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ABSTRACT

’

Gait analysers are devices or systems that quantify the plantef
pressures as they occur under the foot. The data obtained, be it//y
in wvisual or digital format, assists the medical practitioner in
“the diagnosis of an abnormality of gait. : —

' -
This thesis describes the development of a low—-cost, portable,
inshoe gait analysis device which overcomes all the limitations

experienced by other systems currently in use. /

The ndn—availability of .robust, yet small pressure transducers,
required the design and manufacture of these components. Capable
of being embedded within an insole environment, it allows for the
uncbtrusive monitoring of localised planter pressures associated
with all modes of gait. The transducer output, being analog and
continuous in nature, allows for the production of a real-time
pressure display -~ an important regquirement for the therapeutic

assessment and. treatment of patients.

The flexibility and accuracy of this system surpasses that of other
systems. Its corfiguration provides for operation in remote
environments, allowing for gait measurements under specific

ambulation conditions.

Use of a new transducer monitoring technique, in addition to a new
video mixing technique, has enabled this device to compete with
those systems making use of expensive processing and display

equipment. -

Two prototype gait analysis systems have been built and extensively
tested under «clinical conditions. The results obtained provide
unique, hitherto unavailable data, which can now be used for a more
precise classification of gait disorders. It is already clear that
the data will provide the basis for more accurate diagnosis and
therefore more appropriate treatment of a variety of gait

disorders.
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PREFACE

The clinical assessment of the weight-bearing foot is usually based
on the subjective Jjudgement of a physician or surgeon. Although
anatomical abnormalities are often apparent at examination, the
accurate diagnosis of an abnormality of function is more difficult,
particularly if the malfunction manifests itself only under dynamic
loading conditions. In addition, great emphasis has been placed on
physical fitness achieved by jogging and running in recent years,
which has 1led to a significant increase in the number of sports

injuries, especially those to the foot.

Monitoring egquipment 1is available for studying the biomechanics of
the joints of the 1lower limbs, namely, the hips and knees. This
has resulted in a better understanding of lower limb function. The
biomechanics of foot function, however, are very difficult to
analyse using the available monitoring systems, as it is difficult
to isolate the plantar pressures occurring at specific anatomical

sites during the stance phase of gait.

The work reported in this thesis was directed at the completion of
the research requirements for a Ph.D degree at the University of
Cape Town (UCT). In addition, the work was done with a particular
engineering goal in mindg, that being, to design and build an
inshoe pressure—measuring device that would overcome the

limitations imposed by existing systems.

The scope of this research was a) to design and manufacture
suitable pressure transducers, b) to design and build the signal
processing and displé? circuitry, c) to compile a software
package that was user—friendly for the presentation of computed
gait information and, d) to test this system extensively under

medical supervision.



In detail, the thesis is structured as follows. Chapter 1 shows
the advantages of inshoe pressure measurements and contains a
review of those measuring systems in current use. Their
limitations and restrictions provide guidelines for the design of a
new instrumented insole gait analysis device.

Chapter 2 examines the various pressure transducer types as used in
previous systems for incorporation with the new device. Their
unsuitability results in the design and manufacture of small
capacitive pressure—-transducers, which makes use of a new type of
dielectric configuration. This dielectric material is analytically
shown to be suitable in withstanding +the high plantar impact

forces.

Chapter 3 describes the functional components of the new gait
analysis device. Its flexibility becomes apparent by use of a

modular construction technique.

- Chapter 4 contains a detailed description of fhe hardware
techniques used in the processihg and display circuitry. A new
method of measuring small capacitance values, independent of the
distance to the measuring equipment. is described. In addition, a
new state of the art method of synchronising two remotely—-situated,
crystal-referenced video sources is also introduced. A theoretical
evaluation of this technigue 1is included to highlight its

practical implementation.

Chapter 5 describes the gait analysis software. The extensive
nature of the computed gait parameters allows for its use in a
variety of studies. The software, configured in a menu—-driven

format,‘is shown to be user—friendly.

Chapter 6 describes a number of tests conducted in evaluating the
new gait analysis device. Conformity in results with that of other
researchers verifies 1its accuracy and wvalidity as a <clinical

assessment tool.
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The thesis concludes with Chapter 7, which provides a summary of
what was achieved together with the wide range of applications of
the new gait analysis device. Proposed gait studies and further

system improvements are also discussed.
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CHAPTER ONE

INTRODUCTION

Attempts to measure the foot—to—-ground interface pressures for
diagnostic purposes date back to the nineteenth century. An early
researcher in this field was Beely' (1882) who attempted to
relate interface pressures +to the depth of a foot impression in a
thin bag filled with plaster-of-Paris. Later researchers, namely

Elftman? (1934) and Mortond (1935), used the deformation
properties of rubber projections on a walkpath mat to measure
localised 1loads. A similar method was proposed by Arcan and

Brull+4 {1976), where a set of circular interference fringes was
used as an optical display of the localised loads.

By 1981, Lord® had noted that most of the studies dealing with
quantitative estimates of the load distribution under the foot were
primarily concerned with the location of the resultant centre of
support, support forces and moments, particularly during walking.
Although these results may have had certain research validity,
localised forces occurring at the foot—to—shoe interface were still

unknown.

At present, there are three types of gait analysis devices
currently 1in use for the gquantification of foot forces. Two of
these are floor—mounted, capable of measuring the global and
localised foot—to—ground interface pressures, whereas the third has
the capability of measuring the foot—to-insole interface
pressures. This latter type has many advantages in that it allows
the lower extremity disability of human subjects to be studied

for:—

a)} detection of pressure points and zones, including ulceration

caused by diabetes as reported by Stokes® ;



b) design effectiveness assessment of different types of
corrective shoes prescribed for lower extremity orthopaedic
disorders;

¢} assessment of length as well as alignment of prosthesis; and

d) assessment of congenital dislocation of the hip or paralytic

weakness of the gluteus maximus and gluteus mininmus.

A number of gait-monitoring systems attempting to overcome the
global measurement limitation have appeared in recent years. Most
of these restrict measurements to a clinical environment and cannot
accommodate modes of gait other than walking. It will be shown
that the majority of limitations experienced by these systems can
be related to the type of transducer used and its configuration at
the plantar surface.

1.1 REVIEW OF INSHOE PRESSURE MEASURING SYSTEMS

The distribution of the dynamic 1loads under the foot can be
measured in one of two ways — either by having the patient walk
over a surface that is 1in some way pressure-sensitive or by
introducing a thin transducer between the foot and the
supporting surface. The former method enables the 1icquisition
of gait data relating to one stance phase, and requires for the
patient to place the designated foot in the proper way while
walking over the pressure—sensitive platform. Due to the
forced walking pattern, this can result in measurements which
are not 1likely to be representative of the natural gait of the
subject. Consecutive multiple—-step recordings, containing
information pertaining to the natural gait cycle, can however,
be obtained by means of an appropriate, portable, under—foot

transducer measuring system.

The predominant force acting on the foot during normal gait is
that of the vertical component?. The behaviour of foot
function can be readily assessed using this parameter. A
nunmber of gait-measuring systems, capable of measuring this
force—~component at the foot-shoe interface, will be reviewed.



Fig 1.1

-
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STRAIN GAUGE PRESSURE TRANSDUCER SYSTEM -
J.P.POLLARD et al.®

This system uses six Kulite™ vertical strain gauge
pressure transducers, in conjunction with six
customised semiconductor shear gauges. This resolves
the discrete plantar pressures into their vertical,

longitudinal and transverse components.

These transducers are attached to the plantar
surface by means of double-sided adhesive tape. A 30
metre, 18~core cable, connects the transducers to a
six-channel amplifier and ultra-violet recorder. A
sanple trace of the forces generated by a subiect
walking in conventional leather shoes is shown in

Fig 1.1.
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Sample traces of the three inshoe force components®

Although this system 1s suitable for the clinical
examination of the inshoe forces related to different
types of footwear, the use of an umbilical cable
prevents studies pertaining to the outdoor

environment.
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1.2

This system has a number of limitations, namely, the
lack of computer backup which requires a subjective
comparison of both inter/intrapatient gait traces;
the method of transducer attachment which can affect
the normal gait pattern; and the fragile nature of
this transducer type which prevents the measurement
of forces associated with running or jumping.

DISCRETE CANTILEVERED STRAIN GAUGE SYSTEM -
R.W. SOAMES et al.®

This system uses sixteen semiconductor strain gauges
(Kulite D-UCP-120-090), each of which are recessed in
a beryllium—-copper assembly (Fig 1.2 a). These are
attached to the plantar surface (Fig 1.2 b) and, by
virtue of their size, allow for a high pressure
resolution of the plantar surface.

fa)

: Cantilevered Strain Gauge and its Attachment?®
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The leads from each transducer are taken to a
junction box strapped to the patient's waist, and
from there via a multichannel umbilical cable to the
transducer amplifiers and host PDP 11/10 computer.

The computer controls the digital sampling of the
transducer outputs and stores this information prior
to performing specific gait calculations. Many
useful parameters relating to the gait cycle may be
obtained, including localised impulse and force
values. Gait information can also be displayed in a
graphic format, as shown in Fig 1.3.
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: Computer—generated force—time and cumulative
pressure curves®

Similar limitations exist with this system as that of
section 1.1.1. In addition, the high cost of the
processing computer restricts measurements to a
laboratory environment.
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Fig 1.4

INSTRUMENTED SOLE PRESSURE MEASURING SYSTEM -
R.B. FROST et al.}?®

In measuring the vertical forces occurring at the
plantar surface during walking, six resistive strain
gauges (Kyowa type KFC—-1-Ci-11, 120 ohm) are used in
detecting the horizontal Poisson strains caused by
vertical compressive forces on discs of rubber, which
are embedded in a sole material (Fig 1.4).

: Sole assenbly éontaining strain gauge pressure

transducerst ¢

The embedded load cells are connected to strain gaugé
amplifiers by a long multi—-core cable, which is held
by the patient during examination. A six-channel
chart recorder 1is wused in obtaining the resulting

pressure display (Fig 1.5).



Fig 1.5

: Typical recorder chart of gait parameters!?®

Since 1local bending of the load cell can result in
incoherent data, this sole must be worn on bare feet
with measurements conducted on a smooth, flat

surface.

Although k'this sole is particularly useful for .
recording peak forces, 1its 1inability ¢to measure
inshoe pressures and forces associated with gait
modes other than that of walking severely restricts

its use.

" THE PIEZOELECTRIC INSOLE MEASURING SYSTEM-

P.R. CAVANAGH et al.l!

This device makes use of a flexible array of 499 lead
zirconate titanate transducers (Fig 1.6), embedded in
a silicone rubber insole, for measuring the dynamic

inshoe plantar pressures.



Fig 1.6 : Piezoelectric insole transducer arrayl!

The charge amplifiers, which are associated with each
transducer, are installed in a backpack unit which is
worn by the patlent. The signals from the amplifiers
are multiplexed to a computer for immediate

processing, or via a microcomputer

subsequent off-line processing (Fig 1.7).
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Fig 1.7 : Block diagram of piezoelectric insole system!!
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Fig 1.8

On completion of gait sampling, an elegant
presentation of results is achieved using computer

graphics (Fig 1.8}).

Three—~-dimensional computer—generated gait displayl?

This device, by virtue of the transducer type used,
is only capable of measuring the change in plartar
pressures occurring during the stance phase of the
gait cycle. The use of expensive display equipment
and 7 umbilical cable method of signal transfer

restricts measurements to a clinical environment,

THE ELECTRODYNOGRAM (EDG) -~ S. LANGER et al.!'?

At present, this is the only inshoe gait analysis
system which is available commercially. It makes use
of customised, disposable strain gaudes which, when
attached to the plantar surface (Fig 1.9}, allow for
the measurement of localised plantar pressures. These
transducers are covered with a sock, thus

facilitating inshoe pressure measurements.
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Fig 1.9 : EDG transducer attachmentl?

During ambulation, data 1is recorded for a limited
time into the memory of a small microprocessor unit
worn on the belt, and later downloaded to a host
computer for analysis and display.

There are a number of factors which 1limit the
attractiveness of the EDG as a universal diagnostic
tool. These mainly refer to the transducer type
used, the method of transducer attachment and sole
digital option bf gait sampling. Besides the cost
factor of using disposable transducers, the
discomfort that may be experienced by the adhesion of
these transducers to the plantar surface could affect
the behaviour of normal gait. As no real—time analog

pressure display is possible, diagnostic and
treatment interaction cannot be monitored
effectively. Lastly, separate EDG processing units,

together with their respective sensor types,6 are
required for the walking and running modes of gait.
This makes the entire system somewhat costly.
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DISCRETE CAPACITIVE TRANSDUCER SYSTEM -H.J. HERMENS

et al. 13

In measuring the vertical reaction forces on both
feet during walking, eight capacitive transducers,

"each with a ‘surface area of 10 sq. cm, are attached

to each sole of the patient's shoes. A long trailing
cable connects these transducers to the processing

circuitry and computer (Fig 1.10).
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Fig 1.10 : Discrete capacitive gait analysis system!?

Fig. 1.11

The forces are measured during 20 seconds of walking
with the data being stored in the RAM memory of the
computer. Before and during a measurement, 'the
measured forces are continuously displayed in bar
graphs on the computer screen (Fig 1.11).
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Computer analysis on the stored gait information
allows the transducer forces and timing information
to be computed and displayed in a descriptive and
meaningful format.

A number of limitations exist with this system. The
me thod of transducer attachment and use of an
umbilical cable only allows for the measurement of
walking—-related forces, and restricts measurements to
a clinical environment. In additien, the large
transducer surface area does not allow for a high
plantar pressure resolution.

1.2 THE OPTIMUM REQUIREMENTS FOR A UNIVERSAL GAIT ANALYSIS DEVICE

To overcome the limitations experienced by the gait analysis
systems currently in use, and to allow for a more extensive
study of the lower extremity function, it 1is necessary to
design a new type of gait analysis device, suitable for a broad

spectrum of users.

In compiling the specifications, this device should be :-

a) a low—-cost, menu—-driven, stand—alone system;

b) accurate in the reproduction and/or display of forces
occurring at discrete plantar locations;

c) portable, suitable for measurements both in a clinical and

outdoor environment;
d) easy to operate with both analog and digital capabilities;

e}  capable of accommodating future hardware and software
updates; and

f) designed 4in a manner that electrical circuitry used meets
the International Electrotechnical Commission {IEC)
standards for safety in medical equipment.
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Before considering the type of pressure transducer to be used,
it 1is desirable to examine briefly the plantar surface and, in
particular, the pressure profile occurring during the normal
gait cycle. This would then give an indication of the
transducer size and dynamic capability required.

PLANTAR PRESSURES : THE QUANTISATION AND LOCALISATION

It has been established medically that the majority of plantar
pressures develop under the heel and metatarsal heads. As a
result, the regions to be monitored are identified. In order
that the force sensors do not interfere with normal gait, it is
preferable that they be embedded in an insole, which would be

available in a variety of sizes.

The study of podiatric biomechanics, including clinical
observations using various forms of slow—-motion cinematography,
slow-motion videotaping, dgraphic and electronic impressions,
has enabled researchers to determine the flow of forces through
the feet in both normal and abnormal patients. As a result,
six areas have been 1identified which are deemed to provide
sufficient data necessary for valid observations and dlagnosis

in patients.

These areas are located at the lateral and medial heel condyle,
the second and fifth metatarsal heads, the first metatarsal
head under both sesamoids, and the hallux—centre of the distal

aspect of the proximal phalanx.

Since many sprinters and runners are forefoot strikers, two
additional plantar areas are selected for measurement, these
being at the third and fourth metatarsal heads. Besides
providing a higher pressure resclution, information relating to
the sequence of metatarsal head loading may be acquired.



14

With the transducer layout dictated by the anatomical structure
of the foot, the transducer size becomes fairly well defined.
It is <considered best if all transducer sizes are the same
while the thickness is kept to a minimum. The transducer
layout, as used in this project is thus shown in Fig 1.12.

Fig 1.12 : Proposed insole transducer layout

In determining the transducer's dynamic range, tests conducted
by Cavanagh and researchers at Nike Inc.!* have shown that
the maximum force dn the foot after ground contact is as much
as three times the body weight and that the acceleration

transmitted to the leg can be ten times that of normal gravity.

TRANSDUCER SPECIFICATIONS

As a result of the above discussions, the following transducer

specifications were devised and considered to meet most

requirements

a) dimensions : circular, diameter 14 mm

b) dynamic range : 0 - 25 kg

a) output : static and dynamic output related
to vertical force component

d} frequency response : 50 Hz

e} minimum sensitivity : 40 grams.

In addition, the design should take account of the transducer's

aging and temperature stability.
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1.5 ADVANTAGES OF AN INSTRUMENTED INSOLE MEASURING SYSTEM

One of the critical parameters of measurement systems employing
individual transducers 1s that of measurement repetition. The
location of the transducers and their relative positioning is
therefore of prime importance.

Unless discrete transducers are embedded is an insole,
connecting wires run the risk of becoming detached when the
foot 1is inserted or removed from the shoe. In addition,
impulse loading which occurs during running or jumping can also

cause these exposed wires to break.

The direct attachment of transducers to the plantar surface can
cause patient discomfort and thus change the pattern of gait.
This occurs particularly with patients suffering from advanced
rheumatoid arthritis or excessive ulceration resulting from
diabetes mellitus.

The use of a thin instrumented insole, therefore, can overcome
many of the above problems, allowing for the gait pattern to be
ohtained in the most unobtrusive manner. Since the trausducers
in this way are placed to coincide with the sites of interest,
repeatable measurements are assured.

Research conducted by Miller et al.!® and Inman et al.l®
showed that variations in the angle of the metatarsal heads and
the 1longitudinal axis of the foot remain relatively consistent
under load-bearing ’conditidns. This therefore allows for most
feet of a given size to be studied with a single design of
insole.
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1.6 SUMMARY

A survey of the various inshoe gait analysis systems currently
in use has been presented. As was shown, the umbilical cable
method of monitoring the transducer outputs, in addition to the
sophisticated computers required for the analysis of such daté,
restricts gait measurements to a c¢linical or laboratory

environment.

The inability of the transducers, as used with these systems,
to sustain the high impact forces associated with gait modes
such as running or Jjumping without permanent deformation,
restricts gait measurements to that of walking,

The optimum requirements for a universal gait analysis device
were formulated to overcome the above limitations. The plantar
pressures and their 1locations on the plantar surface dictate
the transducer size and its dynamic performance requirements.
Transducer specifications were devised and the advantages of
using an instrumented 1insole instead of discrete transducers

were discussed.
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CHAPTER THWO

PRESSURE TRANSDUCERS

In this chapter, the various pressure transducers, suitable for
measuring inshoe plantar pressures, are discussed with regard to
their 1long term durability and ability to provide a real-time

pressure display.

