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ABSTRACT

The origin of this project was the problem of foot ulceration in the diabetic patient. Whilst
the principal cause of the susceptibility to foot ulceration in patients with this pathology,
and others such as leprosy, is abnormal physiology, there is no doubt the mechanical forces

that are applied to the foot surface are a major factor.

Currently several devices are available to measure the perpendicular forces at the foot-shoe
interface (i.e. the “pressure” distribution). However the full assessment of tri-axial forces at
this interface has largely eluded quantification despite the fact that it has been demonstrated

that shear forces may be of equal significance to those of direct pressure.

The purpose of this study was to develop a transducer for the assessment of the three
dimensional forces experienced, over a very localised area, at the foot-shoe interface during

normal functional locomotor activity.

The application of such a device in the clinical setting will provide valuable information for
the medical and orthotic professions and thereby assist them in the treatment of many

patients who are at risk of foot ulceration,

The principle for a transducer to be embedded in an insole and utilising electromagnetic
induction between air-cored coils was proposed. Coil winding techniques were developed
to enable manufacture of coils within constrained sizes. Examination of the inductive
coupling possible between the coils and its variation with displacement in space was carried
out using a purpose built testing rig. Transducer electronics were designed and
manufactured and a data logging system implemented. Various approaches to the derivation
of 3D interpretation from the system were implemented in software. An examination of the
accuracy of the approach was made. A prototype design and manufacturing method was

suggested utilising a specific grade of silicone rubber.

The results indicated that the design proposed could be implemented effectively in a size

suited to in-shoe application.

The design offers a relatively low cost method which could be adapted for use in many

applications requiring three dimensional displacement or force measurements.
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1. INTRODUCTION
1.1 MEDICAL MOTIVATION

Skin necrosis is basically due to interference with the skin’s blood supply. The blood supply
to the skin is from the subcutancous tissue and any continual force applied to the skin which
is sufficient to obstruct the circulation for more than a few hours will lead to tissue necrosis
and an ulcer or sore. Other factors are the adequacy of the general circulation, skin

temperature, air movement, humidity and the presence of infection.

Pain is a general protection mechanism. However it may not be present in some conditions
such as diabetes were peripheral neuropathy is a common side effect of the disecase, Thus

neuropathy is a risk factor in skin ulceration.

The nature of the forces applied is also a factor. Direct force or pressure can be seen to
occlude blood supply (evidenced by the changing colour of the skin following squeezing
and rcleasing a fingertip of a healthy subject ) whilst the influence of shear force is perhaps
not so obvious. Experiments by Bennet et al.. (1979) demonstrated that shear force has a
significant influence on blood flow occlusion and Davis (1992) pointed out that it is also
important to consider the effects of localised variation of pressure and shear force on skin in

terms of the cyclic mechanical stresses and strains to which it is subjected.

The large number of attempts at assessing the mechanical forces on the foot during walking
are indicative of the importance placed on these forces by workers faced with the problem
of foot ulceration. Whilst not the cause of susceptibility to foot ulceration, mechanical

forces can be modified by appropriate footwear and patient vigilance.

The consequence of foot ulceration in diabetic patients is often gangrene and subsequent
amputation. To some extent the side effects of the disease are inevitable, however,
protective measures can lead to the inevitable being delayed and a near normal quality of life

being maintained for much longer.

The need for a tool for mapping the three dimensional forces applied to the foot surface

during walking is clear both in a research and in a prescriptive clinical setting.



1.2 CONCEPTS OF FORCE ASSESSMENT AT THE FOOT -SHOE INTERFACE
Perhaps in many ways the study of forces applied to the human foot is an enigma!
Consider:-

The foot is a2 complex dynamic structure consisting of bone, muscle, connective tissue, and
skin. Whilst these “materials” have differing mechanical properties that change with age and
pathology we tend, in day-to-day life, to view the foot as an amorphous “blob”, albeit a
relatively soft one. Such a simple model should not be retained when viewing results of foot

pressure or force studies.

In the clinical setting we are usually looking at problems of pain and/or recurring soft tissue
injury when dealing with the foot. Such conditions often arise due abnormal physiology

which ultimately leads to foot deformity and abnormal force distribution.

The soft tissues of the body are invariably visco-elastic, having properties of both fluids and
solids which are exhibited according to the rate and time of application of mechanical forces

Or pressures.

Pressure is a concept associated with a gas or a fluid. Pressure always acts perpendicular to
any surface to which it is applied. It is easy to visualise that such surfaces might be solid,
flexible or simply interfaces between fluids. Forces are vector quantities having magnitude,
direction and points of application, and are generaily thought of in the context of solid

objects.

Rubber and rubber-like polymers apply fluid-like pressures to objects forced into contact
with them; that is they act rather like fluids in compression. Many modern shoe insoles are
manufactured from rubber or rubber like materials. These invariably have a visco-elastic
component and are designed to break the impact on the foot during walking and thus lead
to additional comfort.

In attempting to understand and solve foot problems there are, perhaps, two different
“viewpoints” chosen. The orthopaedic surgeon may be wishing to understand the effect of
foot deformity on the dynamic forces and their distribution over the foot surface during

walking. An overview of these forces in the most general condition of barefoot walking is



desired since this picture will be independent of footwear and most dependent, and
repeatably so, upon foot structure and dynamic function. The orthotist, on the other hand,
seeking to prescribe footwear to alleviate the risk of foot ulceration in diabetic patients
needs to be able to measure forces that are applied to the foot surface under variable in-
shoe conditions. Ideally the orthotist should also be able to assess the effect of modifying
the footwear and using this feedback to obtain an optimum pressure or force distribution for

that patient.

To obtain a truly representative picture of pressure or force distribution over the foot
surface under any circumstances would require infinitely small transducers. They would
need to be extremely thin to enable their arrangement over contoured surfaces and have

mechanical properties such that they did not modify the surface over which they lay.

Even if such transducers could be produced questions still may be raised as to the meaning
of the results. Soft tissue movement over the bony structures of the foot leads to questions
of interpretation and positioning. If the transducers are not adhered to the surface of the
foot then it is not possible to determine whether the skin has slipped over the transducers
during walking. It is apparent then that the question of what is meant by the results of
pressure or force measurement over the foot surface, or indeed over any part of the human

body, during everyday activity cannot be easily answered for any given system.

Perhaps it is the difficuity of force definition, together with the widespread use of soft
rubber-like polymer in-soles (viewed as exerting hydro-static like compression), that has
resulted in the dominance of “pressure” measurement systems in the literature and clinical
practice of foot problem assessment. A more likely explanation is the added difficulty of
measuring shear or multi-axial forces with high spatial resolution over an area the size and
complexity of the typical fo.ot sutface. The options for available instrumentation for the
assessment of these quantities in this environment have always been limited, It is not
surprising then that all too often the question of what is actually meant by “pressure” or

“vertical force” or even “shear” is not even addressed.

The results of this research offer an adaptable technique that may be applied to the problem
of studying tri-axial forces acting over discrete areas of the body. Its use, alongside



“pressure” measurement techniques, may begin to allow development of a more thorough

picture of the static and dynamic forces applied to the body during day to day activity.

In the final analysis, however, we must be clear that we are attempting to measure, in the in-
shoe case, the interface forces between visco-elastic “materials” behind which are the

“solid” dynamic structures of the foot and shoe.
1.3 OVERVIEW OF RESEARCH

Attempts to quantify the forces applied to the foot during normal activity have been made
over many years. A ﬁtcratufe review of such methods demonstrates the use of several
different measurement techniques and emphasises the problems involved (Section 2). None
of the principles behind the techniques previously used appeared to offer a route to in-shoe

tri-axial force measurement (Section 3.2).

The motivation for this work was the problem of diabetic foot ulceration. Many diabetic
patients who are at risk of foot ulceration are issued with prescription insoles whose upper
surface is a compliant rubber like material. Thus a transducer that could be manufactured
using a similar material to that used in insoles could be incorporated unobtrusively in an
insole. If the mechanical propertics of this material were known and repeatable then
measurement of the deflection under stress would enable determination of the forces
applied. The measurement of the deflection of this material under stress was then the
remaining problem. This is, of course, the basis of many force transducers, that of the
measurement of the deflection of a central mechanical element under stress. Indeed this
approach is not new in in-shoe measurement techniques except in-so-much as here it was
proposed to measure three dimensional deflections to enable determination of three

dimensional forces.

The principle of electromagnetic induction was proposed as the basis on which to design a
three-dimensional force transducer. In progressing towards this an overall design
specification was first derived (Section 3.1). This was followed by an investigation of the
practicality of utilising an electromagnetic technique (Section 3.4).

The design specification led to physical constraints on the size of any coils used in the

inductive technique proposed. The problem of manufacturing of coils of this size was



successfully addressed and enabled investigation of the electromagnetic feasibility of the
principal proposed. It was first established that suitable sized coils could be excited with an
alternating current such that a significant voltage was induced in a similar sized receiving
coil. Following this an investigation of the voltage - displacement characteristics of a coil
pair was carried out to enable completion of the investigation of the feasibility of the
approach. This was enabled by the design and manufacture of a three dimensional

displacement calibration rig (Section 3.5.5).

