',

colorHndl = findobj(gcbf,'Tag','whitecolflag'); 
if get(colorHndl,'Value'),

maxHndl = findobj(gcbf,'Tag','Axes 1');
set(maxHndl,'XColor','white');
maxHndl = findobj(gcbf,'Tag','Axesr);
set(maxHndl,'YColor','white');
maxHndl = fmdobj(gcbf,'Tag','Axesr);
setCmaxHnd^'ZColor'/white');
blackHndl=findobj(gcbf,Tag','blackcolflag');
set(blackHndl,'Value',0);
whiteHndl=findobj(gcbf,'Tag','whitecolflag');
set(whiteHndl,'Value',l); 

else
set(whiteHndl,'Value', 1);
blackHndl = findobj(gcbf,'Tag','blackcolflag');
set(blackHndl,'Value',0); 

end
case 'mat24',

colorHndl = findobj(gcbf,'TagYblackcolflag'); 
if get(colorHndl,'Value');

maxHndl = findobj(gcbf,'TagVAxesl 1 );
set(maxHndl,'XColor', 1blackl);
maxHndl = findobj(gcbf,Tag','Axesl');
setCmaxHndl/YColor'^'blackVZColor'/black1 );
"/osetCT/Color'/black');
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whiteHndl = findobj(gcbf,'Tag','whitecolflag');
set(whiteHndl,'Value',0);
blackHndl = findobj(gcbf,'Tag','blackcolflag');
set(blackHndl,'Value',l); 

else
whiteHndl = findobj(gcbf,'Tag','whitecolflag');
set(whiteHndl,'Value',0);
blackHndl = fmdobj(gcbf,TagVblackcolflag');
set(blackHndl,'Value',1); 

end
case 'mat25',

colorHndl = findobj(gcbf,Tag','Gridonflag'); 
if get(colorHndl,' Value'),

grid on; 
else

grid off; 
end

case 'mat26',
colorHndl = findobj(gcbf,'Tag','Axisonflagr); 
if get(colorHndl,'Value'), axis on; grid off;

maxHndl = findobj(gcbf,Tag','Axesl');
set(maxHndl,'XColor','black','YColor','black');
gridHndl = fmdobj(gcbf,'Tag','Gridonflag');
set(gridHndl,'Enable';On','Value',0);
blackHndl = findobj(gcbf,'TagYblackcolflag');
set(blackHndl,'EnableYOn','Value',l);
whiteHndl = findobj(gcbf,'Tag','whitecolflag');
set(whiteHndi;Enable','On','Value',0); 

else
axis off;
axisHndl = fmdobj(gcbf,'Tag','Gridonflag');
set(axisHndl,'Enable','Off,'Value',0);
blackHndl = findobj(gcbf,'Tag','blackcolflag');
set(blackHndl,'Enable','Off,'Value',0);
whiteHndl = findobj(gcbf,'Tag','whitecolflag');
set(whiteHndi;Enable','Off;Value',0); 

end
case 'mat27', 

rotateS d on 
Info = {'ROTATE 3D Interactively rotate the view of a 3-D plot. 1

'Double click to restore the original view.' } 
case 'mat28', 

zoom on 
Info={'ZOOM Zoom in and out on a 2-D plot.'

'When zoom is on, click the left mouse button to zoom in on the'
'point under the mouse. Click the right mouse button to zoom out'
'Each time you click, the axes limits will be changed by a factor of
'2 (in or out). You can also click and drag to zoom into an area.'
'Double clicking zooms out to the point at which zoom was first'
'turned on for this figure.'} 

case 'mat29',
udata=get(gcf,'userdata'); 
A=udata.A;
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z=udata.z;
maxHndl = findobj(gcbf,'Tag','Playflag');
set(maxHndl,'Enable';On');
whiteHndl = fmdobj(gcbf,Tag','PixelFlag5');
set(whiteHndl,'Enable','Off);
whiteHndl = findobj(gcbf,'Tag','ProFlag');
set(whiteHndl,'Enable','Off);
axisHndl = findobj(gcbf,TagYGridonflag');
set(axisHndl,'Enable','Off,'Value',0);
axisHndl=findobj(gcbf,'Tag','Gridonflag');
set(axisHndl,'Enable','Off,'Value',0);
axisHndl = fmdobj(gcbf,'Tag','Axisonflagl');
set(axisHndl,'Enable', r Ofr,'Value',0);
whiteHndl = findobj(gcbf,'Tag','whitecolflag');
set(whiteHndl,'Enable','Off,'Value',0);
blackHndl = findobj(gcbf,Tag','blackcolflag');
set(blackHndl,'Enabler ,'Off,'Value',0);
coloronHndl=findobj(gcbf,'Tag','Coloronflagl');
set(coloronHndl,'Enable','Off,'Value',0);
coloronHndl=findobj(gcbf,'Tag','whitecolflag2');
set(coloronHndl,'Enable','Off,'Value',0);
coloronHndl=fmdobj(gcbf,'Tag','blackcolflag2');
set(coloronHndl,'Enable','Off,'Value',0);
figNumber = gcf;
nframes=20;
m=moviein(nframes);
set(figNumber,'PointerVarrow');
h=surf(z);
axis vis3d;
axis off;
shading interp;
maxHndl = findobj(gcbf,'Tag','Aniniate');
set(maxHndl,'Visible','on');
forn=l:nframes, 

camorbit(18,0,'data',[0 0 1]) 
drawnow 
m(:,n)=getframe(gcf,[ 280 100 380 320]);

end
maxHndl = findobj(gcbf,'Tag','Animate');
set(maxHndl,'Visible','off);
movie(m,0)
udata.movie=m;
% Put the movie in the userdata property to make it gettable by
% other callbacks.
set(gcf,'userdata',udata);
Info = {'MAKE uses: GETFRAME Get movie frame.' 

'GETFRAME returns a movie frame. The frame is a snapshot' 
'of the current axis. GETFRAME is usually used in a FOR loop ' 
'to assemble an array of movie frames for playback using MOVIE. 
'PLAY uses: MOVIE Play recorded movie frames.' 
'MOVIE(M) plays the movie in array M once. M must be an array' 
'of movie frames (usually from GETFRAME).'} 

case 'mat30',
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udata=get(gcf,'userdata'); 
m=udata.movie; 
movie(m,0);
whiteHndl - findobj(gcbf,'Tag','PixelF]ag5'); 
set(whiteHndl,'Enable','Off); 
whiteHndl = findobj(gcbf,'Tag','ProFlag'); 
set(whiteHndl,'Enable','Off); 

case 'mat31',

case 'mat32',
% Instead of having the callback in the editbox (mat31),
% we can incorporate it in the load button.
loadHndl = findobj(gcbf,'TagYLoadflag');
U = get(loadHndl,'String');
load(U); A=l; %z=double(A);
% The way to make A and z visible is to put them in the userdata
% property of the figure. Set up a structure udata first.
udata.A=A;
udata.z=z;
set(gcf,'userdata',udata);
Info = {"

'LOAD uses: IMREAD Read image from graphics file.' 
'A = IMREAD(FILENAME,FMT) reads the image in FILENAME into' 
'A. If the file contains a grayscale intensity image, A is1 
'a two-dimensional array. If the file contains a truecolor' 
'(RGB) image, A is a three-dimensional (M-by-N-by-3) array.' 
'FILENAME is a string that specifies the name of the' 
'graphics file, and FMT is a string that specifies the' 
'format of the file. The file must be in the current' 
'directory or in a directory on the MATLAB path. If IMREAD' 
'cannot find a file named FILENAME, it looks for a file' 
'named FILENAME.FMT.'
( F

The possible values for FMT include:'

'"jpg" or "jpeg" Joint Photographic Experts Group (JPEG)' 
'"tif' or "tiff Tagged Image File Format (TIFF)' 
'"bmp" Windows Bitmap (BMP)' 
'"png" Portable Network Graphics' 
'"hdf' Hierarchical Data Format (HDF)' 
'"pcx" Windows Paintbrush (PCX)' 
'"xwd" X Window Dump (XWD)'} 

warning on 
case 'mat3 3'

msgbox(Info,'Information','help'); 
otherwise

error('Unknown flag'); 
end

L.2 Koi444412.m

function fig = koi44441()
% This is the machine-generated representation of a Handle Graphics object
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% and its children.
% This is a mat-file that only contains necessary variables.
load koimatfile

% make info global so info button works, 
global Info

hO = figure('Color',[0 0 1], ... 
'Colormap',matO,...
TileNameY\\George\MATLAB\work\koi44441 .m',...
'KeyPressFcn','getpts("KeyPress");',...
'NameYFoot Pressure',...
'PaperOrientationYlandscape', ••-
'PaperPosition',[96 105.75 600 400.5],...
'PaperPositionModeYauto1 , ...
'PaperUnitsYpoints',...
'PointerShapeCData',matl, ...
'PointerShapeHotSpot',[8 8], ...
Tosition',[l 27 800 534],...
'RendererYzbuffer',...
'ResizeFcnYdoresize(gcbf)',...
TagYFigl', ...
ToolBarYnone',...
'DefaultaxesCreateFcn','plotedit(gcbf,"promoteoverlay");'); 

hi = uimenu('Parent',hO, ...
'Label YFigure', ...
TagYuimenul'); 

h2 = uimenu('Parent',h 1,...
'CallbackYset(gcbf,"color","bIue")', ...
'LabelYBlue', ...
TagYSubuimenul'); 

h2 = uimenu('Parent',hl,...
•CallbackYset(gcbf,"Color","red")',...
'LabelYRed', ...
Tag','Figureuimenu 1'); 

h2 = uimenu('Parent',hl,...
'CalIbackYset(gcbf,"Color","white")',...
'Label','White1 ,...
'Tag','Figureuimenu2'); 

h2 = uimenu('Parent',hl,...
'Callback','set(gcbf,"Color","green")', ...
'LabelYGreen',...
Tag','Figureuimenu3'); 

h2 = uimenu('Parent',hl,...
'Callback','set(gcbf,"Color","black")', ...
'Label'/Black',...
TagYFigureuimenu4'); 

hi = uimenu('Parent',hO,...
'HandleVisibilityYoff,...
'Tag'/ScribeHGBinObject',...
•Visible'/off); 

hi = uimenu('Parent',hO,... 
'HandleVisibiliry','off,...
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TagYScribeFigObjStorage',...
'VisibleYoff); 

hi = uimenu('Parent',hO, ...
'HandleVisibilityYoff, ...
TagVScribeHGBinObject',...
'VisibleYoff); 

hi = uimenu('Parent',hO, ...
'HandleVisibility','off,...
'Tag','ScribeHGBinObject', ...
'VisibleYoff); 

hi = uimenu('Parent',hO, ...
'HandleVisibilityYoff,...
'TagYScribeFigObjStorage1 ,...
'VisibleYoff); 

hi = uicontrol('Parent',hO,...
TJnitsYpoints', ...
'BackgroundColor',[0.752941176470588 0.752941176470588 0.752941176470588],...
'ListboxTop',0, ...
'Position',[540.75 54 39.75 33],...
'Style'/frame', ...
TagYFramel'); 