The unsuitability of commercially-available pressure transducers
for use 1is an insole, necessitated the design and manufacture of
small capacitive transducers capable . of high pressure
measurements. The material chosen as the dielectricum results from
- an extensive investigation into the properties of vulcanised rubber
materials. A theoretical analysis of the dielectric behaviour is

carried out and compared with results from laboratory testing.

2.1 PRINCIPLES UTILISED BY FORCE TRANSDUCERS

There are basically three types of transducers which can be
used for the measurement of high impact forces. These may be
classified as a) strain gauge, b) piezoelectric, and c¢)

capacitive transducers.

2.1.1 STRAIN GAUGE TRANSDUCERS

A strain gauge pressure transducer operates on the
principle that small dimensional changes in its material
alter its electrical resistance. Two types of stain
gauge are considered specifically, namely, etched-foil
and semiconductor.
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Etched—-foil strain gauge

This pressure transducer is manufactured by
technigues similar to those used in the production of
printed circuits, Such a process readily lends
itself to the production of shaped, special-purpose

strain gauges, as shown in Fig 2.1.

Fig 2.1 : Resistance foil gauges

Tensile and compressive forces, when applied to the
strain gauge, cause the foil material to change its
dimensions by an amount determined by the Young's
modulus of that material. The resulting change in
the foil cross—sectional area causes the overall
transducer resistance to change and, providing that
the elastic 1imit of the material is not exceeded,
may be related to the applied locad. For measurement
purposes, a Wheatstone bridge arrangement is normally
used for converting the resistance change to a
voltage.



19

The sensitivity of a manufactured strain gauge is
termed the gauge factor (GF). For an etched—-foil

type, it may be expressed as :

]

GF = (AR/R) /e (AR/R)/ (AL/L) 27 ..., 2.1

where : A R/R
€
AL/L

unit change in resistance

1]

unit strain

fi

unit change in length.

With this type of strain gauge, gauge factors in the
region of 1.9 to 6 are attainable.

The transducer fabrication technique allows for the
manufacture of stress-strain foil gauges (Fig 2.2).
This would allow the applied force to be
independently resolved in two planes.

Eterment 1]

n-

£iement 2—

Fig 2.2 : Stress-strain foil gauge
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If the gauge has appreciable dead resistance, it may
be simultaneocusly sensitive to both extensile Poisson
and bending strains, resulting in the recorded
signals containing superimposed informationt?.18
This could sericusly influence data interpretation}

Temperature variations in the gauge vicinity may
cause the gauge factor to change and thus affect its
performance. Although compensation would be possible
by the " inclusion of dummy gauges in the same
vicinity, this could make the insoles bulky.

The transducer, by wvirtue of its construction, is
unsuitable for wuse in the proposed insole system if
gait modes other than normal ambulation are to be
anticipated. The fragile nature of the etched
resistance-material is unable to withstand the
repetitive, high—-impact forces associated with
running or jumping without permanent damage or

deformation.

Semiconductor strain gauge

The piezoresistive nature of the materials used to
fabricate this device results in a resistance
variation which is mwusually very much dgreater than
that obtained 1in the foil equivalant. The GF for a
semiconductor measuring 1longitudinal strain is given

by,

GF = R/(Re€ ) =1 + 2V + YM. 17 . ... 2.2
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where: R = chandge in resistance due to applied
stress
Ro = initial semiconductor resistance
2 = strain
N = Poisson's ratio for the semiconductor
Y = Young's modulus

e = longitudinal piezoresistive
coefficient.

Since the GF is dependent on resistance change due to
a dimensional <change (1 + 2V}, as well as a change
of resistivity with strain (Y%.), gauge factors up
to 200 may be attained.

Typical semiconductor strain gauge configurations are

shown in Fig 2.3.

1

— R

e — s C e s
| | I

(a) Encapsulated gage {c)Encapsulated dual element

gage compensated for
apparent strain (expansion)

ﬁmm:z

{c) Bare gage {d) Plated-end, (e}"U"goge
soldered—end,or
welded - lead gage

Fig 2.3 : Semiconductor strain gauges

These devices, beside being inherently nonlinear,
suffer from more pronounced temperature effects than
those of the foil-type. The temperature coefficient

of resistance of the semiconductors used as strain
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gauges is 60 to 100 times that of Constantan; the
variation of GF with temperature 1is 3 to 5 times
greater; and the Seebeck coefficient generated at
connections can be 10 to 20 times larger.

Although temperature compensation 1is possible, the
less robust nature of this transducer prevents its

use with the proposed insole system.
2.1.2 PIEZOELECTRIC TRANSDUCERS

The operation of plezoelectric devices is based upon the
fact that in certain crystalline materials, mechanical
deformation of the crystal lattice results in a relative
displacement of positive and negative charges within the
material. This results in the generation of a voltage
between opposite faces of the crystal which is
proportional to the degree of distortion of the

material.

Materials commonly used for such devices include quartz,
Rochelle salt and barium titanate ceramics. The basic
device 1is in effect a capacitor with the piezoelectric
material as the dielectric between two electrodes. The
equivalent circuit of this device is shown in Fig 2.4.

Rig Ci=r ]’ L1

q (~ ' Cag= e | 1
‘ 01 out R1

Motional inductance
Motional capacitance
Motional resistance
Shunt capacitance

i

Fig 2.4 : Equivalent circuit of a piezoelectric transducer
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The equation that relates the transducer output voltage
€ ut , to the applied force .F, can be expressed as

eue = dF/C te Ll 2.3

where: d charge sensitivity in coulombs per newton

Q
[}

capacitance in farad between the

electrodes.

It is observed that a charge g, produced by a static
deformation, produces across the device a voltage eou:
whose magnitude is dependent upon the capacitance of the
system. This voltage will only remain as long as the
charge does not 1leak away via the measuring system
connected across the transducer. The detector must
therefore have a wvery high input impedance (~1014
-ohms) if a very low frequency response is required. A

true zero frequency response, is however, not possible.

This transducer type 1is ideally suited for dynamic
inshoe pressure measurements. Its inability to register
static pressures excludecs its wuse with the proposed

insole systen.

CAPACITIVE TRANSDUCERS

When force 1s exerted on a parallel plate capacitor
containing a compressible 'dielectric material, the plate
separation, as well as the dielectric constant change,
which results in a change of capacitance. This can in
turn be related to the applied force, and made available

as an electrical output.
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The equation that describes the dependence of the

capacitance C on the plate area A, dielectric

constant € , and plate separation 4, is
£
c = [~ (p) aa . 2.4
A
where: € and d are functions of pressure p.

This type of transducer was extensively studied by Nicol
et al.2® who found its performance comparable with

that of the Kistler force platform (Fig 2.5).

2.Capaci tance~-type measuring soles

t.Vertical force of normal gait
3.Quartz-type force platform

| sec t

O
@
®
o
—
o

INPUT OUTPUT

Fig 2.5 : Response of the Kistler—-measuring platform and a

capacitive pressure transducer2??

During his investigation, Nicol?! built capacitive
pressure transducers that could be attached to the
patient's shoes for the monitoring of their gait
pressures. However, since they were of large surface
area, they only provided limited gait information.
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To obtain a higher plantar pressure resolution, the
above method of gait measurement was dispensed with in
favour of a flexible, nmulti-elemented capacitive nmat
corifiguration. To date, a modified version of this gait

analysis device is still in use?? .

Although a high measurement accuracy is achieved, the
accommodation of this measuring system within an insole

environment is not possible.

2.2 THE DEVELOPMENT OF A NEW CAPACITIVE TRANSDUCER FOR HIGH
PRESSURE MEASUREMENTS

The success obtained by Nicol?3 prompted an indepth
investigation into the wviability of rubber—-filled capacitive
transducers with a view to reducing the nonlinearities,

hysteresis, tolerances and parasitic effects.

2.2.1 PROPERTIES REQUIRED OoF RUBBER WHEN USED AS THE
DIELECTRICUM FOR A CAPACITOR

The rubber material, when used as the dielectricum in a
capacitor, must fulfil the following requirements. It

must :-—

a) be able to withstand continuous impact loading
without permanent deformation;

b) operate exclusively in its rubbery—-elastic region;

_c) exhibit minimum creep as a function of static or
dynamic loading;

d} possess a high rebound resilience;

e) possess a high electrical breakdown strength and low
loss—factor;

f} exhibit long—term and temperature stability; and

gl be able to be shaped without deformation to its

overall structure.
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Examination of the properties of vulcanised natural
and synthetic rubbers {(Davey et al.24} show that
natural rubber and neoprene are the most suitable for
use as the dielectric material. Some of their
general properties - are shown in Table 2.1 for
comparative purposes.

Table 2.1 : General properties of natural rubber and neoprene

'r;;’:é‘; NEOPRENE
Hardness range ,"BS 30-100 40-90
Tensile strength (kg/cm') > 210 210
Elasticity high medium
Loss factor: 20°C 0.08 0.09
Rebound resilience : cold high fairly high
Ageing resistance medium high
Dielectric constant 25°C, 50Hz 2.8 7
Electrical resistance 10" ohm -cm 10" ohm-cm
Creep, % 2.5 8

In general, rubber in its bulk form can be considered
incompressible. For this reason, homogeneous layers
of the abovementioned rubber cannot be used alone as
the dielectricum for the proposed capacitive

transducers.

2.2.2 A NOVEL DIELECTRIC MATERIAL CONFIGURATION

Hermens et al.!3, in the design of their capacitive
transducers using natural rubber as the dielectricunm,
used a layer of equally dimensioned rubber discs in
covering the plate surface. Since the spatial
distribution of these pads determine the transducer
characteristics, the process of adhering these to the
rlate material is complicated if close tolerances are
required. Due to the discrete nature of transducer
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manufacture, non-uniformity in transducer
characteristics could be anticipated in miniaturising
these transducers for wuse in the proposed insole
system.

A new type of dielectric configuration was investigated
with a view to simplifying the manufacturing process
while satisfying the criteria of section 1.4. This
would facilitate the mass production of pressure
transducers, where each would possess the same
capacitance to load characteristic.

The new dielectric material, shown in Fig 2.6, is
manufactured from vulcanised neoprene, of hardness
50° BS.

»

¥

Fig 2.6 Eiéiggé:ﬁprviéw of the new dielectric material
A myriad of rectangular-like projections, of height 0.1
mm, covers each side of the central homogeneous layer,

which has a uniform thickness of 0.6 mm. A
cross—section of this material is schematically shown

in Fig 2.7.
°""‘"‘L Projection dimensions 3
0.8mm | png side =1 = 0.7147 mm
J . Short side = w = 0.5498 mm
O.lmmT Height = h = 0.1 mm

Fig 2.7 : Cross—section of the new dielectric material
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The neoprene material, available in sheet form, may be
shaped to correspond exactly with that of the plate
material by using a punch. ‘

2.2.3 ANALYSIS OF THE DIELECTRIC MATERIAL BEHAVIOUR

In modelling the behaviour of the neoprene dielectric, the

following assumptions are made :-—

a)l only compressive locads are anticipated;

b} torsional and shear effects are zero;

c) compressive stress for each portion of the dielectric
material can be computed independently:

d) loading frequency less than 100Hz; and

e) temperature kept constant for all calculations
(25°C) .

Payne?® has shown that for the shapes of rubber commonly
used under compression, and with bonded end faces, the

compressive stress f is given by,

f==-G* (A= X"2).s ... 2.5

where : Ge* ‘= complex modulus of rigidity
A = ratio of strained to unstrained

length, the length being in the
direction of deformation

s = shape function.

The shape function for rubber of circular cross—sectional

area is given by,

s=1+B (/)2 ... 2.6
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where: B 0.103 for G- = 8,45 kg/cm?

diameter

o S o 7
1] ]

height in direction of compression.

For the castellated outer dielectric region, the shape
function is defined as

w w
1.33+0.66 Z +C (1)?

Tew L 2.7 .
£

where: C = 0.225 for G-* = 8,45 kg/cm?

l = long side of rectangular projection
w = short side of rectangular projection
h

= height in direction of compression.

Gr defines the stiffness of the rubber. Being complex,
it may be resolved into 1its in-phase and out-of-phase

components, by

G =G’ + 3 G™ i 2.8
and
Ge™ = {{Gr")2 + (Ge")2)1/2 .. 2.9
Gr is affected by both deformation rate and
temperature . The former may be best described by the
composite curves of Fig 2.8, which depicts the variation
of G, G" and tan & (loss factor =
G" /G ) with frequency for a soft vulcanisate,

similar to that of the dielectric material.
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Fig 2.8 ! Composite moduli-frequency curves for a

soft vulcanisate (25°C)

In calculating G for various operating temperatures,

the following conversion is used, namely,

G = G. L. P
PTOQO k
...... 2.10

operating temperature in degrees Kelvin {°K)

where : T
To= reference temperature in ° XK

f,fo= densities at T and To respectively.

Since the volume ccoefficient of thermal expansion is not

greater than 0.0006/°C, the p terms can be omitted unless
T and To differ widely.
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analysing the dielectric materiai, both 'static and

dynamic loading conditions must be considered.

a)

STATIC LOADING (25°C)

Consider the outer dielectric surface. Since the
ratios (w/h} and (1/h) >> 1, no buckling will occur.
This allows equation 2.5 to be used. The relative

compressed height AN , can be determined from
tables2+ by calculating ( X - X -2). Since
Gr" << G’ for static loading, then |
G*~ G .

The application of a 250 N static 1load on a
dielectric pad with a diameter of 14 mm results in

™\ = 0.745 for the castellated region. A similar
calculation is performed on the central homogeneous
layer of this pad. The effect of bulk compressibility
becomes evident by )\ here being equal to 0.985. This
results from (d/h} >> 1 in the shaping function.

It is thus observed that compression occurs mainly in
the castellated region of the dielectric material,
with the central layer remaining relatively rigid.
The overall relative height under compression is thus

computed as 0.8725.

Since 1log G* = 1 0.93 kg/cm? for the neoprene
dielectricunm, Fig 2.8 shows that compression is
restricted to thev rubbery—elastic region of the
dielectric's characteristic. The loss factor, tan § ,
which gives an indication of the energy input lost as
heat, is observed to be negligible.
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For an anticipated operating temperature range
varying between 0 and 50°C, G:* wvaries from
7.75 to 9.16 kg/cm® (approx), according to equation
2.10. The effect on the overall compressed height is
shown in Table 2.2,

Table 2.2 : Variation in relative compressed height of

neoprene with temperature

Temp ("C) 0 25 50
Gy (kgrem)|  7.78 8.45 916
A 0.867 0.873 0.880

DYNAMIC LOADING (25°C)

In determining whether the dielectric material is
suitable for use in a capacitive pressure transducer,

the effect of dynamic 1loading on G* must also be

investigated.

By observing Fig 2.8, G increases by 50%
(apprbx) with G remaining constant in response
to a 100 Hz dynamic load. This results in a minimal
increase in Ge* {0.04%) since G’ >>
Ge" . Thus, compression is restricted to the

rubbery-elastic region of the moduli—-frequency
curve. In addition, the 1loss factor under these

.conditions is small, only becoming predominant at

frequencies in excess of 1MHz.
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Creep, although varying 1logarithmically under static
loading conditions, 1is considerably increased
by mechanical vibrations, especially at ordinary
temperatures. Since many external contributing factors
exist, this effect will have to be measured under
dynamic loading conditions.

2.3 THE MANUFACTURE OF A PROTOTYPE CAPACITIVE PRESSURE TRANSDUCER

A prototype version of the new pressure transducer is shown in
Fig 2.9a with a side-view shown in Fig 2.9b. Prior to the mass

production of these components, the prototype version must be
tested for its conformation with theoretical predictions.

Solder Tag

Brass Plate

Adhesive

Dielectric

(b)

Fig 2.9 : Close-up view of the new pressure transducer
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TRANSDUCER MATERIAL

The  materials used in the construction of the
transducers are described with reference to their

particular properties.

Capacitor plate material

The plate material must be strong enough to withstand
the continual impact forces experienced at the
plantar surface during running or Jjumping without
permanent  deformation. The material must be
conductive énd uniformly even over its entire contact
area. It has been found that brass is the most
complien; material for this application as it can
easily be polished, and wires can be attached by way

of soldering.

The circular brass plates are best produced by a
metal punch as this can keep tolerances well within
specifications. The plates are polished on a
water—wheel using a fine grade of water paper
(800-1000) .

It is imperative for the plate edges to be
perpendicular, as round edges can allow the adhesive
used in the bonding process to creep and thus impair
the polished conductive surfaces. ' '

Dielectric material

The dielectric between the plates must be the same
size as the plate itself. It is necessary for the
plate punch to be used to produce the dielectric
pads. Provided the surfaces are clean, good contact

with the plate material is ensured.
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¢} Transducer adhesive

The bonding and flexibility of the adhesive used in
keeping the sandwiched‘ dielectric in place is very
critical. The adhesive most suited for this
application is Wondafix™ (by Pratley). Being a
blocked diisocyanate alloy, its high bond strength
and 1limited flexibility restricts the plate movement
to the wvertical mode only, thus largely eliminating
shear effects. Since it has the ability of film
application, it contributes minimal additional creep
to that of the dielectric. .

2.3.2 TRANSDUCER MANUFACTURE

A specially constructed jig, suitable for use with a
tensometer, is used to compress the transducer plates
during the application of the adhesive. Besides
preventing adhesive creep, it allows the plates to be

perfectly aligned.

After adhesive application, the pressure is released and
a curing period of 24 hours is required before the

transducers may be removed from the jig and used.

2.4 TRANSDUCER ACCEPTANCE TESTS

For this transducer to suit the desired application, it is
essential that it satisfies the criteria of section 1.4 in
addition to conforming to theoretical predictions. A number of
tests are thus conducted to determine the transducer's
characteristics. These include an environmental test to
determine 1its response to a varying temperature gradient. A
capacitance to voltage converter ‘is used for monitoring the

transducer's output response.

-
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a) Determination of the Transducer's Output Characteristic

The equation that best describes the transducer's output
response is obtained by using a least—-squares
curve~fitting routine on data obtained by sequentially

loading the prototype transducer.

Murdock?® showed that if the response of a transducer
conforms to that of an exponential function, then it may
be expressed as:

v = af{l-ebl) ceee.. 2.8
where : v = output voltage
l = load
a and b are constants.