Having satisfied the basic feasibility question, a methodology for three dimensional
displacement measurements was developed (Section 4.1), mathematical solutions proposed

(Section 4.2}, implemented (Sections 5.1-5.3) and evaluated (Section 5.4-5.8).

The question of transducer core mechanical element was next addressed and a suitable
- prototype material was selected (Section 6.1). A prototype force transducer assembly
procedure was devised and implemented (Section 6.2). A force calibration system was
designed and built but demonstrated practical problems. A revised calibration rig design was
proposed (Section 6.3).

1.4 SUMMARY OF ACHIEVMENTS OF THE RESEARCH

This thesis describes research which:

* explores the problems of in-shoe force measurement,

® proposes the basis for a tri-axial non-intrusive force measurement system,
* offers mathematical algorithms for utilising the approach,

¢ provides practical verification of the method,

¢ describes a viable approach to manufacture of a device,

e examines the problems of calibration, including recommendations on design of a

definitive calibration and dynamic testing rig.

The development described could be applied to many other engineering applications

requiring three dimensional displacement or force measurement.



2. LITERATURE REVIEW OF MEASUREMENT SYSTEMS
2.1 HISTORICAL CONTEXT

It is perhaps not surprising that man’s thoughts on the forces inflicted on his feet go back
many generations. Whilst our view of forces and pressure, even cause and effect, has
evolved somewhat over history, it is interesting to note that at times, man has faced the
same problems and intuitively understood the same phenomena. Galen (131-210 AD)
perhaps appreciated the effect of shear forces on the sole of the foot when he wrote "the
skin of the foot is closely adherent to all the parts lying beneath it, to prevent it from being
easily folded over in any direction. ....”. It is difficult to see what, other than shear, would
cause the skin of the foot to “fold”. Clearly he aiso appreciated the hazardous effects of
neuropathy. “The foot was not meant to be a common instrument of touch for the whole
body but an instrument of their locomotion only, and it therefore has only as much sensation
as it needs to avoid being easily injured” (translation by May, 1968). Petrus Camper (1722-
1789) postulated that shear and pressure were important mechanical factors in foot
pathology. He claimed that there were parts of the foot that "are not calculated to endure
much friction" (cited by Davis, 1992).

What was probably the first dynamic multi-point recording of human gait was carried out
by Marey (1873) who placed two manometric cells at the bottom of a sandal This was,
perhaps, the first attempt to use technology to map the forces acting over the surface of the
human foot during walking. One hundred or so years later, during which has been seen the
discovery and evolution of many forms of technology, the search continues for the ultimate

force transducer for the mapping of these forces.

There have been essentially two approaches to the problem of mapping these forces, the
first using small transducers mounted on the foot or in the shoe between the foot and shoe
(either discrete transducers or arrays of transducers), and the second using a regular array

of transducers mounted in the floor.

The latter approach is useful only in the assessment of barefoot walking since it provides
information on the dynamic foot contact with the flat floor. It tends to have the
disadvantage of generally being only possible, in practice, to instrument a small portion of a

floor, and thus it must be arranged for the subject to strike this whilst walking “normally”.
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This can be difficult for subject and operator! Invariably such systems measure only the

“pressure” distribution (as opposed to the force distribution) under the barefoot subject.

The stability of shoe, insole or foot mounted transducers is much harder to ensure. The aim
is to have the transducers in contact with the foot surface at all times and thus measure the
pressure or forces in the local area of the transducer and at the position of contact with the
skin of the foot. That is, there is hoped to be no movement of transducer with respect to the
skin of the foot. It is perhaps worth noting that this may not be the same situation as that in
which the transducer remains stationary with respect to the foot structure. There is
generally great difficulty in measuring absolute force rather than dynamic force changes
with in-shoe measurements. The recording would have to begin prior to the shoe being
placed on the foot and remain until the shoe was removed at the end of the trial. This woukd
thus require extended recording periods over which to maintain manageable drift. This
would rule out many capacitive and piezoelectric systems. Also there is often difficulty in
differentiating between signal changes due to forces applied to the upper surface (and thus
causing stresses within the transducer mechanical element) of a transducer and the stresses
induced in a transducer because its base is deformed when the surface onto which the

transducer is attached/embedded bends as the subject walks.
2.2 FLOOR MOUNTED ARRAYS

One of the first systems using a floor mounted array of “transducers” was developed by
Morton D J (1930) who used a simple technique utilising inked paper. The “Kinetograph”
simply comprised a rubber mat with a flat top surface and a rigid inked lower surface. Local
pressure of the foot applied to the top surface flattens the triangular ridges against the paper
under it and leaves an ink print consisting of parallel lines whose width is proportional to
pressure (cited by Lord, 1981).

Elftman H (1934) developed this into a cinematic technique using contoured mats resting
on glass plates. The pressure on the upper surface of the rubber forced varying degrees of
complete contact of the dimpled under surface with the glass plate. The foot ground
sequence was captured on film for analysis. Elftman’s Barograph provided, for the first

time, an indication ofinstantaneous foot pressure.



Chodera patented the “Pedobarograph” in 1960 (cited by Lord 1981). This consisted of a
flat optically clear glass plate illuminated along two opposing edges. Light introduced into
the plate is conducted by a series of internal reflections at the plate/air interface. A thin
sheet of deformable material is placed on the top surface of the glass plate. The subject
stands on this sheet. Wherever the sheet is pressed into contact with the plate, the condition
for internal reflection is destroyed, and the light escapes the plate to illuminate the underside
of the sheet. Plantar pressure on the top surface of the sheet will cause a proportional
flattening of the underside and thus, viewed from below, a black and white intensity
modulated footprint or “pedobarogram” is produced. A video camera can be used to display
and record the impression of barefoot pressure. Betts et al.. (1978,1980) and Franks et al..
(1983) describe enhancements of this system using image processing techniques to provide
static and dynamic foot pressure measurement systems. Applications to pathologies, such as
the ulceration of diabetic feet (Duckworth et al.., 1985), from this time on are common.
Optical techniques provide very high levels of resolution and with careful selection of the
transducer sheet material it is possible to obtain an almost linear relationship between
applied pressure and light intensity. Several problems may occur with these materials
however. These include adhesion to the glass plate, saturation within the range of interest,
material deformation and wear, poor dynamic response time, image intensity and uniformity
dependent on surface grénularity,-thc dependence of sensitivity on temperature and static
measurement problems due to creep of the surface material (Franks and Betts 1988).
Nevertheless, use qf the pedobarograph for clinical applications continues to the present

day.

Dhanendran et al.. (1978) constructed a floor mounted foot pressure system containing 128
strain gauged load cells (“proving rings”) , resulting in a load sensitive surface of 12.5 x
25cm. Each load cell had a surface area 15mm x 15mm and a (vertical) load range of 500
N. Despite the use of strain gauged transducers the system was designed only to measure
vertical loads. This provided an accurate, system with a high frequency response, but with

rather low spatial resolution.

An alternative to the pedobarograph for high resolution imaging was developed by Rhodes
et al.. (1988). This consisted of a 500 by 380 x 2.4mm photo-elastic sheet and a polariser
bonded to a walkway constructed from 19mm thick transparent acrylic. A thin sheet of



silver sprayed polycarbonate above the photo-elastic sheet acted as a reflector. A photo-
elastic plastic is a material that exhibits variable rotation of the plane of polarised light in
response to the difference in the strains in (orthogonal) x and y directions (perpendicular
axes within its own plane) within the plastic. The load was transmitted to the photo-elastic
sheet through a 3mm pitch corrugated plastic indentor to provide a maximum difference in
the two orthogonal directions of strain to which the photo-elastic effect is proportional.
With increasing load the light transmitted to the photo-elastic sheet is rotated about the axis
of propagation and can pass through the polariser to form a parallel line image of the
indentor with point intensity proportional to applicd force. The image is captured by a
camera adjacent to the walkway. To filter out surface irregularities and “simplify
interpretation” , pixels were assigned the average intensity value within each 3mm square
area. In fact the resolution of this system does not rival that of the pedobarograph
(assuming it has a carefully chosen plate covering material). The system also needs to be
evaluated in terms of the static, dynamic and temperature dependent properties of the

materials of which it is constructed.

Assente et al. (1985) constructed a 580 x 380mm platform using a piezoelectric PYDF
{(polyvinylidene fluoride) film. An array of transducers was formed with this material as its
core. Charge amplifiers sampled the output from each transducer at 100Hz. No details of
the performance of the system are given. In all probability this system would not be suitable
for static measurements due to the piezoelectric basis of the system. Indeed Cobb and
Claremont (1995} give a typical low frequency limit of 0.1Hz on systems using piezoelectric

materials.

The Musgrave Park System (Musgrave Systems Ltd, Llangollen, Denbighshire, UK) is a
widely used, commercially available, floor mounted foot pressure measurement system, This
uses force sensing resistors comprising two polymer sheets one with deposited pectinate
electrodes and the other coated with the semi-conducting material molybdenum disulphide.
Contact area between the electrodes on the semi-conducting material increases with applied
force, resulting in a large change in resistance. The devices are between (0.25mm and
(.75mm thick. The characteristic is logarithmic with precise response dependent on
substrate type, conductor geometry and semi-conducting material used. The Musgrave

system incorporates a matrix of 2048 3mm x 3mm force sensing resistors, with a



measurement range of 0-4MPa per sensor. The devices can be used within the range 11kPa
to 110kPa, giving a typical variation in resistance from 1MQQ to 2k€2. Above 110kPa a
sensor’s response to a given load can vary by +/- 2% per loading cycle. Above 1 Mpa, the
response of different sensors to the same load can vary by +/- 15%. The temperature
coefficient is load dependent, typically around 0.1% per kg. °C" (Cobb and Claremont,
1995).