hi = uicontrol('Parent',hO, ...
'UnitsYpoints',...
'BackgroundColor',[0 0 0.627450980392157],...
'ListboxTop',0, ...
'Position',[281.25 6 95.25 46.5],...
'StyleYframe', ...
Tag','Frame2'); 

hi = uicontextmenu('Parent',hO, ...
'Callback','domymenu update',...
'HandleVisibility','off, ...
TagYScribeAxisObjContextMenu'); 

h2 = uimenu('Parent',hl,...
'CallbackYdomymenu cut',...
'HandleVisibility','off,...
'LabelYCu&f, ...
'Tag','ScribeAxisObjCutMenu'); 

h2 = uimenu('Parent',hl, ...
'CallbackYdomymenu copy',...
'HandleVisibilityYoff,...
'LabelY&Copy',...
TagYScribeAxisObjCopyMenu'); 

h2 = uimenu('Parent',hl, ...
'CallbackYdomymenu paste',...
'HandleVisibilityYoff,...
'LabelY&Paste',...
'Tag','ScribeAxisObjPasteMenu'); 

h2 = uimenu('Parent',hl,...
'Callback','domymenu clear',...
'HandleVisibilityYoff,...
'Label','Clea&r',...
TagYScribeAxisObjClearMenu1); 

h2 = uimenu('Parent',hl,...
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'Callback','domymenu showlegend',...
'HandleVisibiIity','off, ...
'Label','Show Legend', ...
'Separator','on',...
TagYScribeAxisObjShowLegendMenu'); 

h2 = uimenu('Parent',hl,...
'CallbackYdomymenu moveresize', ...
'HandleVisibilityYoff,...
'Label'/Lock Position',...
'Separator','on',...
Tag','ScribeAxisObjMoveResizeMenu'); 

h2 = uimenu('Parent',hl,...
'Callback','domymenu more',...
'HandleVisibilityYoff,...
'LabelYProperties...', ...
'Separator','on', ...
TagYScribeAxischildObjMoreMenu'); 

hi = uicontextmenu('Parent',hO, ...
'CallbackYdomymenu updatew', ...
'HandleVisibilityYoff,...
TagYScribeAxistextObjContextMenu'); 

h2 = uimenu('Parent',hl, ...
'CallbackYdomymenu cut', ...
'HandleVisibilityYoff,...
'Label','Cu&t',...
TagYScribeAxistextObjCutMenu'); 

h2 = uimenu('Parent',h 1, ...
'CallbackYdomymenu copy',...
'HandleVisibilityYoff, ...
'Label','&Copy',...
TagYScribeAxistextObjCopyMenu'); 

h2 = uimenu('Parent',hl, ...
'CallbackYdomymenu paste', ...
'HandleVisibilityYoff, ...
'LabelY&Paste',...
TagYScribeAxistextObjPasteMenu'); 

h2 = uimenu('Parent',hl, ...
'CallbackYdomymenu clear',...
'HandleVisibilityYoff,...
'LabelYClea&r',...
TagYScribeAxistextObjClearMenu'); 

h2 = uimenu('Parent',hl,...
'CallbackYdomymenu string',...
'HandleVisibilityYoff,...
'LabelY&String...',...
'Separator','on', ...
TagYScribeAxistextObjStringMenu'); 

h2 = uimenu('Parent',hl, ...
'CallbackYdomymenu size',...
'HandleVisibilityYoff,...
'LabelY&Font Size',...
TagYScribeAxistextObjSizeMenu');

h3 = uimenu('Parent',h2,...
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'CallbackYdomymenu size 4',...
'HandleVisibilityYoff,...
'Label','4',...
Tag','ScribeEditlineObjSizeMenu4'); 

h3 = uimenu('Parent',h2,...
'Callback','domymenu size 6',...
'HandleVisibilityVoff,...
'Label','6', ...
Tag1 , 1 ScribeEditlineObj S izeMenu6'); 

h3 = uimenu('Parent',h2,...
'CallbackVdomymenu size 8',...
'HandleVisibilityVoff,...
'Label','8', ...
TagVScribeEditlineObjSizeMenuS'); 

h3 = uimenu(1 ParentI ,h2,...
'CallbackVdomymenu size 9',...
'HandleVisibilityVoff,... 
'Label','9',...
TagVScribeEditlineObjSizeMenuS); 

h3 = uimenu('Parent',h2,...
'Callback','domymenu size 10',...
'HandleVisibilityVoff,...
'Label','10',...
TagVScribeEditlineObj SizeMenu 10'); 

h3 = uimenu('Parent',h2, ...
'CallbackVdomymenu size 11',...
'HandleVisibilityVoff,...
'LabelVH 1 , ...
TagVScribeEditlineObjSizeMenuH'); 

h3 = uimenu('Parent',h2,...
'CallbackVdomymenu size 12', ...
'HandleVisibilityVoff, ...
'Label','12',...
TagVScribeEditlineObjSizeMenul2'); 

h3 = uimenu('Parent',h2,...
'CallbackVdomymenu size 14',...
'HandleVisibilityVoff,...
'Label','14', ...
'TagVScribeEditlineObj SizeMenu 14'); 

h3 = uimenu('Parent',h2, ...
'CallbackVdomymenu size 18',...
'HandleVisibilityVoff,...
'Label','18',...
TagVScribeEditlineObjSizeMenulS'); 

h3 = uimenu('Parent',h2,...
'CallbackVdomymenu size 24',...
'HandleVisibilityVoff,...
'Label','24',...
TagVScribeEditlineObj S izeMenu24'); 

h3 = uimenu('Parent',h2,...
'Callback','domymenu size 32',... 
'HandleVisibilityVoff, ... 
'Label','32',...
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TagYScribeEditlineObjSizeMenu32'); 
h3 = uimenu('Parent',h2, ...

'Callback'/domymenu font1 , ...
'HandleVisibility','off,...
'LabelVmore... 1,...
TagYScribeEditlineObjSizeMenuMore'); 

h2 = uimenu('Parent',hl, ...
'Callback','domymenu style', ...
'HandleVisibilityVoff,...
'Label','Font St&yle1 , ...
'TagYScribeAxistextObjStyleMenu'); 

h3 = uimenu('Parent',h2,...
'CallbackVdomymenu style normal', ...
'HandleVisibility'/off,...
'Label','&Normal',...
'Tag';ScribeAxistextObjStyleMenuNormar); 

h3 = uimenu('Parent',h2,...
'Callback','domymenu style italic',...
'HandleVisibility'/off,...
'LabelV&Italic',...
'TagYScribeAxistextdObjStyleMenuItalic'); 

h3 = uimenu('Parent',h2,...
'Callback','domymenu style bold', ...
'HandleVisibilityYoff,...
'LabelY&Bold',...
'Tag','ScribeAxistextObjStyleMenuBold'); 

h2 = uimenu('Parent',hl,...
'Callback','domymenu color',...
'HandleVisibility','off,...
'LabelYCo&lor... 1,...
'Tag','ScribeAxistextObjColorMenu'); 

h2 = uimenu('Parenf,hl,...
'Callback','domymenu font',...
'HandleVisibility'/off,...
'LabelY&Properties...',...
'Separator','on',...
TagYScribeAxistextObjMoreMenu'); 

hi = uicontrol('Parent',hO,...
'Units','points', ...
'BackgroundColor',[0 0 0.6431372549019611],...
'ListboxTop',0, ...
Tosition',[530.25 176.25 66 211.5],...
'StyleYframe',...
TagYFramel'); 

hi = uicontrol('Parent',hO, ...
'UnitsYpoints1,...
'BackgroundColor',[0.752941176470588 0.752941176470588 0.752941176470588],...
'ListboxTop',0,... 
'Position',[540.75 15 39.75 33],... 
'StyleYframe',... 
TagVFramel 1); 

hi = uicontrol('Parent',hO,... 
'Units'/points',...
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'BackgroundCoIor',[l 0.501960784313725 0.501960784313725],...
'CallbackYmycallbackfcn("mat3 ")', ...
TontSize',10, ...
'ListboxTop',0, ...
Tosition',[39 229.5 47.25 18.75], ...
'StringYImshow', ...
Tag','Pushbuttonl'); 

hi = uicontrol('Parent',hO, ...
'UnitsYpoints',...
'BackgroundColor',[l 0.501960784313725 0.250980392156863], ...
'CallbackYmycallbackfcn("mat4")',...
TontSize',10,...
'ListboxTop',0, ...
Tosition',[91.5 229.5 33.75 18.75], ...
'StringYMesh',...
TagYPushbuttonl'); 

hi = uicontrol('Parent',hO, ...
'UnitsYpoints', ...
'BackgroundColor',[0.286274509803922 0.6823529411764711 0.92156862745098],...
'Callback','mycallbackfcn("mat5")',...
TontSize',10,...
'ListboxTop',0,...
'Position',[39 182.25 47.25 19.5],...
'StringYContourf, ...
TagYPushbuttonl'); 

hi = uicontrol('Parent',hO,...
TJnitsYpoints', ...
'BackgroundColor',[0.501960784313725 0.501960784313725 1], ...
'Callback','mycallbackfcn("mat6")', ...
TontSize',10,...
'ListboxTop',0,...
'Positional.5 182.25 33.75 18.75],...
'StringYSurfT, ...
'Tag','Pushbuttonl'); 

hi = uicontrol('Parent',hO, ...
'Units'/points', ...
'BackgroundColor',[0.356862745098039 0.956862745098039 0.674509803921569],...
'Callback';mycallbackfcn("mat7")',...
TontSize',10,...
'ListboxTop',0,...
'Positional.5 206.25 33.75 18.75], ...
'StringYSurf, ...
'Tagr,'Pushbuttonl'); 

hi = uicontrol('Parent',hO,...
'Units'/points', ...
'BackgroundColor',[l 1 0.501960784313725],...
'Callback','mycallbackfcn("mat8")', ...
TontSize',10,...
'ListboxTop',0,...
'Position',[39 206.25 47.25 18.75],...
'StringYContour', ...
TagYPushbuttonl'); 

hi = uicontrol('Parent',hO,...
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'UnitsVpoints',...
'BackgroundColor',[l 0.501960784313725 0.250980392156863],...
'Callback';mycallbackfcn("mat9")',...
TontSize',10, ... 