It is also shown that

g vy (1 eﬁbzi)
a = 5 Y2
i {1-e 1)2
» 2'9
and
g(b) ~ Z vy ﬁi e-b‘ei (1 - e—bﬂi}? _
1 i
i (1 - e~D4i . e-bfi (1 - e-bli) =
}‘)?Vl (1 e l) ?ﬁlebgl (1 e 1) = 0 o 2.10

Since egquation 2.10 is nonlinear, an iterative solution
is employed to find b using Wegstein's method. After b’
has been found,'a‘is obtained using equation 2.9.
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The equation that best models the transducer's output

response is thus calculated as
v =5.05(1 -e1/%%) wolts  ..... 2.11
where : 1 = load in newtons.

The equation's <closeness of fit to the transducer's

actual response is shown dgraphically in Fig 2.10.

v

actual theoretical

Output’ voltage ,

[+ 100 200
Force , N

Fig 2.10 : Closeness of fit of modeiled transducer output

b)

response

For a statically applied load of 250 N, the transducer

capacitance was observed to vary from 5 to 12 pf.

The nonlinear output response results from the nonlinear
characteristics of Ge " (and hence ¢ ) under

mechanical stress.

Measurement Repeatability

The repeatability of the +transducer's response is

determined using data obtained from a number of
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consecutive static calibration cycles. Since
repeatability 1is expressed as the maximum difference
betweenA the transducer's output related to any force in
the range, it is calculated to be within + 3% FSO (full
scale output). The band of permissible deviations of
output wvalues from the reference curve under these
conditions 1is defined by the shape of the static error
band, shown in Fig 2.11.

13

- -

Output Voitage , ¥
- .

a

& fug 00
Force . N

Fig. 2.11 ; Transducer's static error band

The amount of creep contributed by the dielectric and
adhesive under static 1loading conditions 1is shown to
follow a characteristic law if the applied load is of
short duration (less than 1 minute), and does not exceed
250 N. This effect manifests itself as a continuous
variation in transducer output voltage and is given by

V=v +a logt 24 e 2.12
where: V = time dependent output voltage
v = instantaneous transduceroutput»voltage.

given by equation 2.11

i

constant = 5.6 x 1072
t = time in seconds after load application. .



39

Upon 1load release, the recovery of the dielectric and
adhesive to its original shape is initially very rapid
and then settles down to a roughly linear progression on

a log—-time scale.

Since this transducer is to be used mainly in the
dynamic mode, it must sustain continuous impact loading
without altering the system's accuracy. This property is
determined by measuring the transducer's static output
response immediately after repetitive shock excitation.
The results obtained show the effect of impulse loading
on system accuracy to be within #*+ 3.5% FSO. The
additional output variation is contributed by the
increase in creep, resulting from dynamic transducer

loading.

‘¢}) Response time

The  transducer's  response time is determined by
mcoenitoring the rate of 'change in transducer output
resulting from an isolated impulsive 1load. A digital
storage oscilliscope is used to store this response (Fig
2.12). P S ;

N
.
.

[ s 10 15 20
Time , ms

Fig 2.12 : Transducer's output response to an impulsive load
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The transducer's response time (98% FSO) of 5 ms
(approx)] and associated decay time of 11 ms (approx} is
within the specifications of section 1.4. This ensures

the registration of high-frequency plantar pressures.
By virtue of the output returning to zero, nc permanent
variation in G:° takes place. This agrees with the

theoretical predictions of section 2.2.3 (b).

Temperature effects

The effect of temperature on the transducer |is
determined by inserting it in an environmental chamber
and monitoringf its output responsé .resulting from
various controlled temperature gradients.

In its unstressed state, no variation in rest

capacitance is observed for temperatures in the range 0
to 500C, In verifying the wvariation in A with
temperature as calculated in section 2.2.3 (a), the
transducer 1is removed from the chamber upon reaching the
temperature extremities and statically 1loaded. The
resulting response compares favourably with equation

2.11, with a maximum deviation of 4.1% in FSO.

Variation . in plate spacing under static 1loading
conditions ‘is measured using a tensometer and
micrometer. The application of a 250 N load results in
a variation in plate spacing of 42 x 10°% mm, thus
differing from  the predicted value by 6%. This
discrepancy can be attributed to G* not being
corrected to the ambient measuring temperature.

Sensitivity

The minimum sensitivity is determined by incrementally
loading the transducer with small loads and determining
the minimum 1load required fo the output to register a

change. This is observed to be 35 grams (approx).
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The resolution on the other hand, is found to be better
than 100 grams below 10 kg and above 10 kg, better than

200 grams (average).

All the measured transducer values conform to the desired
specifications and correlate well with the theoretical

predictions of section 2.2.3.

2.5 BATCH TRANSDUCER MANUFACTURE

The standardisation of transducer manufacture is an important
aspect if they are all to conform to the desired specification.

In batch producing these transducers, ten unbonded transducers
are stacked on each other with cardboard spacers separating
them. After being placed in the tensometer jig and loaded with
a 100 N force, a thin film of adhesive is applied to the

transducer periphery (Fig 2.13).

1‘

w |

Fig 2.13 : Transducer bonding process
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The pressure is subsequently released and the adhesive is

allowed to cure for 24 hours,.

After curing, the transducers are separated and subjected to a
static calibration test. Approximately 10% of these transducers
fail to conform to the desired specifications and are thus

rejected.

INSOLE CONSTRUCTION

The accommodation of +the needs of all patients, and the
retention of a flexible gait—monitoring system, demand that a
range of insole sizes be available. Sizes four to ten are
chosen for the pilot study. Each have eight transducers
strategically embedded to coincide with the predetermined
plantar regions, as described in section 1.3.

In the evaluation of running, paediatric and neuromotor
dysfunction, it becomes apparent that other selected segmental
points may require monitoring. For such applications, a whole
range of insoles incorporating different transducer

configurations must be available.

The insole is made from 2 mm thick foam rubber. After being
cut to a particular shoe size, the transducer locations are
marked using an overlay containing information derived from
X-rays of load-bearing feet of the same shoe size. These
locations are then punched out, using the same punch as that
used to produce the transducer plates and dielectric pads.

Signals are transmitted to and from the transducer sites by
means of 2 mm diameter coaxial cables (Suhner RG178B/U}, which
are embedded in channels cut into the insole material. These
are secured 1in position using a rubber adhesive. Good contact
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between the transducer and the plantar surface is ensured by
having the transducer height more than that of the surrounding

insole material.

The transducer connecting wires require special attention as
stress applied to them can cause them to break. This problem
is overconme ﬁy using copper brush-wire which is looped in a
small cavity provided near the transducer contact points (Fig
2.14).

Fig 2.14 : Exposed insole showing transducer mounting

The insole 1is finally covered on both sides with a thin vinyl
material so that the transducers are well protected. The
insole in total weighs 150 grams (max) and is 3.5 mm thick.
Tests have shown it to be most comfortable, allowing for the
effective monitoring of all modes of gait.
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2.7 SUMMARY

The various types of pressure transducers used in gait analysis
systems currently in use were examined as to their suitability
with the proposed insole system. Their unsuitability and lack
of commercially—-available transducers necessitated the design
and manufacture of capacitive pressure transducers, capable of

high pressure measurement.

The dielectric material as wused for these capacitors was
analysed and its performance modelled. Comparison with results
obtained from prototype transducer testing showed good

correlation.

The method of batch transducer manufacture under controlled
conditions was described. This resulted in all the transducers
exhibiting the same capacitance to load characteristic.

The manufacture of the insole was described. Use of a looping
technique at the transducer contact points allows unrestricted
insole movement. This permits the monitoring of fast modes of
gait.
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CHAPTER THREE

THE COMPONENTS OF THE NEW PORTABLE GAIT ANALYSIS DEVICE

In the design of a gait analysis device, a modular construction
technique is considered to be most suitable. With this,
performance characteristics can easily be checked allowing design
change and improvements to be most conveniently effected. The size
of the complete system should be kept as small as possible, thus

requiring careful and economical layouts.

The usefulness and suitability of any gait analysis device is
measured against the performance criteria in the field of
application. Its acceptability by the user is greatly enhanced
through ease of operation, as well as clear and understandable
results. The provision of a real-time gait pressure display in
addition to computer—assisted gait analysis could well give this

device a clear competitive advantage.

3.1 FUNCTIONAL SYSTEM COMPONENTS

A low—-cost gait analysis device statisfying the criteria of
section 1.2 was designed and manufactured. A block diagram
describing all the functional components is shown in Fig 3.1.

2+

1 [ RECEVER ] ,
VCR
TV TRANSMITTER l
video cable
VIDEQ) VIDEO MINER TV MONITOR
INSOLE GENERATOR | dc sumply ’ o

connccling cable
} & —{ SENSOR

BALANCING

16K RaM r"l I-FACE H COMPUTER o 1-FACE -—+ PRINTER
) I -

[ BATTERY BFLT ] MICRODRIVE

Fig 3.1 : Modular format of the functional components of the new

gait analysis device
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A functional description of each module comprising the new gait

analysis device follows.

3.1.

INSOLE AND CONNECTING CABLE

Prior to gait measurement, the insole is fitted into the
patient's shoe and connected to the processing circuitry
by a 1long flexible cable. Because of the symmetry
normally expected between the left and the right foot,
but more particularly of the plantar pressure regions,
allows the 1insole to be used for both feet. An
equalising insole of similar dimensions is placed in the
other shoe to maintain a balanced condition.

Monitoring of an athlete's gait profile in a clinical
environment is carried out on a variable speed
treadmill. Since the processing circuitry is contained
in a backpack unit capable of being worn by the patient,
the availability of long insole connecting cables allow
for the backpack to be placed alongside during gait
evaluation. Use of such cables between the insole and
backpack unit is made possible by the implementation of
a new capacitance measuring technique, described in the
following chapter.

BACKPACK PROCESSING UNIT

The processing circuitry of the gait analysis device is
contained in a backpack unit shown in Fig 3.2. 1In its
present design, this unit measures 230 x 120 x 95 mm,
and has a total mass of 1800 grams. Since the memory
and transmitter modules are not always required, they
may be detached, thus reducing the mass by 860 grams.
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Fig 3.2 : Backpack unit

The functions performed by the backpack unit are as

follows :—-

a) converts the transducer cépacitance values into
discrete voltages;

b) balances each transducer channel prior to gait
measurement;

c) encodes the transducer voltages into a video signal
for display on a television (TV) monitor;

d) permits wireless gait information transmission on a
TV 1link; and

e) stores 16K of gait information for computer analysis.

Power to the backpack unit can be supplied from a
battery belt worn by the patient or alternatively
supplied with an umbilical cable when remote

measurements are not required.
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VIDEO MIXER UNIT (VMU)}

A video mixer is required for the simultaneous display
of the video information pertaining to the gait analysis
device and the computer. The techniques used by those
devices currently available are sophisticated in nature

resulting in a high unit-cost.

A new type of video mixing technique was thus developed
for use with the gait analysis device. This resulted in
the manufacture of a 1low-cost VMU (Fig 3.3) that

permitted a software—generated pressure overlay to be

superimposed with that of the incoming gait information
(Fig 3.4).

‘;-

Fig 3.3 : New—type, low—cost VMU
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: Superimposed computer—generated pressure—-graticule

The circuitry used in 'the design of this novel video
mixer is dealt with in detail in the following chapter.

For convenience, the power source for the backpack unit,

when used in a clinical environment, resides in the VMU.

COMPUTER AND PERIPHERALS

A Sinclair Spectrum™ (48K) home computer is used with
this system. In addition to ensuring portability,
system costs are kept to a minimum. All software used
with this system is configured in a menu—-driven format

and is stored on a microdrive cassette.

The computer 1is used for analysing the gait information
stored during digital gait sampling. A STAR Gemini 10X
printer, utilising a TASMAN Type B printer interface, is
used for producing the hardcopy printouts of the

computed gait measures.
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In addition to providing a software—generated pressure
graticule, the computer may also be used for entering
patient particulars and past medical history for storage

purposes.

3.1.5 VIDEO CASSETTE RECORDER _(VCR)

A VCR may be used to record the combined video signal
relating to the incoming gait information and the
computer for analysis as well as storage purposes. This
allows the gait pattern to be examined under real—time

or slow—motion conditions.

Since the VCR 1is wused to demodulate the incoming RF
information, it must be able to accommodate frequencies
in the BAND I region. A video output socket must be
available on this machine to allow this signal to be
input to the VMU. '

A National NV7000 BA VCR is used with this system. In
addition to satisfying the above requirements, its

freeze—-frame facility has proved to be most useful.

There are many factors which can affect the pattern of
gait, for example, shoe apparel, walking surface,
inserts, etc. - factors which must be considered for the
diagnosis of an abnormality of gait. A facility thus
exists that allows comments and remarks to be added to

the recorded video display.

3.2 DEVICE CONFIGURATION

The new gait analysis device can operate in both the clinical
and outdoor environment. In the clinical environment, the
backpack may be placed alongside the treadmill (Fig 3.5), or
worn by the patient in the outdoor environment (Fig 3.6).
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Fig 3.5 : Remotely situated backpack unit for clinical

gait evaluation

Fig 3.6 : Backpack configuration for remote pressure measurements
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The complete trolley—mounted dait analysis device as used in
the clinical environment is shown in Fig 3.7.

Fig 3.7 : Complete gait analysis system

Applications where only a visual gait assessment is required,
allow for a number of peripherals and modules to be dispensed
with. Although affording a huge cost saving, no computer—aided

gait evaluation is possible.
SUMMARY

The various components comprising the new gait analysis device
have been presented together with a description of their
function. Its modular format allows for its configuration in a

number of ways, depending on the measuring requirements.

The implementation of a novel video mixing technique allows for

a comprehensive real-time pressure display to be produced.
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This facilitates in the accurate diagnosis of a foot/gait
disorder. Optimal computer analysis makes provision for a

hardcopy printout of gait-related measurements.

The 1low cost and portability afforded by this new'gait analysis
device make it unique for the measurement of static and éynamic

inshoe plantar pressures..
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CHAPTER FOUR

HARDWARE TECHNIQUES

A number of new design technigues have been incorporated in the
manufacture of thev new gait analysis device. These include a
method for the remote measurement of small capacitance values, in
addition to a new technique for the mixing of two crystal—

referenced video signals.

Each module of the gait analysis device will be treated
separately. Where necessary, an evaluation of the circuitry used
will be given. For a comprehensive set of circuit diagrams, refer

to Appendix A.
4.1 INSOLE

The insole, containing eight equally-dimensioned transducers,

may be schematically represented as shown in Fig 4.1.

> attenuated oscillator
» signal out

e

Cg
V4 V4 --—-_;-‘“-“_71

¢ oscillator signal in
-~

Fig 4.1 : Schematic representation of the new instrumented‘insole

Since the transducer capacitance values are low, varying from 7
to 12 pf under 1load, the effect of ground proximity on.the
transducer outputs must be evaluated. Here, two cases are
considered - a) oscillator side of transducer flush with the
ground—-plane, and b) transducer take—off point flush with the
ground-plane. For both these cases, it is assumed that all the
trahsducers are stressed simul taneously and that the

ground-plane is perfectly conductive.
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a} Oscillator—-side flush with ground—-plane

This condition may be represented as shown in Fig 4.2.

take-off

T Ctrans.

év osc., z,_:so[] SV Clead T+ Cyinn

T T

Fig 4.2 : Transducer representation when oscillator—side

flush with ground—-plane

Under maximum 1loading conditions, the combined leakage
capacitance contributed by Cieed and Cvinyr ~ 5 pf. By
virtue of these being in parallel with the inserted 50 - ohm
load impedance Zu , negligible transducer signal
attenuation occurs.

b} Take—-off side flush with ground-plane

This condition may be represented as shown in Fig 4.3.

osC.
.

1;& Ctrans.

take -off

f
]
s

2,=50| |det. :T-;:'-: Cvinyt

T TTTT T T T

Fig 4.3 : Transducer representation when take—off point flush

with ground—-plane
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By uniformly stressing the insole parallel to the
ground-plane, Cviny: ~v 3 pf. By virtue of this high
impedance being in parallel with that of the detector's
input impedance ( 2Z; = 50 - ohms), results in negligible
attenuation of the transducer's output signal.

4.2 INSOLE-CONNECTING CABLE

Two methods are éssentially used in the measurement of small
capacitance values. Either a high-frequency alternating
current (AC) bridge 1is wused, or alternatively, the capacitor
can be made part of a resonant circuit. In both these cases,
the capacitance of the interconnecting leads or cables must be

taken into account.

In allowing for variable lengths of inscle-connecting cables to
be used without affecting the system accuracy, a new technigue
is introduced for the monitoring of small capacitance values
when situated a distance from the measuring equipment. This
technique requires thagwmzignal transfer to and from the
transducer site be effected wusing suitably matched and
terminated transmission lines. A schematic of this measurement

technique is shown in Fig 4.4.

Transducer Z.-50

Cr

2,-50 (@ | zgzs;) D [;( 2,-50

Jun .

Fig 4.4 : New capacitance measurement technique

To prevent the effects of radio frequency (RF) electromagnetic
and electrostatic interference, the screens of the above
coaxial cables are connected at ground potential.
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Transducer capacitance variations are detected as variations in
oscillator signal amplitude at the detector input. In ensuring
maximum signal transfer on the 1line, load impedances 2. and
2i are made equal to AVZc, the characteristic line
impedance. This results in the voltége reflection
coefficient r'A being zero as no reflected waves exist on the
line. This is verified by the relation,

27

M= (2o - Ze) /(20 + 22} .. . 4.1

Zr may be configured from a simple 50 — ohm resistor whereas

a suitably designed common-base (c—b) stage must be used for
Zi . This would allow the attenuated transducer signal to be

. Aam bear
amplified with the minimum amount of components.

It is imperative for the transducer lead wires to be as short
as possible. This would then allow the coaxial transmission

cables to be situated in the immediate transducer vicinity.

Since short 1lengths of coaxial cables are used { < 5 m), their
resistance losses may be neglected. Thus, no signal
degradation or 1loss of sensitivity is encountered when using

connecting cables of variable lengths.

BACKPACK UNIT

A block diagram of the modules performing the various functions

within the backpack unit are shown in Fig 4.5.

BALANCING CIRCUIT 16K RAM

Transducers
IGNA NVERSION
SIGNAL CO S VIDEO Cable
& . e S 1
""" ENCODER Rt Tx

CONDITIONING

.Fig 4.5 : Backpack module configuration
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All power supplies within this unit are regulated. The
batteries used in the battery-belt are of the lead-acid type,
{YUASA NP 1.2-6)} because of their relatively short
charge—~cycle.