It is interesting to note that in all the approaches to the problem of foot pressure distribution
measurcment there have been few if any reported attempts to develop floor mounted
instrumentation to measure simultaneously the pressure and shear at discrete locations over
the foot surface during gait. This is despite the development of the ‘force platform’ in 1938
(Helenbrandt 1938) which provides tri-axial force measurements, i.e. measures gross shear
and vertical forces as the subjects walks over it. This apparent neglect of shear does not

occur in the reports of in-shoe transducer development.
2.3 IN-SHOE TRANSDUCERS

Following Marey’s (1873) example of discrete in-shoe transducers, Baumam and Brand
(1963) utilised a thin transducer, then recently developed, for studying the pressures on the
sole of the foot both for walking barefoot and whilst wearing shoes. The device was
essentially a capacitor which responded to increased pressure with increasing capacitance.
These transducers were 1mm thick and had a pressure sensitive area of lem’® and had a
range of 490kPa. No indication of the dynamic performance is given. The transducer was

applied by Bauman et al. (1963) in a study of plantar pressures in trophic nlceration.

Whilst measuring only pressure with their transducer Bauman et al. (1963) recognised they
were only obtaining a limited picture - “For a completely objective evaluation actual
measurements of intermittent pressure and shear during walking are needed.” They felt that
“To appreciate the relationship between pressure and plantar ulceration it is necessary to
first analyse the forces acting on the sole of the foot. .... to divide any such force into two

components - one parallel and the other perpendicular to the skin.”

Applying electromechanical techniques, Rabischong et al. (1967) placed four electrical

parallelepiped strain gauge transducers under a selected area of the sole, each of which
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measured the vertical and horizontal components of force. Load and shear distributions

were recorded on a 16 channel polygraph as the subject watked on a treadmill.

In an attempt to address the question of the effect of shear on tissue, Bennett et al. (1979)
studied the relationship between tri-axial force application and blood occlusion on the
thenar eminence of the hand. Whilst the instrumentation used is not applicable to in-shoe
applications, the results of the study, if they may be extended to the more general case of
blood occlusion in tissue certainly are. The results *.. showed the combination of pressure
and shear was particularly effective on promoting blood flow occlusion. At a sufficiently
high level of applied shear stress(~ 10 kPa ) the pressure necessary to produce occlusion
was half that required when little shear was present”, confirming Bauman’s hypothesis and

vindicating Rabichong’s efforts.

In addressing shear, Tappin et al. (1980) developed a magneto-resistive “‘uni-axial shear”
transducer for in-shoe measurements. The core of this transducer was a centre-tapped
magneto-resistor whose resistance varied with the magnetic field in which it was placed. A
small magnet was secured onto a deflectable upper plate, constrained to be deflected only
along a horizontal groove. As shear was applied along the axis of the groove the magnet
deflected and caused an imbalance in the bridge circuit of which, the centre tapped
magneto-resistor formed two legs. An elastic self centring force was provided between the
two components. The transducer was calibrated to 196 kPa and had a surface area of 2cm’.
Results are quoted for longitudinal shear force of up to 88 kPa. The overall transducer
thickness was 2.7mm and yet barefoot recordings were considered valid. Indeed no
mention is made of a recess for the transducer in the in-shoe measurements. The main
drawback of this device was the fact that it gives a uni-axjal assessment of shear force as
opposed to a tri-axial assessment of force. Also there is no indication of assessment of cross
talk effects from forces along other axes than that which it is designed to measure.
Calibration was carried out by applying static loads along the shear axis only with a fixed
vertical loading “equivalent to body weight”.

Attempting pressure measurement only, Soames et al. (1982) describe a strain gauge based
transducer - overall size 13mm square by 0.9mm thick having an internal section forming a
cantilever (Smm x 3mm) deflected by “‘pressure” applied to a rubber membrane which was

used to cover the transducer. Sixteen transducers were used, each individually calibrated
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using a static calibration. “Depending on the calibration factors” the quantisation errors
were found to be between 1.84 and 3.32kPa. They claimed errors of between 1-3%
depending on the particular transducer. In data presented, of normal and pathological
subjects, peak pressures up to 4500kPa were recorded. These transducers were not
mounted in recesses when in-shoe measurements were taken but the authors claim no
discomfort was felt during these tests indeed “after being worn for a short time, a
transducer will embed itself into the surface of the skin and may thus more accurately reflect
the local pressure”. Despite this “reassurance” it would be informative to see comparative
results with a transducer recessed into an insole for in-shoe trials. The active area to total
area of transducer is small and this may distort the pressure value or at least may make it
incomparable with other work. There is no discussion of dynamic performance, although
one may perhaps not have reason to suspect a problem here, depending on the rubber
membrane and electronics used. The effect of shear on the transducer itself would probably

be negligible but again no evidence is given.

Hennig et al. (1982) developed an in-shoe pressure transducer using a polycrystalline
piezoelectric ceramic in a rubber matrix “of appropriate flexibility”. They reported
deformation of 10* - 10°% in response to a stress of 10°N.m?2 They claimed the
transducers were relatively inexpensive and easy to manufacture, that they generated a
linear and virtually hysteresis free response to stress with large charge output and lack of
sensitivity to humidity and stray electrical disturbances in comparison to the rubber filled
capacitor transducers. However they admit they are more sensitive to temperature - they are
effectively pyroelectric as well as piezoelectric. The group developed a flexible array of 499
sensors 4.78mm’ x 1.2mm thick. These were lead zircanate titanate transducers embedded
in a 3-4mm thick layer of “highly resilient” silicone rubber which was impervious to
moisture and electrically insulating. The transducers had silver electrodes bonded to their
major surfaces, arranged in a square pattern and had a centre to centre spacing of 6mm on a
thin sheet of copper gauze cut to the size of a US size 10 foot. The gauze acted as a
common ground and the separate connection of the upper electrode of each transducer was
made using a thin annealed copper wire which runs through the silicone rubber to the edge
of the array and thence up the leg of the subject. Good evidence of calibration, both static
and dynamic, was given, up to 1500kPa peak with 0.5kPa resolution. The temperature

effects claimed were such that the relative sensitivity or relative resolution varied less than
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1.5% between 10°C and 40°C. Theoretically the effect of shear on the performance of these
transducers and of pure bending should be negligible. Actual values of pressure recorded
are not given. Whilst the bandwidth of this device was not fully defined, as with any

piezoelectric method these transducers could only measure dynamic/quasi-static pressures.

Reports of similar piezoelectric (Pedotti et al. 1984, Gross and Bunch, 1988) and capacitive
(Nicol and Hennig 1978; Hermans et al, 1986) transducers followed. However “the
development of these plantar transducers ran into serious technical difficulties” according to
Peruchon et al. (1989). They reported another approach (described by Clot et al. 1975)
utilising a (conductive) rubber laid upon base of polyimide on which there was a matrix of
small electrodes. They used 2x127 electrodes, covered by a layer of rubber 2mm thick, the
overall thickness was 2.5mm. The electrodes consisted of a central electrode surrounded by
a circumferential ring. The conduction between the central electrode and the outer ring is
dependent on the pressure exerted on the conductive rubber covering. The conductive
rubber was designed for pressure ranging up to 600kPa. The full scale output signal was
measured at 25% deformation corresponding to a pressure of 300kPa. Linearity was found
to be 16% at 75% full scale and 22% at 90% full scale corresponding to a 15%
compression of the material. The material deformation speed for these tests was 0.4mm.s™.
The response time was 0.004s and the recovery time 0.015s for a 25% deformation. Under
normal conditions of gait, the transducer operated within 50% full scale with a frequency
response reaching 100Hz and a lifetime of around 1000 cycles of 25% deformation.
Negligible temperature effects were claimed. A film covering over the conductive rubber
was used for protection. The transducers were spaced at 1 ¢m intervals. Dynamic testing
was carried out at 1Hz. The non-linear response was corrected with a linearisation table in
each transducer. A resolution of 20kPa was obtained. Cross talk was however found
between sensors. Mechanical and electrical (conductive) effects were minimised by cutting
groves in the underside of the conductive rubber covering. In this way maximum cross talk
of 1% was reported. In spite of a series of technical improvements performance of the
system was felt limited by the modest electromechanical properties of the conductive
rubber. In particular accuracy and response time prevented its application to sports studies.
In fact very few specific results were given by the group and these were reported as the
composite output of all transducers with emphasis on centre of pressure. It is disappointing

that no detailed results of individual transducer output over successive gait cycles is given.
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The F-Scan system (Tekscan Inc.) represents a commercially available foot pressure
measuring insole utilising force sensing resistors. This uses conductive and resistive links on
a mylar substrate to form a matrix of 960 sensors on a disposable, 0.1mm thick insole.
Each 5mm’ sensing element is formed by depositing a layer of resistive ink between two
orthogonal conductors. Aluminium tracks deposited on the external surfaces provide
connection to a small instrumentation unit worn at the ankle. The matrix is scanned at
165Hz per sensor with a resolution of +/- 4kPa. Other details of the performance of the

system are not given.