'ListboxTop',0, ...
'Position',[543 16.5 35.25 29.25], ...
'StringYClose', ...
Tag','Pushbutton3'); 

hi = uicontrol('Parent',hO, ...
'UnitsVpoints',...
'BackgroundColor',[l 1 1],...
'Callback','mycallbackfcn("mat 10")',...
'Enable','off, ...
Tosition',[534 180.75 59.25 34.5], ...
'String',matll, ...
'Style'/listbox', ...
'TagVshadingflag',...
'Value',2); 

hi = uicontrol('Parent',hO, ...
'Units'/points', ...
'BackgroundColor',[l 1 1], ...
'Callback','mycallbackfcn("matl2")',...
'Position',[534 243 59.25 123.75], ...
'String',matl3, ...
'Style'/listbox', ...
TagVListboxl',...
'Value',8); 

hi = uicontrol('Parent',hO,...
'UnitsVpoints',...
'BackgroundColor',[0 0 0.6431372549019611],...
TontSize',10, ...
TontWeight','bold', ...
ToregroundColor',[l 1 1], ...
'ListboxTop',0,...
Tosition',[534.75 217.5 57.75 14.25],...
'StringVShading', ...
'Style','text',...
'Tag','StaticText3'); 

hi = uicontrol('Parent',hO,...
'Units'/points', ...
'BackgroundColor',[0 0 0.6431372549019611],...
TontSize',10,...
TontWeightVbold',...
ToregroundColor',[l 1 1], ...
'ListboxTop',0,...
'Position',[534.75 368.25 60 15.75],...
'StringVColourmap',...
'Style','text', ...
Tag','StaticText3'); 

hi = uicontrol('Parent',hO,...
'UnitsVpoints',...
'BackgroundColor',[0 0 1],...
TontSize',14, ...
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ToregroundColor',[l 1 1], ...
'ListboxTop',0,...
Tosition',[24 352.5 119.25 21.75], ...
'String1 ,'Inputting Images', ...
'StyleYtext', ...
Tag','StaticText3'); 

hi = uicontrol('Parent',hO, ...
'Units','points', ...
'BackgroundColor',[0 0 1], ...
'FontNameYMS Arial', ...
TontSize',18,...
TontWeightYbold', ...
ToregroundColor',[l 1 1],...
'ListboxTop',0,...
Tosition',[231.75 356.25 158.25 22.5],.
'StringYFOOT PRESSURE',...
'StyleYtext',...
'Tag','StaticText2'); 

hi = uicontrol('Parent',hO, ...
'Units','points', ...
'BackgroundColor',[0 0 1],...
'FontSize',14,...
ToregroundColor',[l 1 1], ...
'ListboxTop',0,...
'Position',[62.25 255.75 41.25 18.75],..
'StringYPlot1 , ...
'Style','text', ...
Tag','StaticText5'); 

hi = uicontrol('Parent',hO,...
'Units','points', ...
'BackgroundColor',[l 1 1],...
'Callback','mycallbackfcn("mat 14")',...
'Enable'/inactive', ...
TontSize',12, ...
'FontWeight','bold',...
ToregroundColor',[l 00],...
'ListboxTop',0, ...
'Position',[473.25 27.75 34.5 19.5], ...
'String','239',...
'Style','edit',...
'Tag','MaxFlag'); 

hi = uicontrol('Parent',hO,...
'Units'/points',...
TontUnitsYpixels1,...
'BackgroundColor',[0 0 1],...
TontSize',16, ...
'FontWeight','bold',...
'ForegroundColor',[l 1 1], ...
'ListboxTop',0,...
'Position'.P84.75 26.25 87 19.5],...
'String','Max Pressure:',...
'StyleYtext',...
•TagVStaticTextT);
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hi = uicontrol('Parent',hO,...
'UnitsYpoints',...
'BackgroundColor',[l 1 0.501960784313725],
'Callback','mycallbackfcn("matl 5")',...
'Enable','off,...
TontSize',10, ...
'ListboxTop',0,...
'Position',[24.75 37.5 61.5 17.25],...
'StringYPixel Values',...
Tag'/PixelFlagS 1); 

hi = uicontrol('Parent',hO,...
'Units','points',...
'BackgroundColor',[0 1 0],...
'Callback','mycallbackfcn("mat 16")',...
'Enable','off,...
TontSize',10,...
'ListboxTop',0, ...
'Position',[25.5 18 60.75 17.25], ...
'StringYProfile',...
'Tag','ProFlag'); 

hi = uicontrol('Parent',hO, ...
'Units'/points',...
'BackgroundColor',[l 1 1],...
'CallbackYmycallbackfcn("matl7")',...
'Enable','inactive',...
TontSize',10, ...
'ListboxTop',0,...
'Position',[78 13530.75 18],...
'String','229', ...
'Style'/edit',...
Tag','PixelFlag'); 

hi = uicontrol('Parent',hO, ...
'Units','points',...
'BackgroundColor',[l 1 1],...
'Callback','mycallbackfcn("matl 8")',...
'Enable','inactive',...
TontSize',10, ...
'ListboxTop',0,...
'Position',[78 112.5 30.75 18],...
'String','219',...
'Style','edit',...
'Tag','PixelFlag2'); 

hi = uicontrol('Parent',hO,...
'Units','points',...
'BackgroundColor',[l 1 1],...
'Callback','mycallbackfcn("matl9")', ...
'EnableYinactive',...
'FontSize',10, ...
'ListboxTop',0,...
'Position',[78 89.25 30.75 18],...
'String','196',...
'StyleYedif,...
'Tag','PixelFlag3');
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hi = uicontrol('Parent',hO,...
'UnitsVpoints', ...
'BackgroundColor',[0 0 1], ...
'FontSize',10,...
'FontWeight','demi',...
ToregroundColor',[l 1 1], ...
'ListboxTop',0,...
Tosition',[27 133.5 50.25 17.25],...
'String','1st Pixel:', ...
'StyleYtext', ...
Tag','StaticText7'); 

hi = uicontrol('Parent',hO,...
'Units','points',...
'BackgroundColor',[0 0 1],...
TontSize',10,...
TontWeightYdemi', ...
ToregroundColor',[l 1 1], ...
'ListboxTop',0, ...
'Position',[25.5 111.75 51 17.25], ...
'String','2nd Pixel:',...
'StyleYtext',...
TagVStaticTextT); 

hi = uicontrol('Parent',hO,...
'Units','points',...
'BackgroundColor',[0 0 1], ...
TontSize',10,...
TontWeight','demi', ...
'ForegroundColor',[l 1 1], ...
'ListboxTop',0,...
Tosition',[27.75 88.5 48.75 17.25],..
'String','3rd Pixel:',...
'StyleYtext1 , ...
Tag','StaticText7'); 

hi = uicontrol('Parent',hO, ...
'Units'/points',...
'BackgroundColor',[0 0 1],...
TontSize',10,...
TontWeightYdemi',...
ToregroundColor',[l 1 1],...
'ListboxTop',0,...
'Positional 10.25 133.522.5 17.25],
'String'/kPa',...
'Style','text',...
TagYStaticText7'); 

hi = uicontrol('Parent',hO,...
'Units'/points',...
'BackgroundColor',[0 0 1],...
TontSize',10,...
TontWeight','demi',...
ToregroundColor',[l 1 1],...
'ListboxTop',0,...
'Position1,! 110.25 111 22.5 17.25],...
'StringYkPa',...
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'Style','text',...
'Tag','StaticText7'); 

hi = uicontrol('Parent',hO, ...
'Units','points',...
'BackgroundColor',[0 0 1],...
TontSize',10,...
TontWeight','demi', ...
ToregroundColor',[l 11],...
'ListboxTop',0, ...
'Positional 10.25 87.75 22.5 17.25],...
'String','kPa',...
'Style','text', ...
Tag','StaticText7'); 

hi = uicontrol('Parent',hO, ...
'Units'/points',...
TontUnitsYpixels', ...
'BackgroundColor',[0 0 1], ...
TontSize',16,...
TontWeight','bold',...
ToregroundColor',[l 1 1], ...
'ListboxTop',0, ...
'Position',[509.25 24.75 24.75 20.25],
'StringYkPa',...
'Style','text',...
TagYStaticText?'); 

hi = uicontrol('Parent',hO,...
'Units'/points',...
'BackgroundColor',[0 0 1],...
lCallback','mycallbackfcn("mat20")',...
'EnableYoff, ...
TontSize',10,...
TontWeightYbold',...
ToregroundColor',[l 1 1], ...
'ListboxTop',0,...
Tosition',[525 136.5 68.25 17.25],...
'StringYColourbar',...
'Style','checkbox', ...
TagYColoronflagl'); 

hi = uicontrol('Parent',hO, ...
'UnitsYpoints', ...
'BackgroundColor',[0 0 1],...
'Callback','mycallbackfcn("mat21")',..
'EnableYoff,...
TontWeightYbold',...
ToregroundColor',[l 1 1],...
'ListboxTop',0,...
Tosition',[546 92.25 45 18],...
'String','White',...
'Style'/radiobutton',...
'Tag','whitecolflag2'); 

hi = uicontrol('Parent',hO, ...
'UnitsYpoints',... 
'BackgroundColor',[0 0 1],...
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'CallbackVmycallbackfcn("mat22")', -
'EnableVoff,...
TontWeightYbold',...
ToregroundColor',[l 1 1], ...
'ListboxTop',0,...
Tosition',[546 114.75 45 18],...
'String'/Black', ...
'Style','radiobutton',...
'Tag','blackcolflag2'); 

hi = uicontrol('Parent',hO,...
'Units','points',...
'BackgroundColor',[0 0 1],...
?Callback','mycallbackfcn("mat23")',.
'EnableVoff,...
TontWeightYbold',...
ToregroundColor',[l 1 1], ...
'ListboxTop',0,...
'Position',[ 151.5 1245 18],...
'String'/White1 ,...
'StyleVradiobutton1,...
Tag'/whitecolflag'); 

hi = uicontrol('Parent',hO, ...
'Units'/points',...
'BackgroundColor',[0 0 1], ...
'Callback','mycallbackfcn("mat24")',
'Enable'/off, ...
TontWeight'/bold',...
ToregroundColor',[l 1 1],...
'ListboxTop',0,...
Tosition',[151.53945 18],...
'String'/Black',...
'Style'/radiobutton',...
Tag'/blackcolflag'); 

hi = uicontrol('Parent',hO, ...
'Units'/points', ...
'BackgroundColor',[0 0 1],...
'Callback'/mycallbackfcn("mat25")r ,
'Enable'/off, ...
TontSize',10,...
TontWeight'/bold',...
'ForegroundColor',[l 1 1],...
'ListboxTop',0,...
Tosition',[102 1240.5 17.25],...
'String'/Grid',...
'Style'/checkbox',...
Tag'/Gridonflag'); 

hi = uicontrol('Parent',hO,...
'Units'/points',...
'BackgroundColor',[0 0 1],...
'Callback'/mycallbackfcn("mat26")',
'Enable'/off, ... 
TontSize',10,... 
TontWeight'/bold',...
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'ForegroundColor',[l 1 1], ...
'ListboxTop',0, ...
'Position1 ,[102 39 39.75 17.25],...
'String','Axis', ...
'Style','checkbox',...
TagVAxisonflagl 1 ); 

hi = uicontrol('Parent',hO,...
'Units','points', ...
'BackgroundColor',[0.282352941176471 0.976470588235294 0.768627450980392],...
?Callback','mycallbackfcn("mat27")',...
'Enable','off,...
TontSize',10,...
'ListboxTop',0,...
Tosition',[207 11.25 52.5 18.75],...
'StringVRotate 3D', ...
TagVRotateSdflag1); 