4.3.1 SENSOR_MODULE

This module detects variations in capacitance values and
converts them into discrete voltages, suitable for input
to the video encoder and memory module. The signal
conversion and conditioning taking place in this module

is shown for one channel in Fig 4.6.

pam s eam v

! palancing |

i._modute
N
c-b input outf dv::i:)al\ge video f v; gﬁo 3
sta uffer ubler ) ! display |— ., encoding
osc —‘"‘171'F’ - N 8e with & LPF . module
> with N v selector :
v it 3 hemaoenn
¢ 2 gain gain rectification
N

Fig 4.6 : Signal conversion and conditioning for one

transducer channel

A circuit analysis of this module follows.

a) Oscillator

A sine-wave oscillator is requried for supplying each
transducer with an AC voltage. The transducer,
acting simply as a coupling element between the
oscillator and detection circuit, attenuates this

Fh tremr duecons
signal depending on the load exerted on it. Its

impedance is governed by the equation,

Zr = 1/(WCr) , e 4.2
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]

where: W 2wf = constant

Cr

H

load—-dependent transducer

capacitance.

Stability in oscillator frequency and amplitude is
essential for accurate gait pressure measurements.
This 1s best achieved by use of a crystal-controlled
oscillator, followed by a bootstrapped
emitter—follower for providing the isolation. A 5.5
Vep, 250 kHz oscillator signal is thus derived.

The maximum variation in oscillator load impedance
resulting from transducer loading is calculated as
0.74%. Since the current sourcing capability of the
oscillator 1is far dreater than that required by all
the transducers (410 ~ ), no "current—hogging"
phenomena between the transducers is experienced.

Determination of c~b input voltage, v=

Oscillator signal attenuation resulting from the high
transducer impedance is counteracted by use of a high
gain c¢—-b input detector stage. The equation relating
the detector input voltage w2 to the wvariable

transducer impedance Zr, is derived with the aid of

Fig 4.7.

vi %1 V2

. e T

Z

% ] “(]
v

-

: Equivalent circuit for detector input-voltage

derivation
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Voltage at node 2 = v2 = (Z: /(Z: + Zr)) w1 ...... 4.3

Since w1 = 2.72 wvolts (peak-to-peak) and 53k $124<
91 k-ohms for 0 £ F L 250 N, results in a maximum
voltage variation in v of 1 mv (approx) . The
gain contributed by the c¢~b input stage amplifies
this voltage wvariation by 307 (approx).

In increasing the input vdltage variations still
further, an amplifying buffer stage in the form of an
inverting operational amplifier (op—amp) is used.

Determination of instruhent amplifier input
voltage, vs
Digital circuitry as used in effecting -channel
balancing, video encoding and data storage, requires
direct current (DC} wvoltages as its inputs. The
detector's output signal must therefore be rectified.
A wvoltage doubling rectification stage, configured
with germanium diodes for minimising the insertion
loss, 1is used, followed by a passive low pass filter
(LPF) for reducing any remaining ripple.
The eguation that relates vs to vz is shown as,
vi = ({Ac-b .As)vz - 2 va}.DR cee... 4.4.
where : A.-» = voltage gain of c-b stage {~ 307)
Ab = yvoltage gain of buffer stage {(~ 3.9)
va = diode forward volt drop {~ 0.2)
DR = division ratio of LPF. {(~0.99)

For maximum transducer 1loading, wvi can vary from
1.29 volts [(no-load) to 2.5 volts (full-load).
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The videor encoder, as used with this gait analysis
device, requires as 1its input, transducer dependent
voltages ranging from 0O to +5 wvolts. wvs must
therefore be modified to ensure its compatibility.

Derivation of Vou:

A method for allowing variations in vs to register

as variations in a 0 to +5 volt range is shown in Fig
4.8,

Balancing
or
offset removal

]
H
H
‘ > -
) circuit

b v -

~

V3

Fig 4.8 : Voltage translation circuit

The instrumentation amplifier output voltage Veu:.,
is related to its input voltages V* and V- by the
following equation,

Voue = Avcl.{v+ - V.) volts  ...... 4.5

where : Avc1 = closed loop voltage gain.

By ensuring V¢ = V- prior to transducer locading,
and by correctly choosing Avc:, Vou: can be made

to wvary from O to +5 volts in response to maximum

transducer loading.
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v, being equal to wvs, was shown to have a
maximum voltage variation of 1.21 volts. In allowing
the. transducer's characteristic to be represented by
equation 2.11, ‘it is necessary for Vou:. to register
as 4.74 volts in response to a 250 N load. This can
be achieved if Avc: = 3.92.

For the LHOO36 instrument amplifier, Avc: may be

expressed as,
Avn:l =1 + (50k/RG) z2eg L., 4.6
where : Re = resistance between pins 4 and 7.

In allowing Vout to be accurately set, Rec is
configured so that 15k € Re € 18k3 - ohms.

e) Video display selector

During certain modes of gait, Veu. changes rapidly
as a result of pressure variations on the plantar
surface. Since the wvalues of Vou. are encoded for
display on a TV monitor, a quantitative evaluation of
the resulting pressure display concerning the peak
values is difficult and necessitates the inclusion of
a peak-hold facility. Use of an externally activated
electronic switch allows the display to be frozen for
5 second intervals after which time it returns to the
dynamic mode. The circuit for controlling the video

display in schematically shown in Fig 4.9.

74C22¢

stat / dyn
15sec |5s 7“

EXTERNAL 9]

- ctrl

peak 455)
detector \

To Video

T —
. Encoder

out

elec switch

Fig 4.9 : Schematic of video display—-freeze circuit
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CHANNEL—-BALANCING MODULE

Channel balancing is accomplished by pressing an
externally mounted switch. The voltages pertaining to
the unloaded transducer states are digitally sampled and
stored in a random access memory (RAM) integrated
circuit (IC). These are then reconverted back to their
analog format for use with the op—amp configuration of

Fig 4.8. A schematic of this circuit is shown in Fig
4.10.

— de d. CPF}—

i sBitADC| . | 2kx8 | . | 8BitoaC 1-8 | To V" inputs
V3, +1 LSB E RAM X +1LSB MUX : ot inst, amps
i=1-8 ' : s

e d’ 3 —(er—2

A 7.

Fig 4.10 : Schematic of channel-balancing circuit

The accuracy of Veu: 1is dependent on the conversion
accuracy of the analog-to—digital converter (ADC} and
digital-to—analog converter (DAC) as used in the above
circuit. Use of 8 bit devices, each having 1 least
significant bit (LSB) accuracies, allows the error in
output voltage, Ve ou:, to be expressed as,

VE out = * Avci (LSBabc + LSBpbac). ...... 4.7
Since LSBapc = LSBpac = 11.72 mV, Ve oue = *+ 0.09
volts.

Ve sut contributes to the overall system—-measuring
accuracy and is only relevant when localised forces in

excess of 200 N are being registered,
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4.3.3 VIDEO ENCODING MODULE

A modified version of the video encoding circuit of R.
de Jong?? {Appendix B}, 1is wused in providing the
visual pressure display for this gait analysis device,

The encoder ©provides a video signal, which, when
connected to a TV monitor, produces a vertical display
of pressure bars, with the height of each providing an

accurate representation of the pressure applied.

A schematic of the modified encoder circuit is shown in

Fig 4.11.
1 e
f synch ~ blanking
v MU X
out BMp 1Vp,
: & ey
. buffer To Mon,
B P sy . or
composite Tx.
video

RAMP f‘“\\\J

20 ms

Fig 4.11 : Schematic of the video encoder module

. A 1linear ramp voltage is wused as the comparitor's
reference to ensure a linear video display of the gait
pressures. This reference voltage is compared with each
transducer input wvoltage in turn, thus causing the
comparitor to generate a signal which turns the TV tube
gun on or off. However, this depends on whether it is
scanning across a bar or not. These‘ signals are
subsequently mixed with the horizontal and vertical
synchronisation (synch)] pulses to form the composite

video signal.
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For the video encoder's output signal to be compatible
with most TV monitors, it must have an amplitude of

1 Vep (0,7 V signal : 0.3V synch). This necessitates
the inclusion of an amplification stage and buffer. For
remote pressure measurements, this signal may be input

to a small TV transmitter.

TV_TRANSMITTER MODULE

Instead of a 1long trailing wvideo cable, a 1 Watt TV
transmitter weighing no more than 250 dgrams may be
mounted on the backpack for remote pressure
measurements. Operating in the VHF Band I (47-68 MHz)
region, this offers ultimate measurement flexibility. A
safe range of up to 1 km has been obtained using a
matched whip—antenna for transmission and a
three—-element yagi for base~stqtion reception.

16K GAIT STORAGE MODULE

In addition to Veu:. being used in producing a wvisual
pressure display, it may also be sampled and stored in a
RAM module, available as an option for those
practitioners who require computer—aided dgait analysis.

The module is self-contained, and 1is attached to the
backpack by four press-—studs which, when pressed home,
will allow the socket and plug to be engaged for the
electrical connection.

This memory module is schematically shown in Fig 4.12.
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Fig 4.12 : Schematic of 16K memory module

The memory module uses an 8 bit ADC (ADC0809] for data
encoding and can sequentially store 16K of gait
information. A fixed sampling frequency of 2 kHz has
been used in studies so far; however, é variable
frequency option 1is available with a maximum sampling
rate of 10 kHz. ‘

The 2 kHz sampling frequency ensures a high resolution
in stored gait information for all modes of gait, since

each transducer is sampled at 4 ms intervals.

Sampling and storage of gait information is initiated by
a hand—-held push-button. In ensuring the capture of
natural gait cycles, a time delay function in the form
of a monostable 1is simultaneously activated, which
inhibits the ADC clock for a few seconds.

On completion of gait storage, the memory bus is
TRI-STATED, thus allowing it to be connected to that of

any computer for data downloading.
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4.4 VIDEO MIXER UNIT : A NEW DESIGN

If the video signals pertaining to the gait analysis device and
computer are to be simultaneously displayed on a TV monitor,
they must both be of the same phase and frequency. The
conventional method wused in mixing two remotely-situated,
independently—generated video signals, makes use of a digital
framestore technique, shown in Fig 4.13. .

video ~ mixed video signal
source -+
t 1 N

frame pulse
detector

Frame insert
puise

video - digital
source framestore

Fig 4.13 : Framestore video mixing technique

The high probability thét the phase relationship of these two
video signals will not be the same for mixing purposes,
requires the continuous digital storage of one video signal on
a frame-by—frame basis. A frame pulse detector, referenced to
the other wvideo signal, is used for controlling the mixing of
these two signals.

This video mixing technique, although extensively wused, is
complex and results in a high VMU-production cost. In
satisfying the criteria of section“l.z, a video mixer of a
different type is certainly required.

A new method is thus introduced for the mixing of two
remotely~-situated, independently—generated, cfystal-referenced
video signals. This results in the design and manufactﬁre of a
new type, low-cost VMU, suitable for wuse with this gait
analysis device. This VMU may be used for a variety of

different applications and will be shown to be revolutionary in

its field of use.
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PROPOSED VIDEQO MIXING TECHNIQUE

If two remote, crystal-referenced video signals are of
the same frequency but different in phase, their phase
may be equalised by momentarily increasing or decreasing
the frequency of one video signal relative to that of

the other until coincidence occurs.

In maintaining the RF measuring 1link for this gait
analysis device, alteration to the computer's crystal
frequency is required. The generation of the computer's
video timing-signals take place in a dedicated IC,
called the Uncommitted Logic Array (ULA), and are shown
in Fig 4.14.

14 MHz crystal frequency

+ 4 3.5 MHz 280A CLK

+224 [15625 Hz video line frequency

+312.5 50 Hz video frame frequency

Fig 4.14 : Crystal-referenced video timing—-signals

It is seen that the effect of altering the crystal's
operating 'frequency is more pronounced in the line than
in the frame frequency. This dictates the pulse locking
order for the synch process, namely, frame before line.
It thus becomes necessary to alter the crystal frequency
twice - first by a large amount to obtain coincidence
between the frame synch pulses, and then by a smaller
amount to obtain coincidence between the liné synch
pulses. In obtaining this condition, the two video
signals will bé synchronised with each other and can
then be mixed, for display on a TV monitor, by a simple
resistive technique. On this basis, the new VMU is
configured, and is schematically shown in Fig 4.15.
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computer's crystal frequency,

this crystal must be examined (Fig 4.16).

— 1" 14MHz 16pF
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Fig 4.16 : Computer's crystal circuit3®
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computer
video signal ~ 1
start of
. synch process
gait N
video signal i » j'
frame
synch 'f@me
. coincidence »)
extract [line detector
to
> computer crystal
frame | ] line control circuitry
computer synch coincidence .
Y signal extract |fine detector "
Fig 4.15 : Proposed design of a new VMU
4.4.2 METHODS USED IN CONTROLLING CRYSTAL FREQUENCY
In determining the best method for altering the

the method used in driving
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The crystal 1is depicted as part of a T network.
Insertion of additional 1load capacitance C., will
increase the crystal's operating frequency by an

amount A £, given by
31

Af ~ fs C1(CL2 _ CLT) ceen 4.8
2(CO + CL1)(C0 + CLZ)
where : fs = crystal's series resonant frequency

(= 14 MHz )

Co = crystal's shunt capacitance { = 5 pf)

C1 = crystal's motional capacitance { = 20 £f)

Cur, CLz = minimum and maximum value of load

capacitance.

The relative variation in crystal operating frequency
resulting fronm a 20 pf variation in series 1load
capacitance is shown in Fig 4.17 for a 10 MH=z

fundemental AT -~ crystal with Co = 6 pf and Ci = 20
ff. '
at Cy
Foax107* ’_%—'M’"—'
1000
500
8
3 a—
¢
§ Y 10 210 3j0af S

Fig 4.17 : Pulling range of a series load capacitor

A considerably larger pulling rate is achieved by the
insertion of a series LC circuit instead of a pure
capacitive 1locad. The resulting frequency variationAf,
may be expressed as
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2

where ! fa, Ci, Co as before

Qa = 297 £,
I~ = series load inductance
C. = series load capacitance.

In and C can be optimally chosen, allowing for the
pulling range to be symmetrical to the crystal series
resonance. By increasing L~ , the pulling range may be
greatly extended towards the lower frequencies. This
pulling behaviour 1is shown in Fig 4.18 for a 10 MHz
fundamental AT - crystal with C. = 10 - 30 pf, Co= 6
pf and Ci: = 20 ff.

Ly Cy

aL x10°* “—"“\—,HLM—-—o 1L C,= 20pt Ly = 12.4SyH
' 2Cy= '0pt L, = 25.33yH
500
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2-500 \
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Fig 4.18 : Pulling range of a series resonant circuit
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4.4.3 HARDWARE TECHNIQUES FOR THE ALTERATION OF CRYSTAL
OPERATING FREQUENCY

In calculating the frequency variation resulting from
the inserted crystal-control components, the stray
capacitances between the components and the conductors,
as well as the internal capacitance of the

semiconductors, must be taken into consideration.

a) Large Frequency Variation

This method requires the controclled insertion of a
series ILC circuit in shunt with the ULA input (Fig
4.19). This circuit is electronically connected at
the start of the synch process and disconnected upon
detection of frame coincidence.

XTAL  Cqp =16pf

A
VR o

. . la0es, R —
= : "“l'] : frame coincidence frame synch
f : ,.ﬂ mo detector pulses
- . _——
' L == 'Cy=16pt
Ly =28uH

t
i
H
*
1
i
[

Fig 4.19 : Frame synch control circuitry

Using equation 4.9, a freguency variation of 75.5 kHz
should result from the insertion of component values,
Cc = 16 pf and I~ = 25mH, assuming a switch
resistance (CD 4066) of 5 pf (approx]).
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Small Frequency Variation

Exclusive use of a pulling capacitor CL, results

in the smallest pulling range. To acquire line
synch, only minor alterations to the crystal
operating frequency are required. A controlled

pulling range may be obtained by usé of a varactor
diode in place of Co. Use of a type-lI phase
detector for altering the varactor diode Dbias
voltage, and hence capacitance, would allow for
synchronisation and locking of the two line-synch
pulses. A schenmatic of the crystal configuration for
varactor diode frequency control is shown in Fig
4.20.

XTAL

varicap'

10-40 "
of! Type-I line synch

' _L T phase detector pulses
varactor diode ! C4
MV2109 ! .
i '
i
1
! \
1.

Fig 4.20 : Line-synch control circuitry

A varicap is connected in series with that of the

‘varactor diode to decrease the puiling randge even

further.

The insertion of these components requires that Ce-
= 16 pf (fixed} be disconnected. The wvaricap,
Cvar, is S0 adjusted making its combined
capacitance with that of Cd at line synch equal to

Cer .

Since Cvar = 36 pf and 22 £ Cs € 29 pf for 6 <
Va £ 12 wvolts, should result in a maximum frequency

variation of 856 Hz, as calculated using equation
4.8,
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4.4.4 VMU CIRCUIT IMPLEMENTATION

The frame and 1line synch pulses of both video signals
are required for reference purposes. This is
accomplished by wuse of synch separators at the VMU

input.

The makimum frequency variations resulting from the
implementation of the crystal control-circuits of Fig
4.19 and Fig 4.20 were measured as 105 kHz and 936 Hz
respectively. The large discrepancy in the first.
measurement can be attributed +to the unknown intefnal
configuration of the ULA due to its proprietary design.
The additional capacitance and inductance of this device
should be taken into consideration in determining the
exact anticipated frequency variation. The small
discrepancy in the latter measurement can be attributed
to the effect of stray and 1lead capacitance in

connecting the relevant components.

In preventing 'picture roll' in the event of momentary
RFF signal 1loss, a monostable is used for producing the
frame synch pulses. This monostable is triggered each
time its integrated frame input signal reaches a

predetermined amplitude.

For measurements in a clinical environment, use of a
long wvideo cable between the backpack and VMU can cause
group delay in the gait video signal. This manifests
itself as a wvisual misalignment between the pressure
vbars and software overlay on the TV monitor. Therefore,
the inclusion of an external graticule shift control has
been found necessary to overcome this phenomonen. This
control introduces a variable time delay into the

computer's line synch pulse.
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4.5 COMPUTER

A number of modifications and circuit additions as discussed
earlier, are required before this computer may be incorporated

with the gait analysis device.