The Electrodynogram system (Langer Biomechanics Inc.) provides discrete sensors with a
thickness of 0.3mm. These sensors are said to be suitable for both in-shoe and barefoot
measurement. Each sensor is an integrated circuit containing a resistive bridge with
temperature compensation (New Scientist 1985). The measurement range is 0-1.5MPa with
sensitivity of +/- 30kPa. The sensors exhibit non-linearity of 5-10%, a high hysteresis error
of 15-20% and drift of 8% after 1 minute. The system has a maximum sampling rate of
200Hz per sensor.

A similar commercial system, the Emed Pedar (Langer Biomechanics inc.), uses an
improved version of the capacitive system developed by Nicol and Hennig (1978). This
system provides 99 sensors on a 2mm thick insole with individual sensors occupying an
area of 17mm’. Sensor measurement range is 30kPa - 0.6MPa with sensitivity of 1kPa
varying by +/-5% over the temperature range of 10-40°C. Hysteresis of less than 3% is
reported together with a frequency response of 50Hz. Mechanical decoupling of the sensing
elements allows performance to be maintained when bending forces are applied (Cobb and
Claremont, 1995)

Taking a quite different approach Maalej et al. (1988) describe a discrete in-shoe electro-
optical force transducer. This was employed as an asymmetric U-shaped steel spring which
deflected to occlude transmission of light between an LED and photo-detector. The spring
has a lower beam length of 4mm, upper beam length of the 3.5 mm and radius of curvature
of 1.5mm. The transducer is encapsulated in silicon rubber to provide even loading and
protection against water and dirt. The overall thickness of the transducer was then 8 mm.
The load range was 0-50N giving a maximum deflection of 0.11mm; good sensitivity was

reported. Figures for non-linearity of +/- 2.5% and hysteresis of 1.5% are stated. Static
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calibration was carried out with a 25 mm diameter spherical indentor. No discussion of
dynamic performance is given. It is not clear over what area the force transducer measures.
At best one can assume the area would be 3.5 x Smm (spring dimensions). However when
the transducer was embedded in rubber it is not clear what the active area actually is, or
whether it is in fact a discrete area. The overall thickness of 8mm for the embedded

transducer required the use of extra-depth shoes.

Nevill et al. (1991) developed piezoelectric pressure transducers using PVDF copolymer
film. The transducers were 10 x 10 x 2.8mm. These were located in recesses cut into a 3mm
thick rubberised cork insole. Over the measurement range of 0 to 1 MPa, the transducers
were linear to within 1.5% and had a hysteresis error less than 1.5%. Sensitivity was
reported as +/- 1kPa within the calibration range. The frequency response extends from
0.008H z - 250Hz. This was followed up and developed further (Nevill et al. 1995) with a
declared aim of “absolute pressure measurement at predetermined sites to within 10%”.
Calibrated range was 0-100N over an area of 10 x 10mm. The maximum possible frequency
response was reduced from 200Hz to 10Hz following experimentation which revealed Lttle
additional information in normal walking trials above 10Hz. The low frequency cut-off was
0.01Hz . It is not clear how absolute pressure measurements were achieved without d.c.

pressure!

Returning to the problem of shear measurement, Pollard et al. (1983) extended the work of
Tappin et al. (1980) using a combination of uni-axial shear transducers and pressure
transducers. This did not, however, represent any advance in technology. The assessment of
forces was made in three trials per site. One for each shear axis and one for pressure. The
results obtained, especially specific values, are not clearly given. The paper does not achieve

the objective of an instantaneous assessment of three dimensional forces on the foot surface.

Williams et al (1992), working in the field of prosthetics, reported a tri-axial force
transducer for investigation of the stresses at the stump/socket interface. They utilised two
of the transducers developed by Tappin et al. (1980) together with a strain gauged
diaphragm. These components were mounted together to form one transducer of 4.9mm x
16mm. The 100N maximum vertical force applied over an area of 200mm? corresponds to a
500 kPa limit with a resolution 0.1N. In shear the 50N upper limit corresponded to 250kPa,

with a hysteresis of 4N and resolution 0.2N. The authors do however raise the problem of
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creep characteristics during shear. “Large deformations held over a long period result in
stress relaxation within rubbet. The same process occurs in creep when the rubber continues
to deform under a given load. A step load of 30N was applied to the shear axis of the
transducer which resulted in typically no more than 5% change in output. Once the load was
removed, within a further 30s the output returned to within 1% of its original value, and
eventually recovered completely resulting in no permanent deformation of the rubber. For

the normal axis creep was practically negligible.”

It would appear that this device, initially reported three years after the research in this thesis
(results reported 1992, Warren-Forward et al.) began, could be used in addressing the in-
shoe measurement problem. Two questions remain unanswered, can the diameter of the
device be reduced and, more importantly, what are the values of cross talk between the
three axes?

The idea of combining two of Tappin et al.’s transducers into one to obtain a complete
picture of shear is again used by Lord et al. (1992), this time in in-shoe measurements. The
transducers manufactured were 4mm thick and 16mm in diameter and had a 50N range
(250kPa on the area of 200mm’ ). They were (rather puzzlingly) calibrated over 30N with a
0.1Hz “quasi” static calibration. Further confusion is created by the use of a data capture
system using 50Hz sampling, the data then being processed by 250Hz low pass filter,
somewhat ignoring the Nyquist theorem. Shear values up to 65kPa were reported. The
transducer was recessed into a stiff section of insole such that their surface was flush with
the rest of the insole. This system was used in conjunction with a commercial in-shoe foot
pressure measurement system utilising an array of piezoelectric transducers in a thin insole,
the F Scan system described previously. Despite using a similar approach this
implementation does not seem as rigorous as that described in the stump-socket application
of Williams et al. (1992)

2.4 OBJECTIVES OF FORCE MEASUREMENTS AT THE FOOT SHOE INTERFACE

In understanding what is being sought of tri-axial force measurements at the foot-shoe
interface it is perhaps worth referring to Davis (1992). Presenting an hypothesis on the
causes of foot ulceration in respect of shear and vertical forces and apparently unaware of
the efforts of Williams et al. (1992), he stated “Unfortunately the studies that have focused
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on the nature of shear forces under the feet have had the limitation that instrumentation
could detect forces in one direction only. This limitation inevitably results in an
underestimate of maximum shear stress since this quantity results from a combination of
medio-lateral and anterior-posterior components. ....... It is hypothesised that particular
combinations of pressure and shear are more important than others. These hypotheses are
not related to the concept of ‘vertical shear’ inside the tissue, but rather to localised slipping

of the external skin surface.” (i.e. relative to the underlying tissue)

Davis {1993) uses the concept of coefficient of limiting friction and the variation of shear
force areas of adjacent skin to discuss ulceration. Considering localised shear and pressure
Davis proposes that three possible scenarios exist:-

A localised area the skin may slip:

1) towards

2) away from

3) parallel to a neighbouring skin region

These lead, respectively, to local wrinkling, tearing or torsion of the skin.

Davis (1993) suggests that results in the literature may support his theory - even where sites
of ulcer are at high pressure regions, it may be the change of the coefficient of limiting
friction at the edge of such sites that leads to the ulcer, rather than the high pressure. He
references Ctercteko et al. (1981) who concluded that the magnitude of vertical force was
not the only factor that contributed to the occurrence of diabetic neuropathic ulcers. He also
suggests that sports blisters may occur due to a change in the coefficient of limiting friction

with perspiration.

Davis concludes that his theory should be examined by future researchers who should give
attention to the need to measure simultaneously vertical force and shear at a multitude of
lIocations. As Hennig et al. (1982) suggest “..the information required is the variation
throughout the gait cycle of (1) the magnitude, direction and point of application of the
resultant force and (2) the way in which this spatially distributed over the plantar surface of
the foot.”

The problem is, of course, as Pollard et al. (1983) put it: “Concerning human gait
assessment, a basic question can be raised, how can a foot ground contact analysing method

be designed so that it does not interfere with the walking function? The experimental
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procedure must not generate too important physical or physchological constraints which
could screen the physiological reality, moreover the measurement device must be chosen or

designed so that its mere physical presence does not perturb function itself .

Clearly the floor mounted transducer array has some advantages here for the assessment of
barefoot walking which may be useful depending upon the application “for example
barefoot to ground patterns are the most relevant presentation for the orthopaedic surgeon
who wishes to evaluate the outcome of foot surgery, whereas shoe to ground or foot to
insole prints would be appropriate to reveal the redistribution of loading caused by wearing

a particular design of shoe or insole” (Lord, 1981).

Since 1873 then we have seen many approaches to the problem of measurement of the
forces applied to the foot during quiet standing and walking. The devices described have
been based on many different principles including, manometric, optical, resistive, capacitive,
peizoelectric and magneto-resistive. Capacitive, piezoelectric and resistive based
transducers have perhaps been the most commonly used for in-shoe measurements. Indeed
these techniques are now being utilised in commercial foot pressure measurement systems,
for both in-shoe transducer systems and floor mounted arrays. Opinions on the use and
validity of such systems clinically varies. In general there is a dearth of comprehensive static
and dynamic force calibration evidence. The fundamental questions about what is actually
being measured, what is meant by pressure or by vertical and shear force, has in general not
dared to have been addressed. Perhaps the main reason for this may have been the lack of
available instrumentation to map tri-axial forces acting over the foot surface and thus

provide the window needed to answer at least some of the questions.