hi = uicontrol('Parent',hO, ...
'Units','points',...
'BackgroundColor',[l 0.501960784313725 0.250980392156863], ...
'Callback','mycallbackfcn("mat28")',...
TontSize',10, ...
'ListboxTop',0, ...
'Position',[207 34.5 51.75 18.75],...
'StringYZoom', ...
Tag'/zoomflag'); 

hi = uicontrol('Parent',hO, ...
'Units','points',...
'BackgroundColor',[0.286274509803922 0.6823529411764711 0.92156862745098],...
'CallbackYmycallbackfcn("mat29")', ...
TontSize',10,...
'ListboxTop',0,...
'Position',[287.25 1241.25 18.75],...
'String'/Make1 ,...
'Tag','Pushbutton2'); 

hi = uicontrol('Parent',hO, ...
'Units','points', ...
'BackgroundColor',[0 0 1], ...
TontSize',12,...
TontWeight','bold',...
ToregroundColor',[l 0.501960784313725 0.250980392156863], ...
'ListboxTop',0,...
'Position',[405.75 345.75 116.25 35.25], ...
'StringYMAKING ANIMATION1 ,...
•Style'/text',...
TagYAnimate',...
'Visible','ofF); 

hi = uicontrol('Parent',hO, ...
'Units','points', ...
'BackgroundColor',[0.501960784313725 0.501960784313725 1],...
'Callback','mycallbackfcn("mat3 0")',... 
TontSize',10,... 
'ListboxTop',0, ... 
Tosition',[330.75 1241.25 18.75],...
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'StringYPlay',... 
TagYPlayflag1 ); 

hi = uicontrol('Parent',hO,... 
'Units','points',...
'BackgroundColor',[0 0 0.627450980392157],... 
TontSize',12,... 
TontWeightYbold',... 
ToregroundColor',[l 1 1],... 
'ListboxTop',0,...
'Position',[292.5 34.5 73.5 13.5], ... 
'String','Animation', ...
'StyleYtext',...
'Tag','StaticTextl'); 

hi = uicontrol('Parent',hO, ...
'UnitsYpoints', ...
'BackgroundColor',[0.156862745098039 0.576470588235294 0.337254901960784],...
'Callback','mycallbackfcn("mat33")',...
TontSize',10,...
'ListboxTop',0,...
'Position',[543 55.5 35.25 29.25], ...
'StringYInfo',...
'Tag','Pushbutton3'); 

hi = uicontrol('Parent',hO,...
'UnitsYpoints',...
'BackgroundColor',[l 1 1],...
'Callback','mycallbackfcn("mat31")',...
TontSize',10,...
'ListboxTop',0,...
'Positional5 321.75 141 23.25], ...
'StringYe-Amatlabrl 1 \work\foot671 .tif, ...
'Style','edit', ...
TagYLoadflag'); 

hi = uicontrol('Parent',hO,...
'UnitsYpoints', -
'BackgroundColor',[0 0.501960784313725 1],... 
'Callbackr,'mycaHbackfcn("mat32")',... 
TontSize',10,... 
'ListboxTop',0,...
Tosition',[56.25 289.5 51.75 21], ... 
'StringYLoad', ... 
'Tag','Pushbutton4'); 

hi = axes('Parent',hO,...
'View',[-45.65425589934527 22.97193705015183],... 
'CameraPosition',[-1613.087154873464-1631.6571780378631201.412766570069],...
'CameraPositionModeYmanual',.. .
'CameraUPVector',[0.4870091432069768 0.4760120041747413 0.8660254037844384],
'CameraUpVectorModeYmanual',... 
'CameraViewAngle',mat33, ... 
'CameraViewAngleModeYmanual',... 
'Color',[l 1 1],... 
'ColorOrder',mat34,...
'CreateFcn','pIotedit(gcbf,"promoteoverlay");', ... 
'DataAspectRatio',[1.6 1.2 I],...
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'DataAspectRatioModeYmanual', ...
'PlotBoxAspectRatioModeYmanual', ...
'Position',[0.2925 0.1928838951310861 0.505 0.6310861423220974],...
TagYAxesl 1,...
'VisibleYoff,...
'WarpToFillYoff,...
'XColor',[0 0 0],...
'XGridYon',...
'YColor',[0 0 0],...
'YGridYon',...
'ZColor',[0 0 0],...
'ZGridYon'); 

h2 = surface('Parentl ,hl,...
'CData',mat35, ...
'EdgeColor','none',...
'FaceColor','interp',...
Tag','Axes 1 Surface 1',...
'VertexNormals',mat36,...
'XData',mat37,...
'YData',mat38,...
'ZData',mat39); 

h2 = text('Parent',hl,...
'Color',[0 0 0],...
'HandleVisibilityYoff,...
'HorizontalAlignment','center',...
'Position',mat40,...
Tag','AxeslText4',...
'VerticalAlignmentYbottom'); 

set(get(h2,'Parent'),Title',h2); 
h2 = text('Parent',hl,...

'Color',[0 0 0], ...
'HandleVisibilityYoff, ...
'Position',mat41, ...
Tag','Axes 1 TextS',...
'VerticalAlignmentYtop',...
'VisibleYoff);

set(get(h2,'Parent'),'XLaber,h2); 
h2 = text('Parent',hl,...

'Color',[0 0 0],...
'HandleVisibilityYoff, ...
'HorizontalAlignment'/right',...
'Position',[-1860.814119027517-1642.251656338282 1026.028000511093],...
TagYAxeslText2',...
'VerticalAlignmentYtop',...
'VisibleYoff);

set(get(h2,'Parent'),'YLabel',h2); 
h2 = text('Parent',hl,...

'Color',[0 0 0],...
'HandleVisibilityYoff,...
'HorizontalAlignmentYcenter',...
'Position',mat42,...
'Rotation',90,...
Tag'/AxeslTextl',...
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'VerticalAlignmentYbaseline', ...
'Visible','off);

set(get(h2, 1Parent'), rZLabel',h2); 
hi = axes('Parent',hO, ...

'CameraUpVector',[0 1 0], ...
'CameraUpVectorModeVmanual',...
'Color','none', ...
'ColorOrder',mat43,...
'CreateFcn',",...
'HandleVisibilityVoff, ...
'HitTestVoff, ...
Tosition',[-0.03625 0.03183520599250937 1 1], ...
TagVScribeOverlayAxesActive',...
'VisibleYoff,...
'XColor',[0.8 0.8 0.8], ...
'XLimMode'/manual',...
'XTickModeYmanual', ...
'YColor',[0.8 0.8 0.8],...
'YLimMode','manual',...
'YTickModeVmanual', ...
'ZColor',[0 0 0]); 

h2 = text('Parent',hl,...
'Color',[0.8 0.8 0.8], ...
'HandleVisibilityYoff, ...
'HorizontalAlignment','center',...
'Position',[0.4993742177722153 -0.01500938086303938 9.160254037844386],...
'VerticalAlignmentVcap', ...
'VisibleYoff);

set(get(h2,'Parent');XLabel',h2); 
h2 = text('Parent',hl, ...

'Color',[0.8 0.8 0.8],...
'HandleVisibilityYoff,...
'HorizontalAlignmentYcenter',...
Tosition',[-0.007509386733416772 0.4971857410881801 9.160254037844386], ...
'Rotation',90, ...
'VerticalAlignmentYbaseline', ...
'VisibleYoff);

set(get(h2,'Parent'),'YLabel',h2); 
h2 = text('Parent',hl,...

'Color',[0 0 0],...
'HandleVisibility','off,...
'HorizontalAlignment','right',...
Tosition',[0.03504380475594493 0.9662288930581614 9.160254037844386], ...
'VisibleYoff);

set(get(h2,'Parent'),'ZLabel',h2); 
h2 = text('Parent',hl,...

'Color',[0 0 0], ...
'HandleVisibilityYoff,...
'HorizontalAlignmentYcenter',...
'Position',[0.4994 1.0113 9.1603],...
'VerticalAlignment','bottom', ...
'Visible','off); 

set(get(h2,'Parent'),'Title',h2);
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ifnargout>0, fig = hO; 
end
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Appendix M: 
Experimental Apparatus

Figure Ml: Material Samples

Figure M2: Material Sample Holder
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Figure M3: Loading Machine

Figure M4: Force/Compression Testing Equipment
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Figure M5: Image Capturing

Figure M6: 1 st Prototype
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Figure M7: 2" Prototype

Figure M8: 3 rd Prototype

Figure M9: Various Shapes
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Figure MIO: Compression Test

Figure Mil: Scanned Forefoot
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Appendix N: 
Technical Drawings

Appendix N contains technical drawings of all equipment specifically designed and built for this 

research. They include:

• Material compression tester

• Pressure Plate

• 1 st Prototype 

a Frame 

a Mirror Holder 

a Complete Design

• 2nd Prototype 

a Frame 

a Mirror Holder 

Q Complete Design

• 3 rd Prototype 

a Frame 

Q Mirror Holder 

a Complete Design

Ix-i-

Clear Hole ='"(+ 
I

Threaded Hole =—(*]§— 
I

All dimensions are given in mm.
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• Material Compression Holder
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PartC
Material: Steel 
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• Pressure Plate

PartD
Material: Perspex 
Quantity: 1

T
450

I 19

Side View

45 100

250

80 11
-HK- -H K-

45

80

Top View

N-4



Technical Drawings

• 1 st Prototype
a Frame
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a Mirror Holder
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2" Prototype 
a Frame
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a Mirror Holders
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3rd Prototype 
a Frame
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a Mirror Holders

The following components are required:

PartF
PartG
PartH
Part J
PartL
PartT
PartV
PartW
PartX

Quantity: 2 
Quantity: 2 
Quantity: 2 
Quantity: 2 
Quantity: 1 
Quantity: 1 
Quantity: 1 
Quantity: 2 
Quantity: 2

Complete Design

Front View

4- .4-

Side View

N-22



Technical Drawings

•4-"

-<b-

-4-

.4.

-4-

•-
"•4-

4
-4-

-<k-

b

Top View

N-23



Papers

Appendix O: 
Papers

Appendix O contains copies of all papers that have been produced and published from the 

research described in this thesis.

Journals:

HUGHES, R., ROWLANDS, H. and McMEEKIN, S. 2000. A laser plantar pressure sensor for 

the diabetic foot. Medical Engineering & Physics, 22, pp. 149-1 54.

HUGHES, R., ROWLANDS, H. and McMEEKIN, S. 1999. Pressure measurement system 

using an interferometry technique. Image Processing & Communications, 5(1), pp. 25-32.

Conference:

HUGHES, R., ROWLANDS, H. and McMEEKIN, S. 1999. A pressure sensor using an 

interferometry technique. 2nd Workshop on European Scientific and Industrial Collaboration 

(WESIC'99). Newport, UK. pp. 523-530.

O-l



Papers

A LASER PLANTAR PRESSURE SENSOR FOR THE DIABETIC FOOT

Rowland Hughes 1 *, Dr Hefin Rowlands' and Dr Scott McMeekin 2 .