The limited current capability of the computer's power supply
requires that the interface circuits be externally powered. An
interlocking power protection circuit, making use of a
low—current consumptioh relay, protects the unbuffered computer

bus at power—up and power-—down.

4.6 MEMORY MODULE INTERFACE

This interface (Fig 4.21), facilitates the downloading of

stored gait information to a computer.

address
butier

Memory module
address bus

£8a

-
Memory module
\I deta bus
4

COMP
BUS

RAM OE

Py
—

Fig 4.21 : Memory module interface

A 14 bit software—-strobed counter, is connected to the memory
module's address bus. Prior to start of data transfer, this
counter is reset, allowing for gait data in the memory range
0000H — 3FFF to be addressed.
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Gait information, appearing on the memory module's data bus,
may be written to any designated location within the computer's
memory. This information may be retrieved and analysed, or

stored on a microdrive cassette for historical purposes.
SYSTEM CALIBRATION

For calibration purposes, the plug-in attachment of Fig 4.22 is
inserted into the backpack unit in place of the memory module.
This attachment makes use of a dual in-line package (DIP)
switch as a channel selector, allowing for the simultaneous
monitoring of any two sequential transducer channwls. Digital
voltmeters, DVM1 and DVM2, are used in obtaining an accurate
representation of the transducer outputs.

. swi~I-8
: ! 1
‘VTL_'__..,/._.MM___

' : > :

OVM

GND —
“18 pin
D -type plug

Fig 4.22 : Transducer output monitoring attachment

In calibrating the individual transducer channels, an insole is
connected to the backpack. With the insole in its unloaded
state, the individual transducer channels are first balanced by
activating the appropriate external switch. For each channel
in turn, the amplitude of Vou:e 1is set to 4.74 volts in
response to a statically applied load of 250 N (Fig 4.23), by
adjusting the relevant value of Rc (see Fig 4.8).
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Fig 4.23 : Method of transducer load application for calibration

purposes

Use of an 8 bit ADC with a 5 volt reference for the memory

module alloﬁs equation 2.11 to be expressed as,
a =255 (1 - et/90) ... 4.10

where : a = binary equivalent of Vou:, and 0 £ a £ 239 for
0 £ 1 £ 250 N.

This relationship between V.u: and 'a' is used in calibrating

the memory module.
SUMMARY

All the hardware techniques implemented in the design of this
new gait analysis device have been presented. Exclusive use of
CMOS and 1low-power devices minimise power consumption, thus

permitting portable operation.
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A novel transducer—-monitoring technique was introduced in
allowing wvariable 1lengths of insole-connecting cables to be
used without affecting system accuracy. This relieves the
patient from wearing the backpack for measurements conducted
with a treadmill.

A new technique of synchronising two remotely—-dgenerated video
signals was presented. This resulted in the design and
manufacture of a new, low-cost VMU. Analysis of this technique
shows its flexibility in steering and controlling

crystal—-related signals.

Stored gait information may be downloaded to any computer
having a similar bus architecture to that of the memory
module. Use of an IBM-PC or compatible would allow for a more
extensive analysis of sampled gait information, in addition to

providing sophisticated graphic pressure displays.
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CHAPTER FIVE

GAIT ANALYSIS SOFTWARE

The incorporation of a computer in a gait analysis system can
result in a more effective diagnosis of an abnormality of gait.
This requires that all support software be extensive enough to
provide the relevant gait information, and be presented in such a
manner S0 as facilitates both intra and interpatient gait

comparison.

The complexity of the mathematical operations to be performed are
depéndent on the requirement of the practitioner. The software
written for this project was specifically aimed at a) the
| identification of gait abnormalities, b) the diagnosis of
running-related injuries, and c) the therapeutic assessment of

certain shoes, shoe inserts or insoles.

5.1 DISPLAY SOFTWARE

During ambulation, the incoming gait information is displayed
in the form of a bar graph on a video monitor. To enhance this
display, a software—generated pressure dJgraticule, as well as a
transducer location profile. (Fig 5.1), 1is superimposed
employing the video mixer described in section 3.1.3. Two
software overlay programs are thus required, allowing for the

display of either the left or right foot pressure profile.
(S

Qo

i)

F Az drEiradreireirs1F & 1

Fig 5.1 : Right foot pressure graticule overlay
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A VCR can be'used for recording the pressure bars and software
overlay for analysis and historical purposes. Comments may be
added to the software overlay prior to video recording by way
of the computer's keyboard. In this manner, a patient's
databank may be established. ' ‘

ANALYSIS SOFTWARE

~

The 16K memory module allows for limited gait storage which can
amount to a few footsteps at most. There are a number of ways
in which this information can be meaningfully displayed. One
such method is by the Jgeneration of eight, time—-sequential
force curves (Fig 5.2), which describes the plantar pressures

as the foot progresses through the gait cycle.
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Fig 5.2 : Discrete force—time curves

The above set of curves may not be the most appropriate means

of comparison in all cases.
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In allowing the acquired gait measures to be compared with
those of other researchers, it is necessary for the results to
be standardised (Lord et al.2®3). In an effort to optimise
interstudy gait comparison, a tabular format containing the
most characteristic and representative gait parameters is
produced (Fig 5.3). The software listing used in generating

this table is shown in Appendix C.

dokhn Rex L@/ .87 PLREm .
ClImplt ojdurjtosflvt jgolefiFmx
1l refl 124 12487 1 2| es
2!l 1 iz =24 28 11 =2 11381
314 2@ 13zl isz2| 51 e} 3137
4} 6 3Ix 144 176187 rd 4] 48
s! i 22 189|212 823 [ 7|73
a1 11 a2 184 | 216 85 s ®175
7117 3Ix 18| 212|835 4 81138
sl iz 40 iAv7el 216 | &1 8 &1 9%
T.cycle: 736 |I: e& |F: =57
Uenue (wo) 1B 71 kg B+@@deg
; cltPml IX{FALTIF 2L iImp [Fmx|Treg
124 1 2625 |63 ’ .
& 4 36
|12 [} 2S83|2585
3| s = iz 462 .
i1e 8% 156
4 | 72 3 &a67? e6?
s5|a8 s a3 7e3 *
= N 148 | 18
g lo2 & 81s a1s .
7184 =] 1607|1406 .
29 230 ]11&4
8lleaf 7 p=2=3".1 1250
“N:169 P:165 5:128[/1:32 [t: 100

Fig 5.3 : Sample hardcopy printout of computed gait parameters

The gait information contained within this printout is
described with the aid of the force-time curves shown in Fig

5.4.
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Fig 5.4 : Description of hardcopy printout abbreviations

In the majority of cases, foot contact occurs on the posterior
heel and ceases after contact release of the big toe during.
walking or Jjogging. Since heel-strike 1is the first event
occurring during a normal gait cycle, this is chosen as the
time reference. The two heel transducers situated orthogonally
to the foot axis allow for the detection of an inverted
heel-strike. Computer analysis then determines which heel
transducer was first activated, and assigns its moment of
contact as the time reference (t = 0). In the event of
exclusive forefoot foot—-strike, another time reference would

have to be used.
5.2.1 COMPUTED GAIT PARAMETERS

An explanation of the abbreviations used in Fig 5.3 is
provided' below. All +timimg information is given in
milliseconds and relates to one complete gait cycle.
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"Channel". Ranging from 1 to 8, it identifies

a particular transducer.

"Impulse". Localised impulse value,
measured in newton-seconds, is evaluated by
integrating the areas under the individual
force—-time curves relating to one gait cycle.

"Transducer on—time". - Time prior to
transducer redistering ~a force. Measured
relative to the preassigned reference point.

"Duration" of force contact on each
transducer.
"Transducer off-time". Time for a particular

transducer to switch-off.

"Percentage time". Ratio of transducer force
duration ‘'dur' to total foot contact time,

expressed as a percentage.

"Switch—-on". Transducer switch-on sequence.
"Switch—off". Transducer switch—-off sequence.
"Force maximum”. ~ The maximum amplitude of

force registered by each transducer during the
stance phase of the gait cycle. Related to
the impulse value.

"Time of gait cycle". The time between
successive toe—-on to toe—on moments of
contact. Measured using the transducer

located under the first metatarsal head.
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The sum total of all localised impulse values,.
The sum total of all the maximum forces.

"Time to force maximum". Time taken for the

transducer to register its maximum force.

"Impulse to force maximum". Similar
computation as that of 'Imp' except terminated

on occurrence of 'Fmx'.

"Force divided by time". Measured in newtons
per second, it defines the slope of the
ascending curve before peaking.

Similar to above except defines the slope of

the descending curve after peaking.

The sum of impulses pertaining to selected

pairs of transducers.

The sum of maximum forces pertaining to
selected pairs of transducers.

"Time in region". Denotes the nett time
during which selected plantar regions make
contact with the force transducers.

"Percentage normal". Percentage of total foot
contact time that the foot, when in the normal
position {(transducers 5 & 6) registers a

force.

-

Found in second table of Fig 5.3.
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S : "Percentage supinate",. Percentage of total
foot contact +time that the foot, when in the
supinated position (transducers 3 & 4)

registers a force.

P : "Percentage pronate". Percentage of total
foot contact time that the foot, when in the
pronated position (tranducers 7 & 8) registers

a force.

1! : Sum of all the Ix values.

t! : Sum of 't'Fm' times pertaining to transducers
2 and 5.

Small markers are included next to the regional time
computations. These allow the practitioner to identify
quickly which of the transducers within each pair first

registered a force.

The above measurements have proved adequate in the
diagnosis of many dait-related disorders. For diverse
studies, additional information may be included.

Gait studies in the clinical environment often make use
of wvariable speed treadmills. In comparative tests, it
is important that speed as well as elevation be the
same ., The computer control of the more sophisticated
treadmills allows for these parameters to be closely
monitored. Thus, a facility is provided permitting this
information to appear on the gait examination printout.
In addition, information such as the patient's name,
date of test, patient mass, insole size and shoe type
are also given on the printout. This information is
inputted to the computer prior to start of gait

computation.
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5.3 MENU-DRIVEN INSTRUCTION SET

The “auto-run" facility of this computer alldéws for programs to
run automatically when loaded. This facilitates the
configuration of a menu—-driven software package for use with

the gait analysis device.

The program is started by having the operator insert the
program cassette into the microdrive unit after system power-—up
and pressing two keys, namely, "r" and "ENTER". Thereafter,
the computer takes over. Machine code programs are
automatically 1loaded before the operating instructions of Fig
5.5 appear on the monitor display.

IHSTRUOZT IONS FOR O GHIT AMHRLYYI IS
UEIMG A UARIAELE SFEED TRERDHMILL

1.5 LlsCt insole amnd calikbrate
Sy tem bBEeFfF2re iMnsedcrtingdg 10LOo
pPatiznt = Shoe E'g Fressinag the
SWitohk macked [y =}

Z.EAzUurre interfIace Switck 12 1M
the S FFY pozitican pPrigr Lo
=1 T R & zamp Ling

Z.HL the deszired Ltrgadmill speed
FPirs s = th= 43 ta = mp L Sari Lok
Safnce o theEe F3ait AMRSLgzszer Uit

34 Pt iate - face Sigi1 L Ch ihn the
[N x] = tion and press Tl

Fig 5.5 : Gait examination instructions

"n_.n

c’ key. It

provides the operator with a number of options for the

The menu screen of Fig 5.6 appears on pressing the

processing or storing of sampled gait information.

*% MHMEMNL - SCREER #*

DO i) LIARMT T

1. T2 RELOAD GARIT AMHALYVISER

2. IHMPIILSE + FORCE CHRLCUILATIORNS
F. STIORE SAIT INFORMMAT IOM

4., FPROIOCESS STOREC IRFORMAT T
. ERASE FILEMHAME

. FILE CZATARLDGE

T. FORMAT CARTRIDGE

o ckoice T

Fig 5.6 : Menu screen



Any particular
corresponding numeric key.

of each option follows.

1. TO RELOAD GAIT ANALYSER

2. IMPULSE + FORCE CALCULATIONS

3. STORE GAIT INFORMATION

4. PROCESS STORED INFORMATION

menu option

e

can be

-«
.
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selected by pressing the

An explanation as to the function

Clears screen = of any
information and displays
gait examination
inst;uctions of Fig 5.5.

Provides prompts for
inputting patient
particulars and treadmill
settings before producing

" the hardcopy printout of Fig

5.3. The menu screen of Fig
5.6 is displayed on
completion.

Provides prompt for
patient's filename. Upon
entering, 12X of gait
information 1is stored in the
corresponding file. On
completion, the menu screen
is displayed. Blank

microdrive cartridges  have
the ability of storing seven

files of gait information.

Provides prompt for patient
filenanme. It loads
previously stored gait
information into the
computer for computation.
On completion, option 2 is

automatically selected.
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5. ERASE FILENAME : Provides prompt for the
filename to be deleted. On
completion, the menu screen

is displayed.

6. FILE CATALOG : Provides a 1listing of the
stored files and displays
the cartridge status. The
pressing of any key causes

the menu to reappear on the

screen.
7. FORMAT CARTRIDGE : Provides prompt for global
cartridge name. Used for

formatting the cartridge in
event of corruption. All
files are deleted during
this process. On completion,
the menu screen is

displayed.

‘In the event of choosing an incorrect option (3, 4, 5, and 7},
return to the menu screen is achieved by pressing the ENTER key

on presentation of the filename prompt.

User—-friendly comments are displayed for all menu options.
Besides simplifying device operation, it allows for its use by

operators with no computer or prodramming knowledge.
5.4 SUMMARY

The software permitting computer gait analysis has been
described. Although various methods exist for displaying the
computed gait information, a tabular format' is found to be
advantageous for comparative studies. It provides a rapid
quantitive evaluation for the diagnosis and treatment of gait

disorders.
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The program has been configured in a menu—driven format thus
simplifying its operation. User—friendly comments are provided
for operators with no previous computer experience.

Alterations to the analysis program may be made depending on
the practitioner's requirements.
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CHAPTER SIX

GAIT ANALYSIS DEVICE EVALUATION

Many clinical examinations have been performed using the new gait
analysis device. For these gait analyses to be valid, they should
bé repeatable and provide the same results on subsequent testing.
Résearch conducted by Soames?* has shown that the intersubject
vériability in the pattern and magnitude of the peak pressure
distributions highlights the individuality of foot function during
gait. This, together with the consistency of these'patterns in
both the short and long teﬁﬁ, is of considerable importance to the
clinical situation, as it provides a baseline form which change can

be measured.

Three subjects, two males and one female, were chosen to illustrate
some of the applications of the system. Since these subjects' data
form part of a larger study, it is not possible to draw conclusions

from the results obtained from these subjects alone.

All tests were conducted in a clinical environment under controlled
laboratory conditions. In addition, measurements were taken from

the right foot only, at predetermined treadmill speeds.

6.1 ASSESSMENT OF INTRASUBJECT VARIABILITY AND GAIT MEASUREMENT
REPRODUCIBILITY

Research conducted by Miller et al.l!5 has shown that no two
consecutive gait cycles are the same during walking or
running. The variability in measured values must therefore be
investigated in determining whether examination of one discrete

footstep suffices in characterising the gait cycle.
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The day—to—day difference in measured gait parameters must also
be determined. Knowledge of this is required when evaluating
gait performance over a period of +time, for example, of

patients undergoing surgical treatment.

6.1.1 INTRASUBJECT GAIT VARIABILITY

In evaluating the variation in consecutive gait cycles,
a subject was made to run on a treadmill at constant
speed, during which time multiple gait cycles were
sampled. The mean variation in computed gait parameters

for twelve consecutive tests is shown in Table 6.1.

Table 6.1 : Percentage variation in measured gait parameters

Imp t/o dur t/f % t
. 4,5 55 4,2 3,6 54
Fmx T/cycle v% N %P %S
4,2 06 1.4 2 2,9
Since the intercycle gait variations are not

significantly different, the information of one cycle
can be used for gait characterisation. These wvariations
may be reduced by taking the mean computed gait data of

a number of consecutive footsteps.
6.1.2 DAY-TO~-DAY GAIT VARIABILITY

With ambulation conditions kept constant (13 km/h), the
gait cycle of one of the previous subjects was recorded
on five different days to determine the day—to—day
variation in gait characteristics. Analysis of results
showed a maximum variation of 7.2% in any measured gait
{Table 6.2).

day-to—-day variation.

parameter This probably represents a true



Table 6.2 Percentage day—-to—day variations in gait parameters
Imp t/0 dur tf vt
6,7 7,2 5 41 6.1
Fmx T/cycle “N v.P %S
6.4 1,3 1,8 19 3.2
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6.2 METHOD OF SYSTEM EVALUATION

It is important that the pattern and magnitude of the gait
pressures be similar to those reported by other investigators.
Experiments pertaining to previous gait studies were repeated,

thus allowing system accuracy and versatility to be evaluated.

To allow for a direct comparison of results, required that the
display of gait information be similar to that of previous
studies. As a result, only a small part of the computed gait
LOTUS 123T%,

with graphing facilities, was used for producing

information was used. a spreadsheet software
package
force and percentage

bar—graphs relating wvalues of impulse,

prlantar contact times to discrete plantar locations.

During the stance phase of a normal subject, Manlay et al.3>5
have shown that normal foot-loading is transferred from
heel-centre to the metatarsal heads and thence to the big toe.
Gait abnormaiities are usually identified by the registration

of high regional impulse (and associated force) values. 1In

addition, an incorrectly sequenced preséure pattern may also be
observed.
For the subsequent results to be meaningful, a <clinical

assessment of each subject should be available. These are

presented in Appendix D.
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Subjects A, B and C, as referenced in Appendix D, participated
in the following experiments. The treadmill speed, once
selected, was kept constant throughout the tests. In addition,

the treadmill inclination was kept constant at zero. >

6.2.1 GAIT EXPERIMENTS

The following experiments were performed, the results of

which are presented in Appendix E.

a)} THE EFFECT OF DIFFERENT SHOE APPAREL ON WALKING GAIT

It is well-known that different shoe types have
different supportive and cushioning properties.
Grundy et al.®® have observed that the rigidity of
the soles of a shoe can influence peak pressures and
contact times. For example, increasing the rigidity
leads to the metatarsal heads being in contact with
the ground for a longer period, and consequently, the
centre of foot pressure moves towards the forefoot

move rapidly.