In attempting development of a tri-axial force transducer for in-shoe measurements it is
perhaps particularly worth remembering “In assessing and presenting results from clinical
studies involving measurement of plantar pressures, it is important to define and quantify
the limitations of the devices used to allow an objective comparison to be made with the
findings from other studies. Future development of plantar pressure transducers may include
insoles with the capability of simultancous measurement of vertical and shear forces. Better
calibration methods need to be developed to allow the effect of factors such as bending

forces and temperature on transducer performance to be assessed. Standardised methods of
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evaluating and defining the performance of plantar pressure transducers need to be
developed” (Cobb and Claremont, 1995).

It is hoped that what is to follow has made some gains towards these ends.
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3. FORMULATION OF THE DESIGN CONCEPT
3.1 SPECIFICATION OF DESIGN REQUIREMENTS
3.1.1 Initial considerations

In beginning the design process, two important requirements of the transducer were
identifiable. Primarily, it should be capable of measuring tri-axial forces and secondarily it
should be possible for it to be placed unobtrusively within the shoe, at the foot-shoe

interface.

It is also essential to be able to record force measurements over a reasonably small area of
the foot surface. This will allow the gradual construction of a detailed map of the force
distribution over the whole foot. The map could be achieved in one of two ways, either by
repeated positioning of the same transducer or, by using an array of transducers. The
second of these was considered preferable since simultaneous recording of forces from the

array of transducers could then be obtained.

The design focus was initially targeted at the plantar aspect of the foot since many
pathological conditions, such as foot ulceration in the diabetic patient are derived from
abnormal forces applied to this area. Thus, the transducer was designed so that it could be

conveniently situated within an insole in the shoe.
3.1.2 Transducer size

The constraints permitted the design of a transducer of maximal thickness and diameter of
S5mm and 10mm respectively. It was considered that anything larger would have created

two main problems:

a) A transducer of larger diameter would diminish resolution. This would result in a cruder

force map being produced.

b) Shoe size would need to be increased in order to accommodate a thicker transducer.
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3.1.3 Environment

The transducer should be also capable of coping with the variable temperature and humidity
of the shoe environment. Electrical safety within this environment was also taken into
account so that in the event of direct contact, between skin and the transducer’s active

components, errant sources of current would be limited in magnitude to a safe level.
3.1.4 Desired range of force transducer

Values of foot pressures up to 1.4MPa have been reported (Duckworth et al.,1985) and
applied shear stress of up to 90kPa (Tappin et al., 1980). Given the experience expressed in
the literature of foot pressure measurements and pressure ranges used in commercial
systems a figure of 1.5MPa was set as a design target, whereas the applied shear stress
range measured by Tappin et al. was given a 100% margin, and thus an applied shear stress

range of 180kPa was chosen.

Taking another approach to examine the suitability of these ranges: from established force
plate studies (Perry, 1992), vertical forces on the whole of the foot reach approximately 1.1
times body weight during walking in a normal subject. For an average subject of 75kg this
might act over 10% of the area of the foot (taken as 150cm™ ) giving an average pressure of
540kPa. In the anterior-posterior direction a total force of around 25% maximum is seen,
whilst in the medio-lateral direction a2 maximum of 10 %. Assuming the worst case in which
the vector sum of these acts at the same time over 10 % of the foot area of approximately

150cm™, then a maximum applied shear stress of the order of 132kPa would be expected.
3.1.5 Summary of design specification

A transducer of Smm maximum height, 10mm maximum diameter, capable of measuring
vertical stress of 1.5MPa and shear stress of 180kPa over a wide range of temperatures and
humidity forms a compact summary of the design constraints of the required prototype

transducer.
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3.2 REVIEW OF TRANSDUCER TECHNOLOGIES FOR IN -SHOE FORCE MEASUREMENTS

Inevitably there are a few basic physical phenomena/principles utilised and essential to the
operation of any particular force transducer. Many of these have been seen in the literature
review of attempts at measuring the forces applied to the human foot. In general, force
transducers may be grouped by whether they are based upon capacitive, inductive, piezo-
electric, strain-gauged or resistive effects. These are based on the various principles in that
the quantity being measured (the measurand), which is related to the force by some fixed
relation, is capacitance, inductance, piezo-electrically derived surface charge or resistance.
The resistance based group may be further sub-divided in that the resistance variation could
be in strain gauges, potentiometers, magneto-resistors or even between contact electrodes

between two surfaces being forced together.

The most common bases for in-shoe pressure transducers have been and continue to be

capacitive, piezo-electric, and resistive (electrode contact type).

The limited attempts at shear force measurement have all been based upon a magneto-
resistor. This is a semi-conductor device whose resistance varies according to the magnetic
field in which it is placed. Displacement of the magnet, when shear is applied, varies the

magnetic field through the magneto-resistor and thus the resistance of the magneto-resistor.

Whilst strain gauged systems are commonly used in general engineering they have seen only
occasional use in the field of in-shoe force measurements. This has been to measure either
vertical force or direct pressure. In terms of measuring shear force, whilst the strain gauges
need only be very small, the mechanical element whose deflection under shear would be
used to quantify shear force is likely to require rather too much space for in-shoe

measurements.

No references to inductive techniques in foot-force assessment were found. The use of
linear variable inductance transducers (LVDT’s) in force (and displacement) measurements
in general engineering is common, These use the variation of mutual inductance between a
primary and secondary coil as the position of the moveable core changes. The core is

restrained, but not prevented from moving, by a mechanical element. The linear (uni-axial)
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force required for displacement of the core then may be calibrated with the (dependent)

mutual inductance between the coils.
3.3 CHOICE OF TRANSDUCER TECHNOLOGY

Any transducer capable of measuring mechanical force should have two fundamental
elements, a mechanical element influenced by force and a measure of the mechanical
element’s change under the force applied. Output from piezo-electric based transducers is
often considered a “direct” indication of the force applied in-so-much that the mechanical
elements response to stress may be measured, as surface charge, on the mechanical element
(the piezo-electric crystal) itself. This contrasts with capacitive based transducers in which
the mechanical element is simply the diclectric between the plates of the capacitor. The
mechanical element’s response to stress is measured indirectly by the change in capacitance
due to the change in gap between the plates on either side of the mechanical element. In
both cases, however, the mechanical element and a means of measuring its response to
stress must be present. Given that the force-response properties of the mechanical element
are known, repeatable, reproducible, suitably stable whilst fast enough in response then the
force applied may be derived reliably. In most cases the mechanical response measured is
one of deformation and hence many of the basic principles used in force measurement are

also used in displacement transducers.

One aspect of note is that both in force and displacement measurement systems the degree
of complexity rises steeply as two and three dimensional force and displacement
measurements are required. This is especially so where space and accessibility are a problem
and the solution cannot be to simply use two or three uni-axial transducers. This approach
may also produce difficulty in making concurrent measurements at a single point along three

axcs.

In developing an approach to the problem of in-shoe foot-shoe force measurement, the use
of the various basis for the force transducer design were to be examined to identify possible

approaches.

The piezo-electric approach has one fundamental limitation, that of the time dependent
nature of the output surface charge. This essentially limits the use to dynamic measurements

of limited duration (realistically, seconds at most). Long term (e.g. 24 hour) monitoring may
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then be ruled out because of the drift problem. The suitability of the transducer for long
term monitoring would offer many more opportunities for research into foot ulceration and

thus piezo-electric methods were ruled out.

The magneto-resistive principle appears very useful in shear but would require a separate
method for measurement of compression. The capacitive techniques for measurement of
compression could conceivably be adapted for compression and shear since lateral shift of
the top plate with respect to the lower would reduce the effective area of the capacitor.
However it is noted that in general, even for pressure measurement systems, capacitive
techniques tend to have been superseded by piezo-electric and resistance based transducers.
Perhaps this was because of the comparative difficulty in measuring capacitance accurately.
Tt is clear that for a transducer of 10mm diameter and Smm thick the capacitor formed by
applying conductive plates on either surface, even with a mechanical element of high
dielectric constant, will be very small (~ 10pF) and thus it would be difficult to measure
small changes and would lead to a very poor signal to noise ratio. This leaves the use of
resistive techniques for pressure measurement - in paniculér the electrode-contact area
approach. The concept of using a combination of techniques such as magneto-resistive for
shear measurement alongside a resistive (electrode contact) method for pressure seemed
unattractive in view of the complexity and space limitations put on the design by the

application.

Taking a different approach and considering a suitable mechanical element first; the shoe
insole material lent itself as a natural choice. It was anticipated that it might be necessary to
isolate an area around the transducer - to have a gap in the insole material around the
transducer itself, in order to ensure truly localised force measurement. The advantage of
having the insole and transducer manufactured from the same material was that it would
ensure a uniformly compliant surface for the foot. Reference to the literature shows clearly
that this approach is not new except in-so-much as the three dimensional deformation
would indicate the three dimensional forces applied to the foot as opposed to the
compression indicating pressure applied to the foot. The problem faced then was to measure

and calibrate the tri-axial deformation of the insole material.