Mechatronics Research Centre,University of Wales College, Newport,PO Box 180, Newport, 
Gwent, NP9 5XR. UK. e-mail: rowland.hughes@newport.ac.uk, e-mail: 
h.rowlands@newport.ac.uk.
2Cardiff School of Engineering, Electronics Division, University of Wales, Cardiff, PO Box 
917, Newport Road, Cardiff, CF2 1XH. United Kingdom, e-mail: McMeekin@cardiff.ac.uk

Abstract

This paper describes the design and development of a high-resolution pressure sensor for use in 
the field of foot pressure measurement. The device uses an interferometry technique that 
involves the use of a laser light directed onto a pressure sensitive plate. The pressure plate 
compresses when a load is applied, and it is this compression which is measured by the 
interferometry technique. The interference pattern (interferogram) produced represents the 
pressure distribution across the plate. The interferogram is inputted into the computer using a 
high pixel CCD camera and video capture card. A fringe analysis program then converts the 
interferogram into a 3 dimensional image of the pressure distribution. A prototype system is 
described and the initial results show that the system can produce a high resolution image with 
dynamic capabilities.

Key words: Foot pressure measurement, interferometry, fringe analysis.

1. Introduction

Skin ulceration is a major risk factor for 
amputation, and prevention of the 
irreversible complications of diabetic 
neuropathy is a priority in patient care. 
Orthopaedic pressure sensors are invaluable 
in the study of plantar pressure and 
diagnosis of plantar ulceration in the 
neuropathic diabetic foot. Diabetic foot 
problems are of great clinical and economic 
importance; they carry the risk of 
amputation of the limb and are frequently 
life threatening 1 . A combination of 
peripheral neuropathy and vascular 
insufficiency predisposes the diabetic foot 
to physical trauma and ulceration; 
subsequent infection and possibly the onset 
of gangrene leading to the necessity for leg 
amputations. It has been estimated that 
lower leg amputations in diabetic patients 
account for more than 50% of all 
amputations that are performed and that 2/3 
of these arise as a result of traumatic

ulceration of the foot2 . The importance of 
high foot pressures in the insensitive 
diabetic foot in the causation of ulceration 
has been confirmed in a prospective study3 : 
28% of neuropathic feet with high pressure 
ulcerated during a 2 Vz -year follow-up 
period whereas no feet with normal 
pressure ulcerated. Elevated plantar foot 
pressure has been identified as a risk factor 
for foot ulceration in people with diabetes 
and the early detection of changes in foot 
pressure is essential to prevent further 
development of foot ulceration4 . The 
measurement of vertical forces has been 
analysed extensively using various sensors, 
i.e. capacitive, resistive & piezo-electric^". 
These techniques are dependent on the 
reliability of the transducers, the available 
pressure range of the device, the accuracy 
at high pressures and most importantly the 
pressure range measured. For devices that
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use discrete elements (i.e. transducers), an 
accurate calibration method is required. 
Alternatively the simple approach of taking 
the average of the elements active in the 
contained situation can be used. Major 
effects on the absolute values of the 
pressures obtained are dependent on how 
often the device must be calibrated and the 
spatial resolution as a consequence of 
element size. The smaller the sensor, the 
larger the apparent pressure recorded in the 
same region under the foot. 
An array of these sensors in order to 
achieve this task would mean a relatively 
poor resolution and/or a high cost. 
Saturation is also a significant problem 
even with the high end pressure systems 
where saturation occurs at values greater 
than 15kg/cm2 which probably limits its 
research applications, particularly in 
neuropathic diabetic patients ~. 
The measurements of surface deformations 
have been highly successful using 
interferometry techniques, where the fringe 
pattern corresponds to a surface shape and 
displacement. The fringe pattern technique 
is very effective and allows a very high 
resolution of the surface pattern. The 
technique of acquiring the surface images is 
always constant, i.e. superposition of a 
reference beam and a test beam generated 
by an interferometer.
The idea of measuring surface variations is 
applied to pressure and shape analysis by 
using a technique, which allows the system 
to analyse the test surface, which varies 
with pressure. This is particularly important 
in the field of foot pressure measurement. 
By applying a coherent light source through 
an optically clear material and deforming 
one of the surfaces, the interferogram 
changes, depending on the shape and 
amount of deformation made to the surface. 
Analysing various optically clear materials 
that compress sufficiently when pressure is 
applied enables a suitable pressure plate to 
be chosen.
The first section of this paper deals with the 
production of the interferogram, explaining 
the results of various material testing done 
on the pressure plate. The method by which 
the image is captured and transferred into a 
computer is then explained followed by a

brief explanation of how the fringes were 
analysed. The pressure map of the foot is 
shown and analysed and future work is 
discussed.

2. Production of Interferogram

An interferogram is produced when two 
coherent light sources 'interfere' with one 
another i.e. constructive or destructive. 
Interferometry is a technique where the 
interference effect is used to measure 
distances or small angles. The 
interferometry technique proposed here is 
where a laser beam is directed through a 
clear material. Part of the beam will be 
reflected at the bottom of the clear material 
while the other half will continue through 
the plate until being reflected off the top 
surface of the plate. The two beams will 
then combine and 'interfere' at a certain 
point where an interference pattern will be 
produced that resembles the dimensions of 
the plate 13 , this principle is illustrated in 
Figure 1.

H

Fig. 1: Interference within a parallel-sided 
transparent plate

The two beams X* & X converge at the 
surface Y & Y on the pressure plate. The 
plate is of thickness T and refractive index 
u,. The beam X Y refracts to Z where it 
reflects to Y. At Y it meets the beam XY
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and both travel towards Z where the two
beams are in a condition to interfere.
The path difference A in the medium =
YZ+Z*Y-Y*G* = G*H (1)
YH = 2T therefore:
G H = 2Tcos6 (where 0 is the angle of
refraction in the medium)
The path difference in air = 2uTcos6.

(2)
Interference producing dark fringes occur 
when (Cosine Rule): nA. = 2|TTcos9 (3) 
Therefore interference producing dark 
fringes occur when: (n+l/2)X = 2(uTcos9(4) 
If the plate is optically denser than the 
surrounding medium, there is a phase 
change of n on reflection at the upper 
surface, thereby causing the above 
conditions to be interchanged. 
In the pressure sensor design the test plate 
is placed on a solid steel frame table, which 
enables the laser to have complete access to 
the bottom of the plate and also restricting 
the plate from bending, (Figure 2).

Pressure object

Pressure ' 
sensitive plate

Rigid 
Support

Constructive/
destructive
interference

Coherent 
laser light

Fig. 2. Support structure of the pressure 
plate

3. Materials

The pressure plate is required to be 
optically clear and compress no more than 
4 wavelengths of the He-Ne (Helium-Neon) 
laser (633nm) when a maximum load is 
applied e.g. 15Kg/cm~2 . 
The optical clarity of the material and 
refractive index determine the clarity of the 
fringes. The compression/weight ratio was 
measured by using a test-rig that 
compressed 25mm diameter discs of 
material with known loads and measuring 
the compression of the material using 
displacement transducers. The results of the 
tests showed that 'Perspex' was the most

suitable material to use as the pressure plate 
i.e. compressive & optical properties were 
excellent.
Perspex is very soft and very susceptible to 
scratches, therefore extreme care must be 
taken to ensure that no scratches are made 
i.e. the addition of a thin protective layer 
that has negligible affect on the pressure 
measurement.

4. Interferogram acquisition

In order to produce the required 
interferogram a mirror is used to reflect the 
laser beam onto a Perspex plate and then 
directs the reflected beam onto a translucent 
screen, enabling a CCD camera to capture 
images and store in a computer via a video 
capture card, (Figure 3).

Perspex Plate

He-Ne Lasei

Video card 
& Computer

Translucent Screen

Fig. 3. Schematic diagram of the pressure 
measurement apparatus

The beam is produced by using a beam 
expander/collimator to magnify the initial 
laser source (diameter 0.5mm) into the 
required 145mm diameter beam The 
magnification is given by:

M = [{/2+/i}//i] M>1 Beam expansion
(5)

y; = -5 & /2 = iooo
/. M=199

Separation of the system:

D =f} i.e. D</2 
(6)
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•'• D = 995mm (~1 meter)

5. Fringe Analysis

The interferograms produced using this 
technique produce two-dimensional fringes 
of the form: 
g(x,y) = a(x,y)+b(x,y)Cos(27r/0+^x,y))

where:
a(x,y) = Background Intensity 
b(x,y) = Amplitude 
fo = Spatial Carrier Frequency 
$x,y) = Phase
This equation represents a direct 
representation of the contour map but not 
the sign of the phase i.e. hill or valley. In 
order to extract information from a fringe 
map the uniting phase measurements from 
neighboring fringes and the ability to 
distinguish between hill/valley is required. 
In order to obtain the phase information an 
FFT method14 can be used to introduce a tilt 
or translation to resolve the 
elevation/depression problem by yielding 
carrier fringes that are interpreted by the 
FFT process. The 'phase fringe' pattern is 
usually referred to as the 'wrapped phase 
map' or, as it is derived from the tangent of 
phase, a 'tan' fringe field. 
The wrapped image is obtained using the 
FFT approach since only a single 
interferogram is required, which is useful in 
real time analysis The elevation/depression 
ambiguity is solved using the tilt or 
translation technique.
Equation (7) is rewritten in the following 
form:
g(x,y) = a(x,y) + c(x,y)exp(2mf0x) + 

c*(x>y)exP(-27lif°x) 
(8)

With

c(x,y) = b(x,y)/2 exp[i<|>(x,y)]

(9)

where * denotes a complex conjugate.
The Fourier transform of g(x,y) with
respect to x is given by:

A(/,y)+C(/:4y)+C*(/+Ay)

where G,A and C denote the Fourier spectra 
and fx is the spatial frequency in the x- 
direction. If a(x,y) , b(x,y) and $x,y) vary 
slowly in comparison with the spatial 
period of the fringes, the different 
components in the G Fourier spectrum in 
the above equation appear .spatially 
separated. C(f-fo,y) is obtained by extracting 
the spectral band centered around the 
carrier frequency f0. An inverse ID Fourier 
transform performed on the shifted spectral 
term C(/J,y) (with respect to fx) allows the 
term c(x,y) defined in equation (9) to be 
reconstructed. The phase distribution is 
then simply recovered by using equation 
(9): 
<|>(x,y) = tan-'{Re[c(x,y)]/&n[c(x,y)]}
(11)
The phase distribution ranges from -TC to
-Hi; a phase unwrapping algorithm is used
in order to extend the phase limits beyond -
7i and +7t.
The phase unwrapping techniques uses a
Minimum phase difference spanning treemethod15'16 .

5. 1 Static & Dynamic Measurements

Attention has been concentrated on static 
measurements of the foot pressures in the 
first prototype. The compression/weight 
ratio was determined using a test-rig that 
compressed a 25mm x 3mm disc of perspex 
with known loads and measuring the 
compression of the material using 
displacement transducers.