Subject A was used in examining the shock-absorbing
and supportive (anti-pronation) properties of three
different shoe types, namely, a running shoe, a
canvas tackie (sneaker] and a leather casual shoe.
The gait pattern in each shoe was recorded at a
treadmill speed of 6 km/h. Results are presented in
Appendix E (i} and E (ii), the latter showing more
precise timing information. This display format, used
by Miller et al.ts, allows for the plantar

load~bearing sequence to be described.
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Wearing a pair of good running shoes for walking
purposes instead of tackies or leather casuals,
decreases the impulses (Appendix E (i} a) and
associated forces (Appendix E (i) b} under the
plantar surface without changing their relative
relationship. This makes the distribution of forces

more even.

One of the criticisms ievelled at the tackie is the
discomfort experienced after long usage. This is not
surprising since both the registered impulse and

force values are relatively high.

The higher impulses and forces associated with the
medial heel edge (transducer 1) are indicitive of an
inverted heel-strike, since its magnitude is higher
than that of the lateral edge (transducer 2). This
is evident in the timing diagram of Appendix E (ii)

since transducer 1 is the first to register a force.

COMPARISON OF SHOD AND UNSHOD.FOOT FORCES

The consensus of opinion 1is that the effect of
wearing shoes spreads the load over a wider area of
the foot and for the foot contact times to be

increasedq.37.38.,39

To acquire the unshod gait pattern, the instrumented
insole was attached to the plantar surface of subject
B, and covered with a sock. Gait information was
recorded at a treadmill speed of 12 km/h.
Thereafter, the gait pattern pertaining to a pair of
running shoes and a pair of casual shoes was acguired
for comparison. The results are shown in Appendix E

(iii) .
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These results are in agreement with Soames’®4 and
Pollard et al.?. The peak vertical forces are
decreased when wearing shoes, with the majority of
changes being associated with the lateral side of the
foot (transducers 2, 3, 4). The contact times
generally increase when wearing shoes, particularly
under the medial heel (transducer 1) and mid foot

{transducers 5, 6}.

The inability of walking shoes to reduce the high

~ peak forces associated with running can easily be

seen (Appendix E (iii) b). Even though a soft sole
material is wused, 'bottoming out' is seen to occur
(transducer 7} by virtue of the material being

compressed too rapidly and thus not being able to

- absorb the shock.

MEASUREMENT OF RUNNING SHOE CUSHIONING PROPERTIES

Biomechanical testing has shown that a running shoe
can influence the movement pattern of the lower leg,
knee Jjoint angle and rearfoot angle, which can have
an influence on impact forces. This prevents the
accurate assessment of the cushioning properties of a
running shoe by material testing only. As shown in
the previous experiment, a shoe with a very soft
mid—-scole may actually result in a higher impact force
than one with a mid-sole made of harder material.

Three different running shoes were evaluated by
subject B running on a treadmill at 12 km/h. Gait
information pertaining to each shoe was recorded and

is shown in Appendix E (iv].
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Examination of the force and impulse graphs shows
that the shoes tested differ in their shock-absorbing
and pronation—-control properties. The high impulse
and force registered under the first metatarsal head
(transducer 7) in the Trilogy results from use of the
"Kinetic Wedge" design. This causes the first
metatarsal to drop, and in doing so, allows for the
arch to remain in a raised position, thus preventing
excessive pronation. Observation of the contact
times show that subject B still overpronates by
virtue of the time spent in the medial forefoot
region (transducers 6, 7, 8) and thus requires a

correcting insert.

The Pony running shoe, being the cheapest of the
three, exhibited the best cushioning property of the
shoes tested. By virtue of the material used in the
sole, it 1is envisaged that this trend will reverse
qfter a few kilometres of running as the material
becomes compressed. Better—quality cushioning

material may not show compaction to the same extent.

THE EFFECT OF INSERTS ON THE GAIT PATTERN

Examination of subject B's gait patterns (Appendix E
(iv)) shows excessive pronation during load-bearing
as shown by the contact times of the medial forefoot

region (transducers 6, 7, 8).

To correct this disofder, a half-medial arch support
was sugdested for use by subject B. To test its
effectiveness, the subject's - gait pattern was
recorded for each running shoe in turn, first with
the insert and then without. The results of this
test are shown in Appendix E (v) for two pairs of

shoes.
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The computed percentage variation in pronation and
supination resulting from insert use 1is shown for

three different shoes in Table 6.3.

Table 6.3 : Computed pronation and supination variation

resulting from insert use

SHOE %P 7N 7.8
Venue wo 165 169 128
Venue w 152 163 120
Trilogy w-0 158 160 119
Trilogy w 150 143 84
Pony wo 156 154 102
Pony w 135 147 123

w-0 : without insert w: with insert

It is obvserved that the insert performs differently
in each shoe with the largest variation taking place
with the Pony running shoes. Closer examination of
this shoe shows that it does not have a built-in
arch—support, a feature that helps prevent
over—pronation. Thus, the orthotic will exhibit a
more pronounced effect when used in this shoe than in

one with a built-in arch-support.

The insert material, being compressible, has the
ability to absorb shock. Since this would influence
the force and impulse values, these parameters cannot
be used in assessing motion control. Plantar contact
times are thus more suitable as the main criteria in
assessing the effectiveness of an insert. For
example, less time spent on the medial edge of the

sole indicates less over-pronation.
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EFFECT OF WORN—-OUT RUNNING SHOES

The ideal running shoe material should be able to
absorb shock without breaking down. Most mid-sole
materials currently employed eventually 1lose their

resilience and cushioning properties.

The average 1life-span of a good running shoe is
approximately 2500 kn. After this distance, it
should be discarded due to permanent compaction of
the mid-sole material. The lack of shock absorption

can result in tiredness and/or injury while running.

An experiment to examine the shock—-absorbing and
support properties of a worn—dut running shoe was
conducted on subject B. Gait patterns were recorded
for two pairs of the same running shoe, one o0ld and
one new, under similar conditions. The results are

presented in Appendix E (vi).

Most of the impulses and associated forces are higher
in the case of the worn-out shoe, with the majority
of changes being associated with the medial foot

region (transducers 6, 7, 8).

Use of the gait analyser allows for the long—term
monitoring of forces associated with a particular
shoe. . By comparison, the shock absorbing efficiency

of the shoe can be evaluated.
EFFECT OF HIGH-HEELED SHOES ON WOMEN

Many shoes currently available constrain the foot in

what must be regarded as an unphysiological
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position. Shoes, particularly those that are
fashion-oriented, have 1long been implicated in the
development of hallux wvalgus. As yet, gquantitative
data which indicates how this condition is brought

about is limited.

; The distribution of forces resulting from the use of

- high~heeled shoes was recorded by having subject C
walk at constant speed while wearing the relevant
shoe apparel. For comparative purposes, the gait
patterns of two other shoe types were also recorded,
the results of which are shown in Appendix E {wvii).

These results are 1in agreement with Soames et al.4?
who have shown that as heel height increases,
pressures under the medial metatarsal heads increase
{transducers 6, 7), while those under the lateral
metatarsal heads decrease {transducers 2, 3, 4}.

Running and flat shoes provide a redistribution of
forces and are thus more beneficial than their
high-heeled counterparts.

6.3 SUMMARY

The wversatility and accuracy of the gait analysis device has
been demonstrated by performing a number of experiments
pertaining to foot function while walking and running. It was
shown that there exists a high degree of correlation between
the results obtained experimentally and those obtained by

previous resegrchers.

The large variation in the gait pattern of "normal" individuals
makes the formulation of a database difficult. It is suggested
that each be used as a reference against which change can be

measured.
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All computed gait measures are derived from information
contained in one gait cycle. Although intercycle variations in
gait behaviour exist, it was found to be insignificant for
diagnostic purposes.
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CHAPTER SEVEN

‘ CONCLUSIONS

There is consensus amongst researchers that the localisation and
quantisation of plantar pressures are of dgreater importance than
the measurement of global foot pressures 1in the study of lower
extremity foot function. To date, research in this field is
limited by the unavailability of suitable measuring equipment.

A brief review of the pressure measuring systems currently in use
shows that restrictions in measurement result from the transducer
type used and on—line method of monitoring the transducer outputs.
This, and use of expensive computing and display equipment,
invariably restricts gait measurements to a clinical environment by
a small spectrum of users. To allow for gait measurements by the
orthopaedic and sports fraternity alike, requires the availability
of a low—-cost, portable gait analysis device.

In configuring this new device, use of an instrumented insole was
considered the most unobtrusive way of measuring the plantar
pressures. The lack of suitable, robust pressure transducers

necessitated the design and manufacture of these components.

The features and specifications of the new gait analysis device
were devised to allow for full portability, real—-time gait
monitoring and computer—aided gait analysis. A RF méasuring link
was considered a prerequisite for measurements in an outdoor

environment.

Two methods of analysing a patient's gait pattern were
incorporated. One such method makes use of a VCR for recording the
real—-time pressure display whereas the latter makes use of digital

sampling and storage.
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A new state of the art'video mixing technigque was used in producing
the wvisual gait display. This allowed for the easy identification

and gquantisation of plantar pressures.

The system was evaluated for accuracy and repeatability. A number
of previously conducted gait experiments were repeated, enabling
the results to be compared with those of other researchers.

Two prototype versions of the gait analysis device have been built
and are in extensive use. Research currently in progress includes
the biochemical measurement of running-—shoe cushioning properties
and the indentification of biomechanical factors contributing to
common rﬁnning injuries, namely, runner's knee, shinsplints and
archilles tendonitis. The results of these tests are to be

published shortly.

The overall conclusion is that the new gait analysis device is far
more flexible and easy to operate than those in current use. It is
envisaged that the use of this device in gait studies will help
towards gaining a better understanding of lower extremity foot

function.

Worldwide interest has been shown in this device. It is hoped that
licensing agreements with manufacturing companies will be agreed
upon shortly. In addition, device patents are pending.

7.1 EROPOSED GAIT STUDIES

In addition to the gait studies referred to in section 6.2, the
following will be undertaken :—

a) determination of the force distribution under the hallux
valgus foot before and after different surgical procedures;

b) determination of the force distribution under the claw foot
before and after different types of surgery;
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c) in the diabetic foot, determining the relationship between
the force distribution and the site of ulcers, with a view
to their prevention;

d) determination of the effect of arthritis, including stills'
disease on foot function; and

e) determination of the harmful shoulder forces relating to
incorrect crutch use after lower limb surgery. This study
requires that transducers be mounted in both crutches and

insoles, as shown in Fig 7.1.

Fig 7.1 : Transducer placement for crutch study

7.2 ADDITIONAL DEVICE APPLICATIONS

Besides gait evaluation, the analysis device can be used for a

variety of additional tasks, some of which will be described.

Occupational therapists may use this device in the
rehabilitation process of patients with neuromotor disorders or
limb deformity/loss. Events, such as the switching-on of a
machine, may be controlled by having the patient 1load a

transducer or matrix of transducers with a particular force or

pattern of forces.
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Many deaf people suffer from imbalance resulting from damaged
circular canals in their ears. A method used in assessing the
effectiveness of a rehabilitation program makes wuse of a
see—saw arrangement. While in the neutral position, the
pétient is made to stand in the fulcrum region with their feet
slightly parted. Upon release, the degree of patient imbalance
is evaluated by monitoring the see—-saw movement. Pressure
transducers, when placed under their feet, allow for these
balancing forces to be quantified in both amplitude and
frequency, thus providing an indication of their rehabilitation

progress.

Running shoes differ in their shock—absorbing and pronation

control properties. The individuality and variation in the
"normal" gait pattern results in a variation in shoe behaviour
amongst individuals. It thus becomes imperative that a gait

analysis device be used in the prescription of running shoes.
Excessive pronation and/or supination, if detected, can be

corrected by way of inserts.

Many wheelchair—-confined para/quadraplegics with no lower 1limb
sensation suffer from pressure sores in their 1lower back
region. To prevent this, pressure transducers can be mounted
within the supporting surface to detect areas of high pressure
loading. These transducers, when used in a similar manner, can

be used in the prevention of bed sores.

The gait analyser could be extensively used in the footwear
manufacturing industry. Shoe designs could be evaluated for
their fit and support, allowing interaction between the
designer and manufacturer. The customisation of running shoes
for professionals could be based on their gait patterns. This
could prove highly lucrative for their sponsors.
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In addition to the above applications, these transducers may be
used for measuring pressures in confined areas, for example,
under prosthetic devices, under the saddle and hooves of
horses, in the boots or skiers, in the boots of army personnel,

etc. The applications are wvirtually endless.

A '"rugby scrummaging analyser" is presently under development
for the detection of harmful and excessive pressures in the
shoulder and neck region of rugby players while scrummaging.
Similar transducers as are used with the gait analyser are

implemented, a prototype of which is shown in Fig 7.2.

Fig 7.2 : Prototype shoulder pressure transducer

To facilitate the simultaneous display of up to twenty

transducers, it is necessary for the video display to be split.

Lastly, the video mixer can be used for the synchronisation and
mixing of any two crystal—referenced video signals. With full
fading facilities, previously recorded events may be enhanced
by the addition of text or graphics from an ordinary home

computer.
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7.3 PROPOSED SYSTEM IMPROVEMENTS

A modular construction technique was implemented for the gait
analysis device. Simplified operation and gdguaranteed
portability require the device to be light and compact. This
means that the system should be housed in the confines of an
attache case allowing for its use in a variety of institutions

and environments.

To enhance the gait pattern of flat-footed individuals, the
transducer configuration within the insole should be changed.
This 1is easily implemented and in time, a variety of insole

configurations will be made available.
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APPENDIX A

CIRCUIT DIAGRAMS OF NEW GAIT ANALYSIS DEVICE

Sensor Module
Channel-Balancing Module
Video Encoding Module
16K RAM Module

1 Watt Tx Module
Regulated Power Supplies

Video Mixer Unit
Computer Modifications

Memory and Printer Interfaces
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APPENDIX B

VIDEO ENCODER CIRCUIT OF R. DE JONG2®
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APPENDIX C

GAIT ANALYSIS SOFTWARE LISTING

S REM #xx% 21 January. 1987 %%x
20 REM #%x%ikk%X Frogram written by MARK LEVIN ... University of
Cape Town ¥RXEXxk
25 REM x%¥%x Input by FROFESSOR TIM NOAKES and AMDREW RBOSCH XXX
0 REM This program is for use with the "ME1 Insole bait Analys
er— L1}
40 REM Rackpack to Spectrum memory transfer routine
SO PRINT AT 0,03 "INSTRUCTIONS FOR GAIT ANALYSISY ™ " "USING A VARI
ABLE SFEED TREADMILL": PFLOT 0,1&6Z%: DRAW 279,0: FLOT 0,147: DRAW 2
55,0
&0 PRINT AT 4,03"1.82lect insole and calibrate" ™" gsystem befor
e inserting into"™" patient s shoe by pressing the"™" sw
rked “CALTY ‘
70 FRIMT AT 10,03 "2.Ensure interface switch is in*™" the "of+’
position prior to"™" gait sanpling’
80 FRINT AT 15,0;"%.At the desirsd treadmill speed"’" press th
e data sample switch"’" once on the Gait Analyser Unit"
0 PRINT AT 20,03 "4.Fut interface switch in the"'" “on” positi
an and press tVgttt
120 IF INEEY$="" THEN G0 TO 120
200 IF INEEY$<:"c" THEN GO TO 190
210 CLS .
220 REM Call up the machine code program which performs the mamo
ry transter
230 RANDOMIZE USSR 48512
240 BEEFR 1,30
260 PRIMT AT 0,63 "%% MENMU - SCREEN %%x": FLOT 48,145: DRAW 152,0
270 FPRINT AT ?.10:”DD YOU WANT?"
280 FRINT AT 46,03 "1. TO RELOAD GAIT AMALYSER"™ "2, IMFULSE + FOR
CE CALCULATIONS®® * "3, STORE GAIT INFORMATION"®®"4, FROCESS STORED
INFORMATION"? " "5, ERASE FILENAME"® "4, FILE CATALOG"™""7. FORMAT
CARTRIDGE"
290 FRINT AT 21,03"Yow choice 2"
I0O0 FPAUSE O
10 LET y$=INKEY%$
I20 IF y$="1" THEN CLS
ITO IR ys="2" THEN CLS GO TO 200
I40 IF ys="ZIZ" THEN CLS GO TO 400
IS0 IF y4="4" THEN CLS : GO TO S0O
I60 IF y#="3" THEN CLS : GO T0O 530
I70OIF yE="4s" THEN CLS : B0 TD 450
I8G IF ye="7" THEN CLE ¢ BO TO 700
IR0 B0 TO T10
400 REM % Store gait information X
410 PRINT AT 0,7:"5AIT DATA STORALRE": PLOT 54,164: DRAW 136,00

650 TO 40
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420 FRINT AT 4,0;"At completion of gait sampling”"”™?Yinsert patie
nt cartridge into”’ " "microdrive unit"®™ " "Enter patient’s filenam
g {11 ch}) """"and press "Enter® key"
4750 INFUT “Filename :"in$
440 IF LEN n$=0 THEN CLE : GO TO 260
450 SAVE ¥"m";1:n$CODE 48670, 12000
4450 FAUSE 103 CLE : GO TO 260
500 REM ¥ Process stored data X
10 FRINT AT 1,2;"RETRIEVAL OF STORED GAIT DATA®: FLOT 16,15&: D
RAW 272,0
520 FRINT AT 8,03;"Insert patient’s cartridge into"”" 7 "the microd
rive unit and enter"’ " '"the relevant filename"
SEO OINFUT "Filename :":;0%
40 IF LEN o%=0 THEN CLES : GO TO 260
550 LOAD *"m";13;0%C0DE
560 PAUSE 10; CLS ¢ 6O TO 00
580 REM ¥ Erase filename ¥
520 FRINT AT 1,53;"ERABE PATIENT FILENAME®: FLOT 40, 136: DRAW 176
L0
&00 FRIMT AT 8,03 "With patient cartridge inserted"’”""in the mic
rodrive unit, enter "*77'Ythe filename then press "Enter™”
610 INFUT "Filename :"jo%
G620 IF LEN o%3=0 THEN CLS @ GO TO 260
HI0 ERASE "m"j3li;o%
6440 PAUSE 10 CLS @ GO TO 260
650 REM X File catalog X
660 CAT 1
670 FRINT AT 21,23 FLASH 13 "PRESS ANY KEY TO CONTINUE!
6£80 FAUEBE O
690 CLS 3 60 TO 260
700 REM % Cartridge format X
710 PRINMT AT 1,8:;*CARTRIDGE FORMAT": FLUT 64,1546: DRAW 128,0
720 FRINT AT 4,0;“Insert cartridge into microdrive"® " "unit and
ernter global filename”"™ """ " "WARMING : All psatient files will 7"
be erased!"
7E0 INFUT "Global name: ":ip$
740 IF LEN p$=C THEN CLS : BO TO 260
750 FORMAT YmY"s;lips
760 CLS ¢ B0 TO 260
00 REM XX Start of calculations XX
210 REM Input patient’s code,umbulation conditions etc.
Q20 INFUT "Fatient’ s name:":a%
QIC0 INFUT "Fatient’s weight (kgl:"ijb%
40 INFUT "Date of test:"j;c$
RS0 INFUT "Shoe type:"id$
60 INFUT "Insole size:“je$
@70 INFUT "Treadmill speed (km/h):";f$
B0 INFUT "Inclination:":g$
290 CLS
1000 REM Frint table outlines with headings
1010 PRINT AT 2,1:"C"s PRINT AT 2,33 "Imp": PRINT AT 2,73"t/0": FR
INT AT Z2,11:"dur: PRINT AT 2,1S3"t/F%: FRINT AT 2,19:;"%t": FRINT
AT 2,223 "so': PLOT 182,138: DRAW 1,1: PRINT AT 2,25;"s+'": PLOT 2
06,158« DRAW 1,1: PRINT AT 2,28:"Fmx": PRINT AT 4,1:"1": FRINT AT
b,14"2%: FRINT AT 8.1:"2%: FPRINMT AT 10,13"4": PRINT AT 12,1:YS":
FRINT AT 14,13 "4&": PRINT AT 16,13"7": FRINT AT 1B,13"8": FRINT AT
20,1 "T/cycles s PRINT AT 20,153%I:": FRINT AT 20,22;%F:"
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1OZQ FRINT AT O,03a$: FRINT AT 0,167 1': FPRINT AT 0,17:2%: FPRINT
AT Q253" By PRINT AT O,263+%: FRINT AT 0,283 "km/h"