Given this situation a new approach was deemed necessary:-
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As has already been mentioned, inductive techniques are commonly used in general
engineering displacement measurement problems but no record of their use in in-shoe force

measurement was found.

The principle then 'proposcd for the transducer was to measure the deflection of the insole
using the change in mutual inductance between coils embedded in the upper and lower

surfaces of the insole.

It was anticipated that a particular configuration of coils would allow detection of the three
dimensional material deformation and that selection of the appropriate coils and

combination of coils would ensure suitable transducer sensitivity and range to be obtained.
3.4 MEASUREMENT USING ELECTROMAGNETIC INDUCTION

The design of a transducer based on the phenomenon of electromagnetic induction; that is
the induction of electromagnetic force in any conductor moving perpendicularly to a
magnetic field, or lying in a time-varying magnetic field was considered. Quantificd by

Faraday’s Law:

The induced e.m.f. in the circuit is numerically equal to the rate of change of the magnetic

of flux through it.
and further by Lenz’s Law
The direction of an induced current is such as to oppose the cause producing it.

Expressed algebraically,
E =-d¢/dt
Where E is the induced field and¢ the time-varying magnetic flux.

Oecrsted is attributed the discovery (in 1819) that electric currents produce magnetic fields.
A time-varying current will produce a time-varying magnetic flux through a coil of wire
placed near it. Thus an alternating current d(i;)/dt in coil 1 will induce a voltage in a coil
placed near it. The quantity Mutual Inductance, M;,, between the coils is defined to relate
these such that a voltage E; is seen in coil 2 near to coil 1 by E=M;;.diy/dt.
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Flux linkage

E4=M]2.di1/dt

Figure 3-1 Electromagnetic induction

That is, the voltage induced in the second (receiving) coil is proportional to the rate of
change of the current in the first (excitation) coil and the mutual inductance. The mutual
inductance is dependent on the ratio of the number of turns on each of the coils, the
arrangement of the turns within each coil (i.e. the shape of the coil), the media between

them and most importantly, in this study,their relative positions.
3.5 INVESTIGATION OF THE PRACTICALITY OF USING THE INDUCTIVE TECHNIQUE

The feasibility of the use of the principle proposed in the transducer had now to be
investigated. The approach to this may be described in terms of determination of constraints
and an evaluation of the effects of those constraints. The constraints arise from the

transducer design specification and safety/comfort considerations. Specifically these are:

a) Coil size - limited by the maximum required size of the transducer and the subsequent

difficulty of manufacturing very small coils.

b) Current & frequency - limited since the dependent heating effects seen in the excitation
coil must be minimised for comfort and safety of the subject under whose foot the coils
will be placed.

The question then is does the limitation on the size of the coils, the current and frequency

used in the excitation coil still allow use of the principle proposed? That is what are:

a) The level of induced voltages - over the coil separations that are likely to be seen

between the coils in the assembled transducer?

b} The shape of the induced voltage coil separation curves - will a sensitive force

transducer be produced?
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It should be noted that only the question of voltage induced in a single receiving coil moved
with respect to an excitation coil is considered here. The work addressing the problem of

three dimensional displacement measurement is addressed in the next section.
3.5.1 Size of coils

The target thickness of the insole was Smm. Therefore a design compromise between coil
size and maximum allowable deflection between the coils embedded in the insole was

inevitable.

Any material has fixed elastic limits per unstressed unit volume. For a given coil pair, the
mutual inductance change will enable detection of a certain minimum (and maximum)
relative displacement of the coils one to another. Therefore the appropriate selection of a
combination of suitable material properties, thickness and coil pair for a given transducer

specification presented a problem having a large number of possible solutions.

Given the size of the transducer required, within which the coils must fit, it is easy to
appreciate that the smaller and thinner the coils are, the more difficult they will be to
manufacture. It was found that a 0.5mm coil thickness (axial length) was an achievable goal
(see section 3.5.2) leaving 3.8mm of insole material (allowing 0.2mm insole material to
cover the upper surface of the ‘msole’). It was considered that this would ensure adequate
scope for compression and shear of the material between the coils. Therefore maximum coil

dimensions of 0.5mm length and 10mm diameter were chosen (figure 3.2).

0.2 mm

lc—"’Fm—T l 0.5 mm

l
|
1

5mm | 38mm
1

. | B
__/ i
Insole Coil

Figure 3-2 Sectional view of a single coil pair embedded in insole material

This of course assumes a single coil on each transducer face, whereas the final design

required one excitation coil and three receiving coils. The diameter of the receiving coils has
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subsequently to have a smaller diameter than 10 mm, in fact a maximum radius given by
(figure 3.3)

r = (10.Sin 60°)/(1 + sin 60°) = 4.64 mm 3.1

60°

Figure 3-3 Maximum size of the three receiving coils within transducer diameter

3.5.2 Manufacturing of coils

Since no commercially produced coils of the required size could be located*, a coil former

was designed and manufactured (figure 3.4).

(*Towards the end of the research a manufacturer willing to wind such coils was identified.)

/— 1 mm dia central pin

ol - NN

Cicular gap

0.5 mm
| fil—

Stainless stecl throughout

Figure 3-4 Sectional view of coll former
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The former consisted of a pin providing the core for the coil mounted between two plates
which formed the ends of the mould for the coil. The whole assembly was designed to be
mounted in a coil winding machine. The coils were wound using a cynoacrylate bonding
agent to ensure retention of the coil windings and shape. Silicon grease was applied to the
faces of the stainless steel former prior to winding to prevent adhesion of the coil to the

former.,

The aim was to enable the production of a range of “pancake” shaped coils. Various coils
were constructed using wires of differing diameter. Each coil fitted within the constraining
volume of 0.5mm x 10mm diameter (smaller coils were produced), had a Imm internal

diameter and was identified by its size and number of turns

Production of a range of coils enabled investigation of the shape of electromagnetic fields
produced when excited and also the flux linkage between pairs of coils. This enabled the

eventual selection of appropriate coil pairs for the construction of the final transducer.
3.5.3 Aspects of coil winding
3.5.3.1 Packing factor

Is defined as the ratio of copper volume to coil volume, which obviously, for circular wire

will always be less than 1 even for perfect winding due to the inevitable gaps.
3.5.3.2 Total length of wire
Considering a pancake shaped coils constructed for this work as illustrated in figure 3.5

Assuming the coil is wound as depicted in the diagram we may, for wire of small enough
diameter model the total length as a series of layers of concentric circles of wire, summation

of which will give an estimate of wire length in the coil.
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\— Wire diamter, d

Figure 3-5 Cross section of coil

“Considering a single layer of the coil (figure 3.6):

e

2 _r.

Figure 3-6 Single layer of winding
Then the length of the spiral, 1 will be approximately:-

R-di2
s Z 27x (3.2)
x=r+d/2.d

By
1}

This is an arithmetic progression with initial term, r + d/2 and common difference of d and

D/d terms, hence:

l=@(r+2) 3.3
T od 2 3)
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Over the length of the coil L there are L/d layers thus the total length of wire, 1, is:

D L
n=—-—
d d
therefore
lsZ:m(r+2)
2
Further from
D L
n=-—.—
d d

3.4)

(3.5)

(3.6)

3.7

we note that the cross section area of the wire is related to the number of turns for fixed coil

dimensions:

dz
a=nr—
4
DLz
s a=
4n

which for fixed coil geometry is a constant implying a constant packing factor.
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Note that :
(r+2) (3.11)

is the mean radius of the coil
3.5.4 Current & frequency limitations
3.54.1 Heating effects

To ensure electrical stability, shoe comfort and safety, coil heating must be minimal. In
order to determine a range of safe currents and excitation frequencies a series of tests were
carried out. The objective was to determine a range of currents that resulted in useful levels
of induced voltage in a receiving coil without causing a significant heating effect in the
excitation coil. The heating effect for a given current is dependent upon the resistance of the

coil. The mean power dissipated by this heating effect, B... is given by:
Puean = IrmszoReffective (3- 12)

where I is the root mean square current and Regeciive the effective resistance of the coil -
this is the d.c. resistance of the coil modified by any frequency effects that may be seen
when an alternating current is passed through the coil (see section 3.5.4.6 for discussion of
frequency effects). Ignoring the frequency effects it is worth noting that for a coils of the
same packing factor, the energy required to give a specific temperature rise will of course
be a constant related to the specific heat of the coil wire. Thus for higher current we require

lower resistance for the same temperature rise.

3.5.4.2 DC coil resistance

The d.c. resistance of a metallic conductor is proportional to the resistivity of the metal, the
length of the conductor and is inversely proportional to the cross sectional area of the

conductor.

That is the resistance of a conductor is given by:
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R=p.I/A (3.13)
where 1 is the length of the wire and A its cross sectional area

The resistivity, p, of a metal is dependent on temperature and can be represented

approximately by:
p=po [1+a(t-t)] (3.14)

where p, is the resistivity at a reference temperature t, and ¢ is the temperature coefficient

of resistivity G .S Ohm (1789-1854).

Copper has a resistivity of approximately 1.7 x 10 at 293K and « for copper is around

0.00393K™.