0.002 0.004 0.006 0.008 
Compression /mm

0.01

Fig. 4. Initial load/displacement response of 
Perspex
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Figure 4 shows that the Displacement vs. 
Load is not linear but a curve which 
possesses a very small amount of 
hysteresis. This is the initial measurement 
taken with a new test sample. The graph 
shows that up to 1000N the perspex doesn't 
exhibit any plastic range only elastic.

Figure 5 is the result after the sample has 
been tested 1000 times. The compression is 
now slightly greater given the same load, 
but only marginally. The hysteresis has 
now become even less significant, with the 
sample still not exhibiting any plastic 
region. The change in compression may at 
first seem a significant flaw, however, once 
the sample has been tested i.e. 1000 times, 
there is hardly any change in the 
Load/Compression response from then on. 
Therefore in order for this system to work a 
new sample must be compressed at least 
1000 times before an accurate measurement 
can be made.

I Perspex 

^ -tonri _ ..........._....-.... .............. ..... .... _ ..................... ............... __ ....

Load IN
1000
800 -
600

200 -

\

/}
.//

~—~z2^'

j
/

\

I 0 0.005 0.01 0.015
I
I Compression

Fig. 5. Load/displacement response of 
Perspex after 1000 cycles

The dynamic responses of the system are 
also important and have been evaluated for 
future developments. With a foot applied to 
the pressure plate the fringes return to their 
original state as soon as the foot leaves the 
surface. After analysing the results it was 
found that the Perspex sheet would return 
less than 0.25sec to 95% of it's original 
thickness with the last 5% taking up to 
3 seconds to recover. Since the pressure 
system is designed to measure pressures of 
up to and beyond IGpa, the last 5% of the 
Perspex would represent less than SOkPa 
which is far below any suggested danger 
pressure threshold for ulceration and

therefore will not effect the performance of 
the sensor.
By taking 10 second video clips of the foot 
applying pressure to the pressure plate, at 
25 frames/second, a detailed analysis of the 
foot pressure pattern during 2 or 3 a gait 
cycles is possible.

6. Foot Pressure Measurements
The resolution of the Panasonic CCTV 
camera is 500 x 700 pixels. The area under 
investigation measures 6cm x 9cm. This 
produces a resolution of 70 pixels per cm2 . 
Due to the small area available in the 
prototype system to measure pressure, only 
the big toe and two other toes can be 
measured accurately.
An interferogram of the plate is taken 
before any pressure is applied in order to 
calibrate the system. This calibration entails 
subtracting the initial processed 
interferogram i.e. before any pressure is 
applied, away from the processed 
interferogram i.e. while pressure is being 
applied.
By applying one foot on the pressure plate 
and exerting body weight on it i.e. -SOON, 
an interferogram of the toes under 
investigation is produced. Figure 6 is the 
interferogram of 3 toes on the right foot. 
The three toes are clearly seen in this 
interferogram. Figure 7 shows the 
Unwrapped image of the interferogram 
after the system has been calibrated. The 
unwrapped image allows the observer to 
clearly see the pressure of the partial ball of 
the foot as well as the three toes, where the 
white area represents high pressure.

Fig. 6. Interferogram of the first, second 
and third metatarsal
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Fig. 7. Unwrapped image of the first, 
second and third metatarsal

The unwrapped image is analysed using an 
image processing software program 
developed for this project. The program 
converts the image into a matrix and 
analyses the intensity of the image. By 
using a mathematical equation the program 
produces a quantitative pressure value for 
any point on the foot pressure image with 
units kPa. Figure 8 shows a 'Pressure 
Histogram' across the three toes, enabling 
detailed pressure measurements to be made.

Pressure /kPa

100 200 300 100

Position /pixel

found to posses all the requirements needed 
for the system. The optical set-up provides 
an accurate and cost effective way of 
producing a 145mm diameter collimated 
beam.
The advantage of this system over other 
systems such as the Novel Emed, Musgrave 
Footprint & Tekscan MatScan systems, is 
the incredibly high resolution as well as the 
very low cost. The resolution of this system 
(70 pixels/cm2 ) is a factor of 17 greater than 
the nearest system i.e. Emed NT-4, which 
has 4 sensors per cm2. The cost of the 
proposed system is significantly cheaper 
than the Emed Nt-4 system. The range of 
the system is comparable with the leading 
system. The proposed system has a range of 
at least 1-lOOOkPa compared with the Emed 
NT-4's l-1270kPa. The repeatability of the 
system is dependant on the perspex plate 
being cyclically tested through pressures 1- 
lOOOkPa first, however once this is done 
the results are comparable with those of the 
Emed system.

8. Future Developments

Using the present prototype only, a small 
area is available to measure pressure, 
however further developments will include 
using a larger mirror and setting up the 
camera so that it analyses the image in 
sections. This can easily be worked out by 
using 2-4 cameras each concentrating on a 
certain section of the interferogram and 
analysing each image separately and then 
bringing the images together to produce the 
overall pressure map. The processing time 
and cost would slightly be increased but 
would be well within the scope of this 
project.

Fig. 8. Image Histogram

7. Conclusion
The proposed technique has been proven to 
produce a high-resolution foot pressure 
image, both as a static and dynamic 
pressure-measuring device. The material 
for the pressure plate has been thoroughly 
researched and PMMA (Perspex) was
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PRESSURE MEASUREMENT SYSTEM 
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Abstract. Interferometry techniques and subsequent fringe analysis have been used extensively 
in the fields of strain analysis, heat distribution, air flow and shape recognition, however little 
work has been applied to it's application in the field of analysing vertical forces, i.e. the weight 
and shape of an unknown object. In this paper an internal reflection based system is described for 
capturing and analysing vertical pressures which enables the pressure measurement of a large 
area using low cost equipment. The various methods for selecting appropriate materials are 
described and comparisons are made. Fringe quality is dealt with by the application of high 
quality optics. Results are analysed using known fringe analysis methods.

Key Words. Vertical pressure, interferometry, Fast Fourier Transform, minimum spanning tree 
algorithm.

1. Introduction

Many techniques have been used to 
measure applied vertical forces, i.e. 
capacitive, resistive & piezo-electric. 
These techniques depend on three facets of 
the transducer: reliability, pressure range 
and accuracy within the required pressure 
range. Systems that use discrete elements 
require a very accurate calibration method 
or alternatively taking the average of the 
elements active in the contained situation. 
By comparing two pressure systems that 
use slightly different sized elements two 
different pressures can be recorded i.e. the 
smaller the sensor, the larger the apparent 
pressure recorded in the same. An array of 
these sensors in order to achieve this task 
would mean a relatively poor resolution and 
a relatively high cost. The proposed system 
uses simple interference fringe techniques 
involving the use of laser light directed 
onto a specially coated pressure sensitive 
plate. This will produce an interference 
pattern consisting of light and dark fringes 
that appear as contours representing the

pressure distribution across the plate. 
Applying pressure to the plate will alter the 
thickness of the plate. The interferometric 
technique detects variations in the thickness 
of the pressure plate of less than 1 micron. 
Vertical pressure will be recorded as a 
static vertical representation and also as 
film in order to observe the pressure as the 
step progresses during the stance phase of a 
gait cycle. This method will be coupled 
with advanced computer imaging 
equipment providing a rapid and 
inexpensive method of conversion of 
interference fringes into high-resolution 
pressure force contours.

2. Production of Interferogram

In order to produce an interferogram two 
coherent light sources must 'interfere' with 
one another. This interferogram will change 
if one of the coherent light sources changes 
it's phase by less than a wavelength [12]. 
An optically clear material is placed on a 
strong support so as to allow a laser to be
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directed from underneath and prevent any 
bending from occurring, Figure 1.

Pressure object 
Pressure sensitive I 
plate *

Rigid 
"*" Support

\ \ 
Coherent laser 
light

Reference 
surface

Constructive/
destructive
interference

Figure 1: Pressure Sensitive Plate

Applying pressure to the plate will alter the 
thickness of the plate. This will in turn vary 
the wavelength of the light reflected from 
the test surface, producing an interference 
pattern representing the pressure 
distribution across the plate.

If the plate is optically denser than the 
surrounding medium, there is a phase 
change of n on reflection at the upper 
surface, thereby causing the above 
conditions to be interchanged.

3. Pressure plate

An investigation into material properties 
was required in order to find the optimal 
material with the best optical and 
compression properties i.e. does not diffuse 
the laser light and compresses no more than 
a few wavelengths of the He-Ne (Helium- 
Neon) laser (633nm) when maximum 
pressure is applied. In order for the 
interferometry technique to produce 
accurate results both surfaces of the 
material need to be parallel. The clarity of 
the fringes produced and the refractive 
index value determine the optical clarity of 
the material. The compression/weight ratio 
was determined using a test-rig that 
compressed 25mm diameter discs of 
materials with known loads and measuring 
the compression of the material using 
displacement transducers. The materials

tested were: glass, perspex, silicon rubber, 
rigid polyurethane elastomer, 
polycarbonate, clear PVC and polystyrene. 
Callipers were used to measure the degree 
to which the two surfaces were parallel. 
The results of the tests show that 'Perspex' 
is the most suitable material to use as the 
pressure plate. A holder for this plate is 
required that will hold the plate firmly in 
place and strong enough not to bend when 
pressure in excess of IGPa is applied. A 
basic table design made of solid steal was 
used due to its strength and overall easy 
access to the bottom of the plate. The 
interface between the steel holder and 
'Perspex' plate is made as flat as possible in 
order to reduce the number of 
inconsistencies in the initial fringe pattern 
i.e. steel holder placed on a milling 
machine to remove and unevenness. The 
'Perspex' plate is then bolted onto the holder 
to ensure no air gap exists that would 
produce bending rather than compression of 
the plate. The table is placed on an even 
surface so as to eliminate any rocking and 
rigid enough not to bend thus causing 
inaccurate readings. The 'Perspex' plate is 
very soft and susceptible to scratches, 
therefore extreme care is taken to ensure 
that no scratches are made i.e. the addition 
of a thin protective layer that has negligible 
affect on the pressure measurement.

3.1 Interferogram Acquisition

In order to analyse the fringe patterns a 
digital camera was used to input the images 
into a computer so that analysis could take 
place. The system uses a mirror reflecting 
the initial laser beam onto the 'Perspex' 
plate and then directing the reflected beam 
onto a translucent screen, enabling a CCD 
camera to input the images into a computer 
through a 'Matrox rainbow runner' video 
card as shown in Figure 2. The mirror acts 
as a dual-purpose device, which although 
simplifies the construction of the sensor 
does mean that the position of the mirror is 
critical to the quality of the fringes 
produced.
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Perspex Plate

He-Ne Laser
Beam Expander/ 
Collimator

Video card 
& Computer Translucent Screen

Figure 2: Image Acquisition

The beam is produced using a laser source 
(diameter 0.5mm) and two subsequent 
lenses acting as a beam 
expander/collimator. A magnification of 
about 200 was required.