1070 PLOT 4,7%: DRAW O, 159: DRAW 246,0: DRAW ©,-15%9: DRAW —~246,0:
FLOT 4,19: DRAW 24&,0: FLOT 4,35: DRAW 246,0:; FLOT 4,51: DRAW 246
0 FLOT 4,47: DRAW 244,0: FLOT 4,83: DRAW 246,0: FLOT 4,99: DRAW
246,0: FLOT 4,115: DRAW 246,0: FLOT 4,131: DRAW 246,0: FLOT 4,14
7: DRAW 246,0: FLOT 19,19: DRAW 0,143 PLOT 51,19: DRAW 0,147: PL
07T 8IZ,19: DRAW 0,143 FLOT 115,3: DRAW ©,15%9: FLOT 147,19: DRAW O
» 14750 FLOT 173,3: DRAW ©,15%9: FLOT 1935,1%9: DRAW 0, 143: FLOT 219,1
F: DRAW 0,143

1040 LET mi=0: LET mZ2=0: LET mIZ=0: LET m4=0: LET mS=0: LET mé&=0:
LET m7=0: LET m8=0: LET f1=0: LET $2=0: LET £3=0: LET f4=0: LET 4
S=0: LET fé&=0: LET +7=0: LET +£8=0

1050 LET ol=0: LET o2=0: LET o3=0: LET o0d4=0: LET 0S5=0: LET o0&=0:

LET o7=0: LET o8=0: LET tl=0; LET t2=0: LET t3=0: LET t4=0: LET t

S=0: LET té&=0: LET t7=0: LET t8=0: LET ci=0: LET cl=0

1060 LET 1i1=0: LET i2=0: LET i3=0: LET i4=0: LET i3S=0: LET i6=0:

LET 17=0: LET i8=0: LET hil=0: LET hZ=0: LET ri=0

1070 LET t9=0: LET t10=0: LET t1i1=0: LET t12=0: LET ti1Z=0: LET t1

4=01 LET £19=0: LET t16=0: LET t17=0: LET wi=0: LET w2Z=0: LET w3i=

O: LET wad=0: LET wi=0: LET wé&=0; LET w7=0: LET wB=0:; LET u=0.004
1100 REM Locate instant when heel transducers unloaded (al=alZ=0)
1110 LET wu=8: LET nl1=48&632: LET nl2=4867%1

1120 LET al=FEEK nil: LET aZ=FEEE nZ

11720 IF al<® AND aZ<3 THEN LET pl=nl: LET pl=nZ: GO TO 1370

1140 LET nl=ni+u: LET nZ=nl+u

1150 IF nl>52000 THEN CLS : BEEF 2,20: BEEFP Z,10: BEEF 1,3: FOR w

=1 TO 100: PRINT AT 10,0: FLASH 13 "xxx TEST ABORT '  TRY AGAIN X%
$7: NEXT w: CLS : BD TO 260

1160 GO TO 1120

1260 REM fAssume heelstrike occurs....find which heel transducer s

trikes first

1270 LET bi=0: LET vi=0: LET b2=0: LET vZ=0

1280 LET al=FEEE pl: LET al2=FEEE p2

1Z90¢ IF bhil=0 AND v1i=0 AND al<Z THEN LET bil=1l

1400 IF b2=0 AND vI=0 AND aZ<3 THEN LET b=l

1410 IF bil=1 AND vi1=0 AND al>2 THEN LET vi=1: LET i=pl: LET hil=1
1420 IF hi=1 THEN LET g=i: FRINT AT 4,7;"ref": GO TO 1S00

14%0 IF b2=1 AND vZ=0 AND al>2 THEN LET v2Z=1: LET i=pZ: LET h2=1
144G IF h2=1 THEN LET g=4-1: FRINT AT &,.7:%ref'": GO TO 1800

1456 LET pl=pl+u: LET pad=pI+tu

1460 IF plxni+3000 THEN CLS @ BEER 2,20: BEEF 3,10: BEEF 1,3: FOR
w=1 TO 100: FPRINT AT 9,03 FLABH 1g"k¥¥xXx NO HEELSTRIKE DETECTED X
Xkk©T T hpxkx TEST ABORT ! TRY AGAIN x%x%" 1 NEXT w: CLS : GO TO 2

&0

1470 GO TO 1380

1500 REM %% Impact first occurs at No.l (hi=bl=vi=1) *x

1510 REM e= accumul ated impulse value; z=time before transducer r

egisters pressure; g= count of impulse on—-time; f= instantaneous
impulse valuey <= X {(1/2000) seconds; 11-ig8= individual impulse v

alues; tl-t8= individual on—time values; t9= max value of t7f3; t1i

0 - tl17= time to reach max pressures; k= count for ti10 - t17: ol-

oB= individual off-—-times

1520 REM No.1 (hi=1)

1540 LET e=0: LET =0: LET g=0: LET 1=0: LET k=0: LET w=0: LET p=

q

1545 IF INKEY$="g" THEN CLS : GO TO 2460
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1850 LET a=FEEE p

1560 IF aXx239 THEN LET a=239

1570 IF a<Z THEN LET i1=INT (e+0.5): LET til=gx4: FRINT AT 4,3;il:
FRINT AT 4,113t1l: LET fil=ol+tl: FRINT AT 4,.15:41: LET mi=INT ((-9
OXLLN (1-1/285))+0.3): FRINT AT 4,28:ml: LET t10=k%4: LLET wi=INT ¢
w+,. 351 GO TO 1630

1280 LET +=-90%LN (1-a/255)%x: LET g=g+1

1585 IF a»=1 THEN LET l=a: LET k=k+1l: LET w=w+f

1590 LET e=e+f

1600 LET p=p+u

1610 GO TO 1550

1620 IF INKEY$="q" THEN CLS : G0 TO Z60

1630 REM No. 2

1640 REM z= counter for transducer off-time

1650 LET e=0: LET =01 LET g=0: LET z=0: LET 1=0: LET k=0: LET w=

1 LET p=qg+1 ,

1635 IF INKEY#%="g" THEN CLS : 60 TO 240

1660 LET a=FEEK p

1670 IF a>»27%9 THEN LET a=273%

168G IF bI=0 AND v2:=0 AND a<3 THEN LET bh2=1

1690 IF b2=1 AND v2=0 AND a2 THEN LET vZ=1: LET oZ=z%4: PRINT AT
&,7302

1700 IF NOT (b2 AND vZ) THEN LET z=z+1

1710 IF bBZ2=1 AND v2=1 AND a<Z THEN LET iZ=INT (e+2,.3): LET +t2=g%4

: FRINT AT 46,3312 FRINT AT &6,113t2: LET +2=02+t2: PRINT AT &,1%5;

F2: LET mZ=INT ((~20%LN (1-1/285))+0.5): FRINT AT 4,28;m2: LET *1
I=kx¥x4: LET w2=INT (w+0.5): GO TO 2100

1720 IF bZ=1 AND vZ=1 THEN LET +£=-90%LN {(1-a/255:%x: LET g=g+1: 1

Foax=l THEN LET l=az LET k=k+l: LET w=w+f

17720 LET e=e+f

1740 LET p=p+u

173G IF prg+R00 THEN FRINT AT 46,33 "Undetected value”s B0 TO 2100
1760 60 TO 1460

1800 REM %% Impact first occurs at No.Z2 (h2=b2=v2=1) %X

1810 REM No.l

1820 LET e=0: LET £=0: LET g=0: LET =z=0: LET 1=0: LET k=0: LET p=

q: LET w=0

1825 IF INKEEY#="g" THEN CLE : GD TO 240

18%20 LET a=FEEK p

1840 IF ax>23% THEM LLET a=279

1830 IF hi=0 AND vi=0 AND &a<Z THEN LET bi=l

1860 IF bi=1 AND vi1=0 AND 232 THEN LET wi=l: LET ol=z¥d4: FRINT AT
4,730l '

1870 IF NOT (b1 AMD vi) THEN LET z=z+1

1880 IF bl=1 AND vi=1 AND a<3 THEN LET il=INT (e+0.5): LET til=g¥%4
: PRINT AT 4,33il: FPRINT AT 4,113t1: LET Fi=ol+tl: FPRINT AT 4,15;
fl: LET mi=INT ((~R0XLM (1-1/255))+0.5): FRINT AT 4,28:ml: LET t1

O=k¥4: LET wl=INT (w+Q,5): GO TO 1940

1890 IF bl=1 AND wi=1 THEN LET f=-90%xLN (1-a/295)%x: LET g=g+1l: I

F akx=1 THEN LET l1=az LET k=k+ls LET w=w+f

1900 LET e=e+f

1210 LET p=p+u

1920 IF pixg+800 THEN PRINT AT 4,3:"Undetected value”: GO TO 1940
1920 G0 TO 18320

1240 REM No. 2

1960 LET e=0: LET +=0: LET g=0: LET 1=0: LET k=0: LET w=03; LET p=
g+1
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1965 IF INEEY$="qg'" THEN CLS : GO TO 260

1970 LET a=FEEK p

1980 IF a=>Z39 THEN LET a=339

1990 IF a<3 THEN LET 1i2=INT (e+0.5): LET t2=g%4: FRINT AT b, Fgis
FRINT AT 6,11:t2: LET f2=02+t2: PRINT AT 6,15:+2: LET m2=INT ((~9
OXLN (1-1/255))+0.3): FRINT AT 6,28:m2: LET tli=k¥%4: LET w2=INT (
w+Hd. D) BO TO 2100

2000 LET f=-90%LN (1-a/253)%x: LET g=g+1l: LET w=w+f

2010 IF ar=] THEN LET l=a: LET k=k+1

2020 LET e=e+f

2070 LET p=p-+u

2040 G0 TO 1970

2100 REM No.Z

2110 IF INEEY$="g" THEN CLS : GO TD 260

2120 50 SUB 4850

2120 LET p=g+2

214G LET a=FEEK p

2150 IF a»239 THEN LET a=239

2160 IF b=0 AND v=0 AND a<3 THEN LET b=1

2170 IF b=1 AND v=0 AND a>2 THEN LET v=1: LET oJZ=z%4:; PRINT AT 8,
7503

2180 IF NOT (b &aND v} THEN LET z=z+1

21790 IF w=1 AND b=1 AND a+3 THEN LET iZ=INT (=2+0,3): LET tZ=g%x4:
FRINT AT 8,331i3: FRINT AT 8,11:t3: LET +3=03+t3: FRINT AT B8,15:+3
3 LET mI=INT ((-90%LN (1-1/2553)+0.5): FRINT AT 8,28:m3: LET ti1Z=
k¥4: LET wiZ=INT (w+0.5): GO TO 2240

2200 IF v=1 AND b=1 THEN LET f=-90%LN (1-a/285)%u: LET g=g+i: IF
ax=] THEN LET l=a: LET k=k+l: LET w=w+¥

2210 LET e=e+f: LET p=p+u

2220 IF prg+l2400 THEN PRINT AT 8,7 "Undetected value': GO TO Z240
2270 6O TO 2140

2240 REM HNo. 4

2250 IF INEEY$="g" THEN CLS : GO TO 260

2260 GO SUE 4830

2270 LET p=g+3

2280 LET a=FEEK p

2290 IF ax2739 THEN LET a=239

200 IF b=0 AND v=0 AND a<3 THEN LET b=1

IF b=1 AND v=0 AND a>3 THEN LET wv=1: LET od4=z%4: FRINT AT 10O

IF NOT (b AND v) THEN LET z=z+1

C2EE0 IF v=1 AND b=1 AND a«3 THEN LET i4=INT (e+0.5): LET té4=gx4:

S FRINT AT 10,33i4: PRINT AT 10,113t4: LET f4=o4+t4: PRINT AT 10,15
sf4:r LET ma=INT ((—-20%LN (1-1/285))+0.3Y: PRINT AT 10,28:;m4: LET
t1Z3=k%4: LET wa4=INT (w+0.5): B0 TO 2380

2TZ40 IF v=1 AND b=1 THEN LET f=-90XLN (i1-a/253)%x: LET g=g+1l: IF
ax=] THEN LET l=a: LET k=k+l: LET w=wt+f

2EB0 LET e=e+f: LET p=p-+u .

260 IF prg+2400 THEN FRINT AT 10,733 "Undetected value”: G0 TO 238
0 :

2370 60 TO 2280

2380 REM No.5

2390 IF INKEY$="g" THEN CLS : GO TO 260
2400 &0 SUR 4830

2410 LET p=qg+4

2420 LET a=FEEE p

24750 IF a»239 THEN LET a=239
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2440 IF b=0 AND v=0 AND a<2 THEN LET b=1

2450 IF b=1 ANMD v=0 AND a>2 THEN LET v=1: LET oS=z%4: PFRINT AT 12
7305

24460 IF NOT (b AND v) THEN LET z=z-+1

2476 IF v=1 AND b=1 AND a<Z THEN LET iS=INT (e+0.5): LET tS=gx4:

FRINT AT 12,3;15: FRINT AT 12,113+5: LET F59=05+t3: FRINT AT 12,15
sF5: LET mS=INT ((~Q0¥LN (1-1/2831)+0.5): FRINT AT 12,2B:m5: LET

tl4=k%4: LET wS=INT (w+0O.5): GO TO 2520

2480 IF v=1 AND b=1 THEN LET f=-90%LN (1-a/255)%x: LET g=g+1: IF

ar=1 THEN LET l=a: LET k=k+1l: LET w=w+¥

2490 LET e=e+f: LET p=p+u

2500 IF prg+2400 THEN FRINT AT 12,3;"Undetected value'": 50 TO 252

4]

2510 GO TO 2420

2520 REM No.b

2530 IF INEEY$="g" THEN CLS : GO TO 260

2540 G0 SURB 48350

2550 LET p=g+5

2560 LET a=FEEK p

2570 IF ax23% THEN LET a=232%

2580 IF b=0 AND v=0 AND a<Z THEN LET b=1

2590 IF b=1 AND v=0 AND ax>2 THEN LET v=1: LET oé=z%4: PRINT AT 14
7306 :

2600 IF NOT (b AND v) THEN LET z=z+1

2610 IF v=1 AND b=1 AND a3 THEN LET i4=INT (e+0.5): LET té=gX4:

PRINT AT 14,73ib6: FRINT AT 14,11;téh: LET +f4&=ob&+tér PRINT AT 14,15
sFe: LET m&=INT {((~F0%LN (1-1/255)3+0.5¥: FRINT AT 14,28:mé: LET

t1S=k%4: LET wb=INT (w+0.5): GO TO 26460

2620 IF w=1 AND b=1 THEN LET f=-90%LN (1-a/255)%x: LET g=g-+l: IF
==1 THEN LET l=a: LET k=k+lz LET w=w+f

2630 LET e=e+f: LET p=p+u »

2640 IF prg+2400 THEN FRINT AT 14,73; "Undetected value": G0 TO 264

0

2650 G0 TO 2560 ,

2660 REM No.7 (Cycle time calculated using this transducer)

2670 IF INKEY$=Y"g" THEN CLS @ 60 TO 260

2675 GO SUR 4850

2680 LET zi=0: LET d=0: LET p=g+b

2690 LET a=FEEK p

2700 IF a»239 THEN LET a=239

2710 IF b=0 AND v=0 AND a<3 THEN LET b=1

2720 IF pb=1 AND v=0 AND a»2 THEN LET v=1:1 LET o7=zX¥4: FRINT AT 16
« 7307

2730 IF NOT (B AND vy THEM LET z=z-+1

2740 IF b=1 AND wv=1 AND d=0 AND &<3 THEN LET d=1: LET 17=INT (e+0
«S): LET t7=g%4: PRINT AT 146,331i7: FRINT AT 16,113t7: LET +7=p7+t

7: PRINT AT 16,15347: LET m7=INT ((-20%LN (1-1/255))+0.5): PRINT

AT 1é&,285m7: LET t1lé=kx%4: LET w7=INT (w+Q.35)

2750 IF b=1 AND v=1 AND d=0 THEN LET f=-90%LN (1-a/255)%x: LET g=

g+1l: IF ax=1 THEN LET l=a: LET k=k+1l: LET w=w+f

27460 IF d=1 OAND a~3 THEN LET g=g+1

2770 IF d=1 AND a>Z THEM LET =zi=gX4: FRINT AT 20,103zi1: GO TO 281

O

2780 LET e=e+f: LET p=p+u

2790 IF prg+2400 THEN FRINT AT 14,33 "Undetected value': 50 TOD 281

0 '