Decreasing the cross sectional area of the wire will enable more turns per unit volume but
will increase the resistance and heating effect for a given current. In fact from section

3.5.3.2 the length of wire was estimated by:

D
[=2 —
)m(H- 2) (3.15)

and the cross section area of the wire was shown to be:

=27 (3.16)
4n
and thus the resistance of the coil can be estimated by:
2
R= Si&[r +2) (3.17)
DL 2

thus the resistance is proportional to the square of the number of turns.
3.5.4.3 Coil inductance and mutual inductance

The electromagnetic field produced by current in a conductor induces an e.m.f. opposing

any change in that current. Self inductance, like the mutunal inductance, quantifies this effect
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and is proportional to the number of turns in the coil and is also dependent on the

arrangement of turns in space and the media in and around the coil

The e.m.f. produced, V, by Lenz’s Law opposes the current, i, in the coil so that it may be
described by:

V =-L.di/dt (3.19)

where L is the self inductance of the coil and is dependent upon the square of the number of

tumns and the geometry of the coil.

The mutual inductance between two coils is related to each of their self inductances by:

where M is the mutual inductance between coils 1 and 2 having self inductances L, and L,
respectively. The coefficient of coupling, k, between the coils lics in the range from 0 to 1.
Thus the larger the self inductance of the coils the larger the mutual inductance between

them.
3.5.4.4 Selection of coil wire

The constraints placed upon the coils are of limitation of dimensions, and limitation of
heating in the excitation coil. This leaves only the selection of the wire diameter in question.

However:

The induced voltage, V, is given by:
V=M— (3.21)

where M is the mutual inductance and i,. the time varying current. For fixed geometry of
coils the mutual inductance is proportional to the square of the number of turns, then for a

a.c. current, I, of frequency f:

Vel nf (3.22)
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But from section 3.5.4.1 the heating constraint leads to a fixed relation of current to coil

resistance, R, such that:

Pdisipatc,d =1*R = constant (3.23)
where from section 3.5.4.2
2
r=¥P(, +2) (3.24)
DL 2
Thus
I’n® = constant (3.25)
ie. that
1
J oc— (3.26)
n
Thus the induced voltage
Ven. f (327)

This implies that using finer wire within the constrained volume will increase the induced
voltage and the heating effects will be limited being able to reduce the current. Producing
perfect winding with increasingly smaller diameter wire however proves more and more

difficult and therefore a practical limit exists to the size of the wire that can be used.
3.5.4.5 Coil inductance calculations

As has already been stated coil inductance is dependent on the number of turns and ,in a
complex way, on the layout of those turns - the dimensions and relative dimensions of the
coil {(Grover, 1946). There are a number of approaches to direct calculation of inductance
of a given coil. The most direct method is by application of the Biot-Savart law for
calculation of magnetic field strength at a point due to local current elements. Integration of
such expressions over the area of each loop to the coil reveals the total flux linkage. For a

given current the inductance, defined as the flux linkage per unit current, can then be
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calculated. Surface and volume integrals are readily encountered which in many problems
are not easily evaluated (Lim, 1966).

Another class of methods is based on the concept of magnetic potential vector. Again these
approaches involve line, surface and volume integrals whose complexity depends upon the
problem at hand. Early texts on calculation of self and mutual inductance offer many
formulae used in conjunction with numerous tables and reference plots. These attempt to
offer solutions to the problem of inductance and mutual inductance calculations for a myriad
of coil shapes and combinations (Grover, 1946; Terman 1955). Murgatroyd (1990)
describes a simple method for calculating maximum self inductance obtained from a “given
piece of wire” (for a fixed length) for a selection of simple optimum “shapes” of coil. Yu
and Han (1987) offer a solution for the calculation of the self inductance of any thick walled
circular coil, thin walled solenoid, or disk (pancake) coil which may be carricd out “on
personal microcomputer”. The approach utilises magnetic vector potential. The derivation
in their paper does however seem to contain numerous typographical errors for which

corrections have not been obtainable,

Having produced coils of various dimensions, formulae (listed in Appendix 1) from Grover
(1946), Terman (1955) and Wheeler (cited by Terman, 1955) for the inductance of short

solenoidal forms of coil were applied. Some of the results are listed in Table 3.1.

These measurements and calculations give some indication of the likely mutual inductance

between coils of this size since mutual inductance is given by (sce section 3.5.4.3):

M=k JLL (3.28)

Thus for the coil 2, coil 5 pair we would expect that M should be no greater than:

Mas < +f21x102 HWH (3.29)

Mys < 46 nH
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Coil Measured Coil Outside | Internal | Number { Grover | Wheeler | Terman
Inductance length diameter | diameter | of Turns
[KH] mm] | [mm] | [mm]
1 92 1.1 8.8 4.1 110 76 75 76
2 =100 0.48 4.5 1.0 100 19 20 21
3 3000 0.42 15.0 1.0 700 1913 1863 1895
4 - 04 10.3 1.0 450 830 755 816
5 - 0.48 78 1.0 180 93 95 102
Table 3.1 Coil data

Given a 10 kHz excitation current of 30 mA then we can expect a maximum voltage of 87
mV induced in the receiving coil. Thus k=0.1 would still result in a voltage large enough to
ensure a reasonably good signal to noise ratio. In fact, with these coils and excitation
current a maximum voltage of 48 mV was induced in the receiving coil when they were
placed touching with their longitudinal axes aligned. This implies a mutual inductance of 24
uH, giving k =0.52.

3.5.4.6 Frequency effects

Whilst the resistance and self inductance of the cotls is of primary importance, the induced
voltage in any receiving coil is directly proportional to the frequency of excitation for a

fixed amplitude excitation current. This encourages the use of higher frequencies.

However there are other changes in the effective impedance of the coils as the frequency is
increased. There are two effects, the skin effect and the proximity effect. The skin effect
refers to the tendency for the high frequency currents to flow in a shallow “skin™ adjacent to
the surface of a conductor. Proximity effects are asymmetrical current distributions caused
by e.m.f. induced by currents in nearby conductors. Both effects tend to decrease the
internal magnetic field of the conductor and hence the inductance. In general the decrease in
inductance is insignificant in comparison to the increase in ohmic resistance of the coils due

to the inefficient use of the wire’s cross sectional area (Lim, 1966). The effective a.c. to d.c.
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resistance ratio increases with frequency, conductivity and the size of the conductor. Thus,
at high frequencies, increases in the heating effects of the excitation current are expected.
Grover (1946) and Terman (1955) offer various corrective formulae for high frequency
effects. The skin depth, §, in copper at 20 °C is given by:

8 = 66.2/Nf [mm] (3.30)

giving a skin depth of 0.47 mm. The largest diameter conductor used in the coils tested was
0.1 mm in which a 10% reduction in current would be expected at its centre compared to
that at its surface. The effective increase in resistance and subsequent heating effect due to

this would be small and this was confirmed by heating tests described below.
3.5.4.7 Coil heating tests

In order to measure directly the heating effects in various prototype coils a small
thermocouple probe was used to measure the temperature change in coils of various turns

and differing wire thicknesses when a.c. excitation was applied.

Receiving coil induced voltage will be directly proportional to frequency hence the
desirability of using higher frequencies. Assuming a commercial power amplifier is used for
the excitation current then a frequency range up to 10 kHz should easily be obtained. Figure
3.7 show a graph of temperature versus current for the same coil but with two different

excitation frequencies.

Whilst there is apparently some rise in temperature with frequency the effect is not large
enough to influence the choice of excitation frequencies. This is particularly so in the 0-
30mA region where the temperature rises are very small (see insert of figure 3.7). For a
difference of perhaps 1°C between the 1 and 10kHz curve we would see a tenfold increase

in induced voltage in a receiving coil
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Figure 3-7 Temperature rise with current at two different frequencies

Considering then the effect of magnitude of current on heating with a 10kHz excitation

current:

Measurements were carried out under two different conditions: a) with the coils placed
upon a bench and with free air flow above the coil and b) in an in-shoe environment under
the sole of a foot of a resting subject who was wearing socks. As might be expected the in-
shoe tests gave lower temperature rise with current - the direct contact with the foot giving
a better thermal conduction path away from the coil than is available in the bench (free air)

test. Figure 3.8 illustrates the results from the two tests for the same coil.

In terms of safety, from the point of view of tissue damage, 40°C should be taken as a limit
(McArdle et al. 1991), however 40°C under the sole of the foot can cause severe
discomfort! Since the bench test proved more sensitive they were used to give a worst case
guide of the maximum current that might be utilised in the transducer. A bench test
temperature rise of around 3°C translates to an in-shoe temperature rise of around 1-1.5°C
which was felt to be acceptable. The heating (bench) test results shown in figure 3.9 are for

three different coils. The first coil is a 110 turn coil of 0.1mm diameter wire (dimensions
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1.Imm length, 8.8mm outside diameter and 4.13mm internal diameter). The second is a 180
turn coil of 0.04mm diameter wire (dimensions ().48mm length, 8.1mm outside diameter and
1.0 internal diameter). Finally the third was a (commercially wound) 450 turn coil of
0.03mm diameter wire (dimensions 0.44mm length, 10.29mm outside diameter and 1.0 m

inside diameter).