4. Fringe Analysis

The interferograms produced using this 
technique produces two-dimensional 
fringes of the form:

g(x,y) = a(x,y)+b(x,y)Cos(27r/0+^(x,y))
(1)

where:

a(x,y) = Background Intensity 
b(x,y) = Amplitude 
fo = Spatial Carrier Frequency 
$x,y) = Phase

This equation enables a direct 
representation of the contour map but not 
the sign of the phase i.e. hill or valley. In 
order to extract information from a fringe 
map the uniting phase measurements from 
neighboring fringes and the ability to 
distinguish between hill/valley is required. 
In order to obtain the phase information 
three well known methods can be used (i) 
Fringe tracking [15], (ii) Fast Fourier 
Transform [11], [7], [5], [6] and (iii) Phase 
Stepping (Quasi-Heterodyne Technique) 
[14]. The Fringe tracking technique is

concerned with the grouping of data from 
adjacent fringes and resolving the 
directional ambiguity by introducing a tilt 
or by a simple interactive method. The FFT 
method introduces a tilt or translation to 
resolve the elevation/depression problem by 
yielding carrier fringes that are interpreted 
by the FFT process. Although all three 
techniques produce a 'phase fringe' pattern, 
which contains within it a coding of 
direction as well as displacement, the Fast 
Fourier Transform and Phase Stepping 
techniques are more applicable in resolving 
the bi-directional ambiguity. The 'phase 
fringe* pattern is usually referred to as the 
'wrapped phase map' or, as it is derived 
from the tangent of phase, a 'tan' fringe 
field. The wrapped phase map contains the 
elevation/depression information and the 
pixel intensity (gray scale) represents the 
phase i.e. phase of 0 is black & phase 2n is 
white. The analysis of the wrapped phase is 
called 'Phase Unwrapping'. Errors in Phase 
Unwrapping occur due to (i) noise, (ii) 
small inconsistencies i.e. pixel size and (iii) 
large inconsistencies. There are 7 
Unwrapping Algorithms: 1. Phase Fringe 
Counting/Scanning [8], 2. Cellular- 
automata [10], 3. Berlin development of 
Minimum Spanning Tree [1], 4. Warwick 
development of Minimum Spanning Tree 
[13], 5. Noise-immune Cut [3], 6. Phase 
Unwrapping by regions [2] and 7. Phase 
unwrapping using a priori knowledge about 
band limits of a function [4]. The wrapped 
image is obtained using the FFT approach 
since only a single interferogram is 
required. This is useful in real time 
analysis, where the elevation/depression 
ambiguity is solved using the tilt or 
translation technique.

Equation (1) can be re-written in the 
following form:
g(x,y) = a(x,y)^ + c(x,y)exp(2mfox) + 

c(x,y)exp(-2mfox)
(2)

With

c(x,y) = b(x,y)/2 exp[i0(x,y)J (3)

where * denotes a complex conjugate.
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Equation (2) is Fourier Transformed with 
respect to x by using a set of one- 
dimensional Fast Fourier Transforms, one 
for each line, which gives:

G(f,y) = A(f- C(f-f0,y)+C'(f+fo,y)
(4)

where G,A and C denote the Fourier spectra 
and fx is the spatial frequency in the x- 
direction. If a(x,y) , b(x,y) and $x,y) vary 
slowly in comparison with the spatial 
period of the fringes, the different 
components in the G Fourier spectrum in 
the above equation appear spatially 
separated. C(f-f0,y) is obtained by extracting 
only the spectral band centred around the 
carrier frequency f0 An inverse ID Fourier 
transform performed on the shifted spectral 
term C(£,y) (with respect to ff) allows the 
term c(x,y) defined in equation (3) to be 
reconstructed. If it is assumed that a(x,y), 
b(x,y) and <j>(x,y) all have frequencies that 
are much lower than that of the carrier 
frequency f0, then their spectra will be 
separated as shown in Figure 3. The y axis 
is normal to the page.

Figure 3: Spectra of Fringe Pattern

This FFT algorithm utilises one of the two 
side lobes. A translated Hamming function 
acts as a filter window, to extract the 
desired side lobe. An ideal filter is then 
used to cut away the zero peak, stemming 
from the slowly varying background 
illumination, and filtering out the high 
frequency speckle noise. The spectrum is 
then translated along the frequency axis by 
fo , the result is shown in Figure 4.

Qfy)

Figure 4: One of the Side Lobes Translated 
to the Origin

The phase distribution is then simply 
recovered from the imaginary part of the 
complex logarithm applied on the two 
terms of equation (11):

<t>(x, y) = arctan (5)

Where R[c(x,y)] & I[c(x,y)] represent the 
real and imaginary parts of c(x,y). The 
phase distribution ranges from -n to +TT; a 
phase unwrapping algorithm is used in 
order to extend the phase limits beyond -TC 
and -hi.

This Fourier Transform method performs a 
one-dimensional FFT on each scan line of 
the field. This one-dimensional version of 
the algorithm requires that the carrier 
fringes are incremented along the 
horizontal axis of the frame. If the carrier 
fringes are not horizontal i.e. diagonal, then 
the algorithm operates on the horizontal 
component of the carrier and leaves a ramp 
in the solution running from the top to 
bottom of the frame, the gradient of which 
corresponds to the vertical component of 
the carrier fringe pattern.

A two-dimensional FFT [7] does not 
require carrier fringes to run horizontally.

The phase unwrapping techniques uses a 
Minimum phase difference spanning tree 
method. This technique produces repeatable 
accurate results and the processing time 
required is lower than that required with 
other techniques available.

O-12



4BBgndixO Papers

The basic principle of the phase 
unwrapping method is that before the phase 
is unwrapped, a path can be found through 
the phase image where errors can be 
avoided with a high probability [2]. Areas 
that contain very poor information should 
be unwrapped at the very end of the 
evaluation in order that possible mistakes 
are localised and not dragged along through 
the whole picture.

In order to do this, the algorithm first of all 
compares the complete neighbourhoods in 
the modulo-271 picture and sorts them with 
the criteria of 'size of phase difference 
between neighbouring pixels'. 
A graph of edges (neighbourhoods) is built 
up so every point can be compared to their 
upper right neighbour. A table is then 
constructed where edges are arranged so 
that the edges with the smallest values (i.e. 
the difference of the phase between 
neighbouring points is as small as possible) 
are at the top, and points with increasing 
values are at the bottom. It is important to 
understand that the phase is arranged in a 
unified circle so the values 0 and 360 
degrees are identical.
With the aid of this table a minimum 
spanning tree is constructed. That is all 
neighbouring points with small edges are 
connected ascending to the greater edge 
values. This means, that points with the 
greatest neighbourhoods are elevated at the 
very end. However, because those are 
exactly the points with the highest 
probability of containing mistakes, these 
are limited locally to small parts of the 
phase map.

This is, for example, especially 
recognisable in areas where the sampling 
theorem is violated, e.g. if the density of 
edges is too great, or there are cracks in a 
part of the reconstruction (interference 
fringe jumps), or shadows (missing 
information).

5. Results

In order to work out the resolution of the 
proposed method various shapes and

materials were applied to the pressure plate. 
The three shapes considered were:

1. A triangle with curved sides
2. Block with four hollow circles on it,
3. Standard 8x30mm paper clip

10mm 6mm 1mm

Figure 5a:Triangle Figure 5b:Four Circles

Each object was applied with a pressure of 
4Kg/cm"2 . Figure 6a clearly shows two 
arms of the object, the third is only slightly 
visible due to the greater proportion of the 
pressure being applied to the first two. 
Figure 6b shows four circles very clearly. 
Figure 6c shows the fringes observed when 
only half of the paper clip is applied to the 
pressure plate. Two distinct curves are seen. 
In all three figures the fringes are clear and 
distinct, enabling an accurate realisation of 
the images later on after subsequent 
wrapping and unwrapping procedures.

Figure 6a:Triangle Figure 6b:Four Circles

Figure 6c: Paper Clip

The unwrapped images of Figures 6a, 6b & 
6c are shown in figures 7a, 7b & 7c.
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Figure 7a: Unwrapped Triangle

Figure 7b: Unwrapped Four Circles

Figure 7c: Unwrapped Paper Clip

Conclusion

The proposed technique for measuring 
vertical pressure has been proven to 
produce high resolution results. The optical 
set-up provides an accurate and cost 
effective way of producing a large area to 
measure pressure. The fringes produced are 
sharp & clear and using the combination of 
FFT and Minimum spanning tree algorithm 
the fringe analysis is quick and reliable.

Future Work

At present only a small area is available to 
measure pressure, however a large area is 
possible by using a larger mirror and setting 
up the camera so that it analyses the image 
in sections.
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A PRESSURE SENSOR USING AN INTERFEROMETRY
TECHNIQUE

Abstract: The purpose of the proposed investigation is to develop a low cost, high- 
resolution pressure sensor with accurate calibration at both extremes of pressure. 
One of the applications of this sensor will be to measure the pressure distribution 
underneath the foot to enable detection of any pressure abnormalities, specifically 
due to diabetes. The device uses an interference fringe technique, which involves 
the use of a laser light directed onto a pressure sensitive plate. Once a fringe 
pattern is obtained a digital camera inputs the image into a computer. The various 
methods for selecting appropriate materials are described and comparisons are 
made. Fringe quality is dealt with by the application of high quality optics. Results 
are analysed using known fringe analysis methods.

1. Introduction

High foot pressures have been identified as a high risk factor for foot ulceration in people with 
diabetes and the early detection of changes in foot pressure is essential to prevent further 
development of foot ulceration (BOULTON, 1987). The measurement of vertical forces has 
been analysed extensively using various sensors, i.e. capacitive, resistive & piezo-electric 
(QUANEY et al. 1995, McPOIL et al. 1995, BLAKE, 1996, CAVANAUGH et al. 1992, 
LORD, 1981, LORD, 1986, HUGHES et al. 1991). These techniques are highly dependent on 
the reliability of the transducers, the available pressure range of the device, the accuracy at high 
pressures and most importantly the pressure range measured. Devices that use discrete elements 
i.e. transducers, require an accurate calibration method, alternatively the simple approach of 
taking the average of the elements in the active area can be used. Major effects on the absolute 
values of the pressures obtained are dependent on how often the device must be calibrated and 
the spatial resolution as a consequence of element size. The smaller the sensor, the larger the 
apparent pressure recorded in the same region under the foot. An array of these sensors in order 
to achieve this task would mean a relatively poor resolution and a relatively high cost. 
Saturation is also a significant problem even with the high end pressure systems (Musgrave) 
where saturation occurs at values greater than 15kg/cm2 which probably limits its research 
applications, particularly in neuropathic diabetic patients (YOUNG et al. 1993).

The measurements of surface deformations have been highly successful using interferometry 
techniques, where the fringe pattern corresponds to a surface shape and displacement. The
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fringe pattern technique is very effective and allows a very high resolution of the surface 
pattern. Various fringe analysis methods can be employed, however the technique of acquiring 
the surface images is usually based on superposition of a reference beam and a test beam 
generated by an interferometer. The idea of measuring surface variations is applied to pressure 
and shape analysis by creating a technique where the test surface varies with pressure. By 
applying a coherent light source through an optically clear material and deforming one of the 
surfaces, the interferogram will change, depending on the shape and amount of deformation 
made to the surface. The test plate material is decided by analysing various optically clear 
materials that compress sufficiently when pressure is applied.