2800 O TO 2670
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2810 REM No.B

2820 IF INEEY$="g" THEN CLS : GO TO 260

2870 60 8UR 4850

2840 LET p=g+7

2850 LET a=FEEE p

2860 IF ax239 THEN LET a=239

2870 IF b=0 AND v=0 AND a3 THEN LET b=l

2880 IF b=1 AND v=0 AND a>Z THEN LET v=1: LET oS8=z%4: FPRINT AT 18
£ 7508

2820 IF NOT (b AND v) THEN LET z=z+1

27900 IF v=1 AND b=1 AND a7 THEN LET i8=INT (e+0.5): LET tB=g%4:

PRINT AT 18,3:;1i8: PRINT AT 18,11:t8: LET +8=08+t8: FRINT AT 18,15
:¥8: LET mB8=INT ((-0XLN (1-1/255))+0.5): FRINT AT 18,78:m8: LET

t17=k¥4: LET wB=INT (w+0,.5): GO TO 2100 ’ ‘

2910 IF v=1 AND b=1 THEN LET f=-90%LN (1-a/Z55)%x: LET g=g+1: IF

ar=1 THEN LET l=a: LET k=k+l: LET w=w+f

2920 LET e=e+f: LET p=p+u

2930 IF prg+2400 THEN PRINT AT 1B, 7; "Undetected value®: G0 TO 310
0

2940 60 TO 2B50

F100 REM xx Calculation of 4 times %X

2110 REM Find max value of “t/+Y

F120 LET n“U
I1Z0 IF f£1-

D

THEN LET n=f1

%140 IF f“}=n THEN LET n=f2
2150 IF +3:=n THEN LET n=f3
71460 IF f4: =n THEN LET n=f4
3170 IF £5:=n THEN LET n=+f9
180 IF f63=n THEN LET n=fé
IT190 IF §7x=n THEN LET n=+7

Z200 IF $8:x=n THEN LET n=f8

F210 LET t9=n

IZ20 PRINT AT 4,19: INT ({({£1/tF)3 %100 +0,5)

IETO OPRINT AT 46,193 INT {(((t2/t)¥100+0.5)

IZA0 PRINT AT 8,193 INT (({t3/£F)X100)+0,.5)

I2S0 FRINT AT 10,193 INT (((£4/t9) %100 +0.5)

260 PRINT AT 12,197 INT ({({tS/€9)%100r+0.5)

ZET70 PRINT AT 14,193 INT (((t&/EFX100D +0,5)

I2BO PRINT AT 146,193 INT (({(£7/7€£9)%100)+0,5)

I290 PRINT AT 18,19 INT (((t8/t2)%100)+0,5)

II00 REM k% Accumulation of impulses X%

IIZ10 OPRIMT AT 20,1831 141241 3+14+15+16+17+18

3 O REM éccumulatlon of max forces

TZIEO OPRINT AT 20,25;mi+mZ+m3+md+mS+mbdb+m7+mB

4470 REM % Fressure sequence of transducers X

4480 LET c=4

4490 DIM x(8,2): DIM s(2)

4500 FOR i=1 T0O 8

4510 LET u(i,1)=1

4520 NEXT i

4570 LET x(1,2)=ol: LET x(2,2)=02: LET = (3,2)=03: LET 2 (4,2)=n4:
LET w2 (S,2Y=05: LET %(46,2)=pb: LET x(7,2)=07: LET x(8,2)=08

4540 FOR i=7 T0O 1 STEF -1

4550 FOR i=1 T0 i :

4560 IF w (3, 2y4x(i+1,2) THEN LET s(i)=x(i,1}: LET s(2)=x(1,2¥: LE
T sfigid=w (d+1,1): LET 2 {i,2)=x(3+1,2): LET w(i+l,1ld=s(1): LET u(
d+1,2)=5(2)

K
o
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4370 NEXT 3

4380 FRINT AT c,233u(i+1,1: LET c=c+2

4550 NEXT 1

4600 PRINT AT 18,27;:;x (1,1}

4610 REM %%% Bubble-sort of "t f":from minimum to maximum XkX
45620 LET c=4

46720 DIM y(8,2): DIM r(2)

4640 FOR i=1 TO 8

4630 LET yili,1r=i

4663 NEXT 3

4670 LET y(1,2)=Ff1: LET y(Z,2)=Ff2: LET y(Z,2)=f3: LET yi{4,2r=¥4;
LET y(5,2)=0: LET y(b,2)=fb6: LET y(7,2)=f7: LET y(B,2)=8

4680 FOR i=7 TO 1 STEF -1

4670 FOR =1 TO i

4700 IF y(i,2)<y(i+1,2) THEN LET r(f)=y(i,1}: LET r(2)=y(i,2): LE
T yli, D=y i+l 10: LET y (i, 2)=y(i+1,2): LET y(i+l,1)=r(13: LET y(
d+1, 2 =m (2)

471G NEXT

4720 FRINT AT o, 263y li+l, 1) LET c=c+2
4730 NEXT i

4740 PRINT AT 18,2635y (1,12

4750 REEF 1,40

4760 RANDOMIZIE USR 2T2946

4770 CLS

4780 REM Advance paper betwsen screens
4730 LFRINT @ LPRINT @ LFRINT

4800 6O TO 3550

4850 LET e=0: LET +=0: LET g=0: LET z=0: LET b=0: LET 1=0: LET v=
O LET k=03 LET w=0

4860 RETLIRN

59550 REM Generation of new screen vielding manual calculations
S355 PRINT AT 2,1:3"C tFm Ix F/t F/t Imp Fme Trg“: FRINT AT 20,1
AN S S: I: ety PRINT AT 4,1g0qurmn 2uesn Furruw g4
Hx T 5(!?“2‘ i 6“3:‘“ ‘7“?:"“ 8“ ‘

5560 FLOT 4,%: DRAW ,159: DRAW 247,0: DRAW 0,-159: DRAW ~-247,0:
FLOT 20,19: DRAW 0,147%: FLOT 48,19: DRAW 0, 147: PLOT 74,19: DRAW
G,14%: FLOT 114,19: DRAW 0,147: FLOT 1546,3%: DRAW 0,13%: FLOT 188,
19: DRAW 0,14Z: FPLOT 204,3: DRAW O, 161 PLOT 220,1%: DRAW 0,147: F
LOT 4,1%: DRAW 247,0: PLOT 4,25: DRAW 151,0: PLOT 4,51: DRAW 247,
O PLOT 4,67: DRAW 151,0: FPLOT 4,87: DRAW 247,0: FPLOT 4,99: DRAW
181,0: FLOT 4,115: DRAW 247,0: FPLOT 4,17%1: DRAW 151,0: PLOT 4,147
: DRAW 247,0

29465 FRINT AT 0,15:;" & ] kg B deg": FLOT 31,160: DRAW —~1,~1:
FLOT 169,16: DRAW ~1,-1: FLOT 215,16: DRAW ~-1,~1s PFLOT 108,15%2: D
RAW O, 6: DRAW ~2,-2Z2: DRAW 2,2: DRAW 2,-2: PLOT 148,158: DRAW ©,-56
: DRAW ~2,2: DRAW 2,-2: DRAW 2,2

5590 FRINT AT 0,Ci;d$: FRINT AT O,1é3e%: PRINT AT G,20:b%: PRINT A
T 0,26:0%

S600 PRIMT AT 20,28:t11+t14: FRINT AT 4,73;t10: PRINT AT &,7;t11s
FRINT AT 8,3:;t12: PRINT AT 10,33t17: FRINT AT 12,3:t14: FRINT AT
14,33;t15: PRINT AT 16,33t16: FRINT AT 18,3:t17

3610 REM % Impulse till max force X

S620 FRINT AT 4,7:wls PRINT AT 6,7;w2

I6T0 FPRINT AT B,7;w3: FRINT AT 10,7;:wé

3640 PRINT AT 12,7;:wS: FRINT AT 14.7;wé

G650 FRINT AT 16,73w7: FRINT AT 1B,7:w8

D460 FRINT AT 20,221 wl+wIZ+wI+ndtwi+wh+nw7+wd
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S6HBOFREM % Up and down slope calculation X

5690 IF t£1x1 AND £1031 THEN LET c1=INT (dml1/7£100%1000+0,.5Yy LET ¢
2=INT ((m1/7{E1-£10)¥1000+0.5) 1 IF LEN STR$ 1<% AND LEN STR$ o2
3 THEN FRINT AT 4,10;cl: FRINT AT 4,15;:2

5700 IF €231 AND t11x1 THEN LET ci1=INT ((mZ/t11)%1000+0.5): LET c
2=INT ((m2/ (£2-£11))%1000+0,5): IF LEN STR$% <145 AND LEN STR$ oo«
3 THEN FRINT AT &,103cl: PRINT AT 6,153c2

5710 IF £Zx1 AND t1Zx1 THEN LET c1=INT ((mI/t12)%1000+0.5): LET ¢
2=INT ((mI/ (ET-t120)%1000+0,.5): IF LEN STR$ c1<%5 AND LEN STR$ c2<
S THEN FRINT AT 8,1C03cl: FRINT AT 8, 155c¢? ,

S720 IF t4:x1 AND t13x1 THEN LET cl=INT ((md/t13)%1000+0.5): LET c

2=INT ((m4/ (t4-£13))%1000+0.5): IF LEN STR$ ci1<5 AMD LEN STR$ c2<

5 THEN PRINT AT 10,103cl: PRINT AT 10,1532

G750 IF 551 AND t14>1 THENM LET cl=INT ((mS/t14:%1000+0,.5): LET ¢

2=INT ((m5/(£3~-t143)X1000+0.5) 2 IF LEN STR% cl1<5 aND LEN STR$ c2

S THEN PRINT AT 12,103c1: PRINT AT 12, 1395c2

5740 IF t&=1 AND £1531 THEN LET cl=INT ((m&/t1S%1000+0.5)e LET c©

2=INT ((m&/ (£&-T15) 1 %x1000+0, 5 IF LEN STR$ 2145 AND LEN STR$ cl«

S THEN PRINT AT 14,103cl: FRINT AT 18,15;c2

5750 IF t7x1 AND t16x1 THEN LET cl=INT ((m7/t163%1000+0.5): LET c

2=INT ({m7/ (L7416 X1000+0,. 5y IF LEN STR$ ¢145 AND LEN STR® ¢4

5 THEN FRINT AT 16,1030ci: FRINT AT 16,1552

S760 IF t8x1 AND t17>1 THEN LET ci=INT ((mB/t17:%1000+0.%5): LET c

2=INT ((mB/7 (£8-t17) ) %1000+G,. 5 IF LEN BTR® 1<% AND LEN STR$ 24

S THEN FRINT AT 18, 1035cl: FRINT AT 18,15:c¢2

5950 FRINT AT S,2051i1+i2: PRINT AT 9,20513+i4: PRINT AT 13,2015+

i6: PRINT AT 17,20;3;17+18

9260 FRINT AT 5,24:mi+m2: FRINT AT 2,24:m3+mé4: FRINT AT 13, 24:m5+

mb&: FRINT AT 17,245m7+m8

5965 REM %% Specific regional contact times XX

5970 IF o2r=gl THEN CIRCLE 246,141,1: LET ri=gl-pl+t2: IF LEN B8TR

% ri<d4 THEN FPRINT AT S5,28:r1

59890 IF olr=p2 THEN CIRCLE 244,122,113 LET ri=ol-ol+tl: IF LEN STR

% 144 THEM FRINT AT S,28;3r1

5990 IF od:>=al THEN CIRCLE 246,109,1: LET ri=od4-oi+t4: IF LEN STR

$ rl1<4 THEN FRINT AT 9,28;3r1

OO0 IF =04 THEN CIRCLE 246.90,1: LET ril=pi-o4+t3: IF LEN S5TR%
ri<4 THEN FRINT AT 9,2835+1

£Q10 IF oé&r=o05 THEN CIRCLE 244,77,1: LET ri=ob&-gS+ts: I
F1a4 THEN FPRINT AT 13,28;:r1

6020 IF oSlk=o6 THEN CIRCLE 244,58,1: LET ril=05-0&+tS: IF LEN STR$
r1<4 THEN PRINT AT 13,28:r1

6CE0 IF oBi=o7 THEN CIRCLE 2446,45,1: LET ril=of-o7+tB: IF LEN STR%
144 THEN FRIMT AT 17.Z28;¢1

&G40 IF o7:x=o08B THEN CIRCLE Z244,26,1: LET ril=o7-aB+t7: IF LEN STR$
rl1<4 THEM PRINT AT 17,28:r1

670 FRINT AT 20,43 INT (({{t5+tH6) /£ X100 +0, 5)

6080 PRINT AT 20, 103 INT ((((t7+£8) /L9 %100 +0.5)

H0%0 PRINT AT 20,163 INT ({({({(t3+£4) /£t K100)+0.5)

6100 BEEFR 1,40

6110 RANDOMIZE USR ZZ296

L1200 CLS

6130 FOR w=1 TO 56

6140 LFRINT

H150 NEXT w

&1460 GO TD 260

m

LEN STR$
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APPENDIX D

CLINICAL ASSESSMENT OF SUBJECTS

Subject A’

Subject B

Subject C



CLINICAL INFORMATION FOR USE WITH THE GAIT ANALYSER

Fatient s name

Sub iect A

129

Aqe : 29 Weight

Height = 1.746 m

Examination Date

14 May 1987

Foot @ Right

Foot type ;
Off-bearing weight.
Right foot :

_ Low arch
W Medium arch
_ High arch

teft foot :

_ low arch
2 Medium arch
__ High arch

Foot type ;
On—-bearing weight.
Right foot :

_ bLow arch
# Medium arch
_ High arch
Left foot :
__ Low arch

# Medium arch
_ High arch

Comments =

Good biomecanical alignment

Rearfoot position.
Right foot :

_ Fronation
¥ Neutral
__ Supination

teft foot :

_ Fronation
¥ Neutral
__ Supination

Frontal plane knee
infleunces.
Right leq :

_ Genu varum
¥ Straight
_ Genu valgum

Left leg :
_ BGenu varum

¥ Straight
_ BGenu valgum



CLINICAL INFORMATION FOR USE WITH THE GAIT ANALYSER
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Fatient’ s name Sub iect E
Age : 40 ‘Weight : 71 kg Height : 1.75 m
Exvamination Date @ 10 June 1987 Foot @ Right

Foot type :
Of f—-bearing weight.
Right foot :

_ Low arch
_ Mediwm arch
¥ High arch

Left foot @

_ Low arch

_ Medium arch

v High arch

Foot type 3
On~bearing weight.
Right foot :

_ Low arch
¥ Medium arch
_ High arch
Left foot :
_ bLow arch
¥ Medium arch
_ High arch

Comments =

Good biomechanical
Callouse under 1st

Rearfoot position.
Right foot :

_ Pronation
% Neutral

_ Bupination
Left foot :

_ Fronation
¥ Neutral
_ Supination

Frontal plane knee
infleunces.
Right leg :

_ benu varum
¥ Straight
_ Genu valgum

Left leg :
_ benu varum

¥ Straight
_ Benu valgum

alignment.
matatarsal head.



CLINICAL INFORMATION FOR USE WITH THE GAIT ANALYSER

Fatient®s name : Subiect C
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Age @ 24 Weight

Height 2 1.65 m

Examination Date : 30 May 1987

Foogt 1 Riaght

Font type 3
Off-bearing weight.
Right foot :

# Low arch
_ Medium arch
__ High arch

Left foot :

# Low arch
_ Medium arch
_ High arch

Foot type ;
On-bearing weight.
Right foot :

# Low arch
_ Medium arch
_ High arch
Left foot :
v Low arch

_ Medium arch
_ High arch

Comments =

Rearfoot position.
Right foot :

¥ Fronation

_ MNeutral
_ Supination

Left foot :

#w Fronation
.. Neutral
_ SBupination

Frontal plane knee
infleunces.
Right leg :

_ bernu varum
W Straight
_ Benu valgum

Left leg :
_ Benu varum

¥ Btraight
_ Benu valgum

Normal standing position is promated. Might be prone to
injuies caused by over—-pronation.
Callouse under 2nd metatarsal head.
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APPENDIX E

EXPERIMENTAL GAIT ANALYSIS RESULTS

The Effect of Different Shoe Apparel on Walking Gait.
Plantar Prgssure Timing Information for (i) above.
Comparison ofVShod and Unshod Foot Forces.
Mgasurement of Running Shoe Cushioning Properties.
The Effect of Inserts on the Gait Pattern.

Effect of Worn—-out Running Shoes.

Effect of High—Heeled Shoes on Women.
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APPENDIX F

PUBLICATION

The following brief article was published in the "Proceedings of
the Ninth Annual Conference of the American Society of
Biomechanics", held in Ann Arbor, Michigan, 2 - 4 October 1985.
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A PORTABLE IN-SHOE PRESSURE MONITOR 141

M.R. Levin, K.M. Reineck, J. Hesselink, C.L. Vaughan

Departments of Electrical and Biomedical Engineering, University

of Cape Town, South Africa.

The assessment of 1lower extremity function <can be greatly
enhanced by the measurement of the mechanical environment at the
foot/shoe interface. This was recognized a century ago by Marey
(1886), and more recently has been the focus of two groups in the
U.S.A., Cavanagh et al (1983) and Wernick (1983). The purpose of
our study was to develop an in-shoe pressure monitor to overcome
some of the problems associated with previous systems.

A block diagram of our system is illustrated in Figure 1. A thin
insole, having eight pressure sensing transducers, is placed
inside the shoe. With a mass of 170 g and thickness of 3 mm, the
insoles come in different sizes with various tranducer
configurations and can be used for either foot. The insole 1is
connected to the processing circuitry by means of a thin cable
running up the outside of the patient's leg. The backpack (mass
of 1 kg) carried by the patient performs two functions : it
"stores the pressure data in memory (4 seconds at 250 Hz per
channel); the video generator produces bar graphs which are

~ kM- - T
O Transmitter Receiver
[
O J Video - Video - TV
il Generator Mixer Monitor
] > Sensor
[ Memory > pMComputer] =  VCR

- +«——— Carried by Patient———»

FIGURE 1
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FIGURE 2

transmitted either by an umbilical cable or as an RF signal to a
video mixer. The mixer combines a software generated mask from a
ZX Spectrum microcomputer with the bar graphs to produce a
display on the TV monitor as shown in Figure 2. The display,
which functions in real-time, 1is dynamic for 15 seconds, and
static for 5 seconds when it highlights the maximum value at each
transducer location. All the information, together with any
patient particulars typed on the screen, may be stored on a
domestic video <cassette recorder (VCR) with freeze frame
facility. The digital data stored in memory may be downloaded
via an interface to the microcomputer for further processing and
display.

We believe that our in-shoe pressure monitor has a number of

features -- low cost, instant data display, portability, simple
operation, RF transmission range of 1 km, thin insole -- that
enhance its potential as a clinical assessment tool. At present

it 1is being wused to study normal subjects and patients with
running injuries.
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