2. Production of Interferogram

In order to produce an interferogram two coherent light sources must 'interfere' with one 
another. This interferogram will change if one of the coherent light sources changes it's phase 
by less than a wavelength. An optically clear material is placed on a strong support so as to 
allow light to be directed from underneath and prevent any bending from occurring (Figure 1).

Pressure object

Pressure 
sensitive plate

\

Reference _ , _
surface I / \\ I * R'8ld

Support
\ \

Constructive Coherent laser 
/Destructive \iehi 
interference

Figure 1 Pressure Sensitive Plate

Applying pressure to the plate will alter the thickness of the plate. This will in turn vary the 
wavelength of the light reflected from the test surface, producing an interference pattern 
representing the pressure distribution across the plate.

2.1 Pressure plate

An investigation into material properties was required in order to find the optimal material with 
the best optical and compression properties i.e. does not diffuse the laser light and compresses 
no more than a few wavelengths of the He-Ne (Helium-Neon) laser (633nm) when maximum 
pressure is applied. In order for the interferometry technique to produce accurate results both 
surfaces of the material need to be parallel. The clarity of the fringes produced & the refractive 
index value determine the optical clarity of the material. The compression/weight ratio was 
determined using a test-rig that compressed 25mm diameter discs of material with known loads 
and measuring the compression of the material using displacement transducers, (Figure 2). All 
the materials in Table 1 were tested; two hysteresis graphs obtained in the tests are shown in 
Figure 3 & 4 i.e. those of Perspex and Polystyrene. The conclusions of all the materials are 
shown in Table 1.
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Force

Displacement 
Transducers

Figure 2 Material Compression tester

Callipers were used to measure the degree to which the two surfaces were parallel.

Perspex
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Figure 3 Perspex Hysteresis Figure 4 Polystyrene Hysteresis

MATERIAL

Glass

P.M.M.A.
(Perspex)

Silicon Rubber

Rigid 
Polyurethane

Polyurethane 
Elastomer

Polycarbonate

Clear PVC

Polystyrene

ADVANTAGES

Excellent Optical properties, surfaces 
extremely parallel.

Excellent optical properties & compression 
/weight ratio. Surfaces reasonably parallel.

None.

Good compression /weight ratio.

None.

Good compression /weight ratio, surfaces 
reasonably parallel.

Very good optical properties, surfaces 
reasonably parallel.

Very good optical properties and compression 
weight ratio.

DISADVANTAGES

Poor compression /weight ratio.

None.

Very poor optical performance, 
compression /weight ratio & 
parallel surfaces.

Poor optical performance and 
parallel surfaces.

Very poor optical performance, 
compression /weight ratio & 
parallel surfaces.

Very poor optical properties.

Poor compression weight ratio.

Surfaces not parallel.

Table 1 Material Properties
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By determining the required compression of a material when the maximum load is applied the 
Young's Modulus can be calculated [1]. The Young's Modulus value will enable a suitable 
material to be chosen from looking at reference tables. Young's Modulus (E) is the same in 
tension and compression to a good approximation.

E = FL/Ad [!]

E = Young's Modulus

F = Compressive Force = 200N (upper normal limit)

L = Original Length = 2cm = 0.02m

A = Area = 7i(0.013)2 = 530^m

d = Max deformation (this is the compression required to change the interferogram by 4 fringe 
widths i.e. 633nm x 4) =

E = (200 x 0.02)/(530 x 2.5u.) = 3GPa 

Acrylic (Perspex) = 2.7-3.2GPa 

Polycarbonate = 2-3 GPa

The results of the tests show that 'Perspex' is the most suitable material since it is optically clear, 
has a Young's Modulus very close to 3GPs and can be obtained in sheets of thickness greater 
than 2cm.

A holder for this plate is required that will hold the plate firmly in place and strong enough not 
to bend when pressure in excess of IGPa is applied. A basic table design made of solid steal 
was used due to its strength and overall easy access to the bottom of the plate. The interface 
between the steel holder and 'Perspex' plate is made as flat as possible in order to reduce the 
number of inconsistencies in the initial fringe pattern i.e. steel holder placed on a milling 
machine to remove and unevenness. The 'Perspex' plate is then bolted onto the holder to ensure 
no air gap exists that would produce bending rather than compression of the plate.

The table is placed on an even surface so as to eliminate any rocking and rigid enough not to 
bend thus causing inaccurate readings. The 'Perspex' plate is very soft and susceptible to 
scratches, therefore extreme care is taken to ensure that no scratches are made i.e. the addition 
of a thin protective layer that has negligible affect on the pressure measurement.

2.2 Interferogram Digitisation

In order to analyse the fringe patterns a digital camera is used to capture the images for 
subsequent analysis on the computer.

The prototype system uses a mirror to reflect the initial laser beam onto the 'Perspex' plate and 
then direct the reflected beam onto a translucent screen, enabling a CCD camera to input the 
images into a computer, (Figure 5). The mirror acts as a dual-purpose device, which although 
simplifies the construction of the sensor does mean that the position of the mirror is critical to 
the quality of the fringes produced. In order to measure the pressure over a large area the size of 
the mirror should be increased, with the camera taking images a section at a time. Another 
option would be to scan the mirror across the area of the 'Perspex' plate. This would be done by
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using a 'mirror holder' that moves the mirror smoothly and accurately over the required 
distances using oil barings.

He-Ne Laser

Beam PersPex PIate 
Expander/ 

Collimator
Expander/ /"

Mirror

Translucent Screen

Figure 5 Sensor system diagram 

3. Fringe Analysis

The interferograms produced using this technique produces two-dimensional fringes of the 
form:

g(x,y) = a(x,y)+b(x,y)Cos(27i/fl+$x,y)) [2]

where:

a(x,y) = Background Intensity

b(x,y) = Amplitude

fo = Spatial Carrier Frequency

$x,y) = Phase

This equation enables a direct representation of the contour map but not the sign of the phase 
i.e. hill or valley. In order to extract information from a fringe map the uniting phase 
measurements from neighboring fringes and the ability to distinguish between hill/valley is 
required. In order to obtain the phase information three well known methods can be used (i) 
Fringe tracking (YATAGAI et al. 1982), (ii) Fast Fourier Transform 'FFT' (TAKEDA et al. 
1981, MACY, W.W. Jr. 1983, KUJAWINSKA, M. et al. 1990) & (iii) Phase Stepping (Quasi- 
Heterodyne Technique) (WYANT, 1982).

The Fringe tracking technique is concerned with the grouping of data from adjacent fringes and 
resolving the directional ambiguity by introducing a tilt or by a simple interactive method.

The FFT method introduces a tilt or translation to resolve the elevation/depression problem by 
yielding carrier fringes that are interpreted by the FFT process.
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The Phase Stepping method works on the principle of needing multiple interferograms at 
different phases to work out the elevation/depression values. It is the most accurate technique 
available for producing phase images, and enables simple determination of elevation and 
depression. The need for multiple interferograms at various phases prevents this technique from 
being used in the project.

Although all three techniques produce a 'phase fringe' pattern, which contains within it a coding 
of direction as well as displacement, the Fast Fourier Transform and Phase Stepping techniques 
are more applicable in resolving the bi-directional ambiguity.

The 'phase fringe' pattern is usually referred to as the 'wrapped phase map' or, as it is derived 
from the tangent of phase, a 'tan' fringe field.

The wrapped phase map contains the elevation/depression information and the pixel intensity 
represents the phase i.e. phase of 0 is black & phase 2n is white. The analysis of the wrapped 
phase is called 'Phase Unwrapping'.

A common process of Phase Unwrapping is fringe counting, where each line is scanned in 
search of the phase roll over points at the fringe edges i.e. sudden white/black or blade/white 
transition in intensity between adjacent pixels. By searching for the phase roll over points using 
a suitable edge detection strategy, the phase can be summed in adjacent fringes to produce an 
unwrapped map.

Errors in Phase Unwrapping occur due to (a) noise, (b) small inconsistencies i.e. pixel size & (c) 
large inconsistencies.

The wrapped image is obtained using the FFT approach since only a single interferogram is 
required, which is useful in real time analysis, the elevation/depression ambiguity is solved 
using the tilt or translation technique.

Equation [2] is rewritten in the following form:
g(x,y) = a(x,y) + c(x,y)exp(27iif0x) + c*(x,y)exp(-27iif0x) [3]

With

c(x,y) = b(x,y)/2 exp[i<!>(x,y)] [4]

where * denotes a complex conjugate.

The Fourier transform of g(x,y) with respect to x is given by:

y) = A(f,y)+C(f-f0,y)+C*(f+fo,y) [5]

where G, A and C denote the Fourier spectra and/x is the spatial frequency in the x-direction. If 
a(x,y), b(x,y) and #x,y) vary slowly in comparison with the spatial period of the fringes, the 
different components in the G Fourier spectrum in the above equation appear spatially 
separated. C(f-f0,y) is obtained by extracting only the spectral band centered around the carrier 
frequency fa.

An inverse ID Fourier transform is performed on the shifted spectral term C(£,y) (with respect 
toft). The phase distribution is then simply recovered from equation [4]:

<J>(x,y) = tan' 1 {Re[c(x,y)]/Im[c(x,y)]} [6 1
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The phase distribution ranges from -n to 
extend the phase limits beyond -n and +n.

; a phase unwrapping algorithm is used in order to

The phase unwrapping technique uses a "wide-spanning-tree"-algorithm (SCHOERNER, J. & 
ETTEMEYER, 1991), This technique produces repeatable accurate results & the processing 
time required is lower than that required with other techniques available.

4. Foot Pressure Measurements

Due to the small area available at present to measure pressure, only the big toe and two other 
toes can be measured accurately. By applying one foot on the pressure plate and exerting a 
typical body weight on it i.e. -SOON, an interferogram of the toes under investigation is 
produced.

Figure 6 shows the interferogram of 3 toes on the right foot. The three toes are clearly seen in 
this interferogram. Figure 7 shows the Unwrapped image of the interferogram with the initial 
noise removed.

Figure 6 Interferogram of 3 toes Figure 7 Unwrapped '3 toe interferogram'

The unwrapped image allows the observer to clearly see the pressure of the partial ball of the 
foot as well as the three toes, where white is high pressure.

5. Conclusion

The proposed technique has been proven to produce high-resolution results as a static pressure- 
measuring device. The material for the pressure plate has been thoroughly researched and 
P.M.M.A. (Perspex) is found to posses all the requirements needed. The optical set-up provides 
an accurate and cost effective way of producing a 145mm diameter collimated beam. At the 
present time only a small area is available to measure pressure. By using a larger mirror, 
increasing the height of the pressure table and setting up the camera so that it analyses the image 
in sections rather than taking one image, a pressure plate large enough to measure multiple 
footsteps would be possible.
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