08 e
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5% | —a— Bench |

—m— In-shoe
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40 L
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1 t t e —
0 50 100 150 200
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Figure 3-8 In-shoe and bench coil heating tests

Not surprisingly, the higher turn coil of very fine wire exhibits the most pronounced heating
effect since it has higher resistance. Expressing the results in plots of Ampere-Turns versus
temperature (figure 3.10) it is seen that the commercially wound coil of 450 turns excited
with a 15mA drive current is best. This gives approximately the same temperature rise per
Ampere-turn, but (neglecting differences in coil shape) requires less current to induce the

same voltage in a secondary. Lowering the drive current required reduces the demands on

the electronics.
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Figure 3-10 Current rise with ampere.turns

3.5.5 Investigation of the shape of the electromagnetic field produced
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An investigation of the “shape” of the electromagnetic field produced by the pancake coils

with a.c. excitation was carried out, i.e. the variation of the receiving coil’s induced voltage
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was measured as its position relative to the excitation coil changed. In particular,
measurements were carried out to determine the ranges of motion over which voltage
change could be detected and the sensitivity and shape of the voltage to displacement
characteristics for different coil pairs. In order to make the measurements a testing rig was

designed and manufactured.
3.5.5.1 Testrig design

The design objective was to enable the accurate recording of three dimensional
displacements of one coil relative to another. The displacements were to be along each of

three orthogonal axes.

The design constraints derived were as follows:

Maximum displacement along axes:
Vertical separation of coils, z= 10mm
Horizontal displacements= x,y + 10mm

e Minimum resolution of displacement measurement = (.1mm (representing 1% of 10mm

ranges).

* “Cross-talk” between displacements limited to 5%, that is an intended pure displacement
along one axis would lead to a maximum magnitude of change of 5% of that

displacement along any other axes.

* “Non-magnetic” (only weakly para or diamagnetic) material to surround the coils - coil
mounts of magnetic material would artificially increase the induced voltage in the

receiving coils.
¢ Easy mount/dismount of coils.
* Easy access to coil leads.

The design approach allowed each coil to be mounted upon a plate which could be easily

removed from the rig. One of these plates would be constrained to move only vertically
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when mounted. The other was constrained to move in the horizontal plane when in position
on the rig. This motion was made up of a composite of movement along two perpendicular
axes representing x and y. Figure 3.11 illustrates the basis of the design for the provision of
the motion along each axis. A sliding table mounted upon a sliding table arrangement is
used to achieve the x,y motion. Each table is mounted via linear roller bearings such that is
has freedom to move along a defined horizontal axes with respect to the rig. One of the coil
plates is mounted on the lower of these tables. A piston constrained to move only along an
axis perpendicular to the planes in which the sliding tables lie provides the third axis of

motion. The second coil plate is mounted on the end of this piston.

|
=
|
iI
|
l

Coil mounting plate \]/
Axes of motion

Figure 3-11 Basis of calibration rig
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Whilst the rig’s primary design objective was to enable controlled displacement
measurements, its development into a force calibration rig was borne in mind during the

design process.

A force application system was achieved using a cable, pulley and weight system for each of
the three directions. This offered an inexpensive method of achieving a method of force

application.

The fine control of displacement was achieved using a threaded bar and thumbscrew in
opposition to the resistance of the force application system. A threaded bar was attached to
cach table and the piston. The bar was passed through a locating plate and a knurled nut
used to pull the table/piston along its axis of freedom. In each case the adjustment nut was
held against its locating plate by resistance from the respective force application systems for
cach axis. The movement of the tables/piston along each axis was measured using dial

gauges positioned appropriately on the rig.

Wherever possible the rig was manufactured from non-metallic materials so there was no

influence from the rig on the mutual induction between the coil pairs.

Appendix 2 contains detailed drawings of the rig and figure 3.12 shows a photograph of the

device when assembled.
3.5.5.2 Coil characteristics - experimental method

Using the test rig, pairs of coils were mounted on the plates. One of the coils was excited
with an a.c. current whilst the voltage induced in the other was measured. Measuring the
induced voltage at a set of relative positions produced indications of the "magnetic field"

i.e. a map for the coil pair was established in the volume around the excitation coil.

This map was important since it would determine the voltage/displacement properties of the

final coil sets.

A sensitive transducer would require a measurable change throughout the likely
displacement range of the transducer surfaces. This range would be determined by the force
displacement properties of the mechanical element between the excitation and receiving

coils. A particular combination of coil pair and mechanical element would provide ideal
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force resolution for a selected force range. In this application the coil sizes are limited and
thus there was a need to first determine the coil - displacement characteristics, and then
select a suitable material for the mechanical element to ensure appropriate sensitivity and

resolution over the force range required.

Figure 3-12 Calibration rig
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3.5.5.3 Magnetic field characteristics - overview

A typical set of induced voltage versus displacement curves obtained with two "pancake”
coils is illustrated in Figure 3.16 and 3.17. These were obtained using a 180 turn excitation
coil (outside diameter = 8.11mm, internal diameter = 1.0mm and length = 0.48mm) and a
100 turn receiving coil (outside diameter = 4.54mm, internal diameter = 1.0mm and length

=(0.48mm) of 0.04mm diameter wire.

A 30mA, 10kHz excitation current was used to obtain this data. This was derived from the
current driver circuit described in figure 3.13. The circuit utilises a power amplifier to

provide the current which is given by:

=iy, (3.31)

provided Rf>>Rs, irrespective of the load impedance (as long as the amplifier can produce

enough voltage)

R,
R.
b \ Load
'Y Power Amp
HATS59
-+
Vin
RS
o (0%

Figure 3-13 Current driver circuit

Figure 3.14 describes the induced voltage as a function of radial displacement at four

different vertical displacements.

The coil displacement is such that at the midpoint of the curve both of the coil’s longitudinal
axes are aligned, i.e. the displacement is a radial displacement along the line of the diameter

of both coils. As may be expected the peak of the induced voltage curve occurs as the
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longitudinal axes of the two coils are aligned since the flux linkage will then be maximum.
Either side of the central peak there is a nominally zero point in the response, with smaller
peaks beyond. These represent the region in which the induced flux direction is reversed

compared with the central position, as illustrated by figure 3.15.

= 1

—— 0.5 mm

—g— | mm
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—p—3 mm

+-‘lmm

Induced Voltage [mV]

Displacement [mm]

Figure 3-14 Induced voltage as a function of radial displacement

Direction of lines of flux

Receiving coil

Excitation coil

Figure 3-15 Direction of flux through receiving coil
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Representing this change of phase as a voltage inversion (from -90 to 90 degrees shift from

reference voltage) then we may view a typical curve as that shown in figure 3.16.

Induced voltage [mV]

-5

Displacement [mm]

Figure 3-16 Induced voltage v radial displacement (phase inversion represented)

Figure 3.17 describes the induced voltage as a function of separation of the coils along the

longitudinal axes of the coils (at a constant radial displacement of zero).

Induced voltage [mV]

" o9
L] L L)
0 1 2 3 4 5 6 7 8

Axial separation [mm]

Figure 3-17 Induced voltage as a function of axial separation
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Figure 3.18 illustrates the shape of the induced voltage “surface”™ for displacements in the x-
y plane about the central axes of the coils for a vertical displacement, z. This surface was
built up by taking measurements of induced voltage at a matrix of (x,y) co-ordinates (0.5
mm steps) lying in a plane perpendicular to the axis of the coils which are separated by a
fixed vertical (2 mm) distance. Repeating this at various vertical separations shows that the
whole of this surface is scaled up or down as a function of the vertical displacement of the

coil pair.

From the induced voltage displacement curves we may derive finite displacements over
which the receiving coil may be separated from the excitation coil and still exhibit significant
induced voltage. This indicates the need to restrict the range of relative positions of the coil

pairs in their use within a position sensor. Limits for the coil pair used in the test are

indicated in figure 3.19.

m 20-25
2 o 15-20
:é o 10-15
gn m 510
:? o 0-5

Figure 3-18 Induced voltage - displacement surface
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Figure 3-19 Range of coil pair relative positions

In the worst case (at an axial separation of 4mm) this would lead to a change in induced

voltage of only SmV for a radial shift of around 3.5mm. This contrasts with the situation
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when the coils are separated by an axial displacement of 1 mm when a radial shift of 3.5 mm

would lead to a change in induced voltage of some 40 mV.

Choosing coils with different dimensions will obviously affect the induced voltage-
displacement characteristics. Figure 3.20 describes the induced voltage-radial displacement
characteristics created using the same receiving coils together with each of two excitation
coils. The excitation coils were of 10.25 and 8.11 mm diameter respectively, whilst the
receiving coil was 4.55 mm diameter. The axial separation between the receiving coil and

the excitation coil was 2 mm in each case.
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Figure 3-20 Induced voltage as a function of radial displacement
3.5.5.4 Magnetic field characteristics - analysis

In seeking a formal mathematical description of the induced voltage - displacement
characteristics various models were proposed and examined. The radial displacement curves
were examined separately from the axial displacement curves in the first instance. The curve
fitting that was attempted was focused on obtaining the best fit over a limited range of
displacements. For the coils used here, the ranges used were +/- 3mm of radial displacement

and 1-4mm of axial separation.

Since the radial displacement curve is clearly an even function polynomial fits of order 2,4

and 6 where tested.
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For a polynomial fit of degree N to a curve f(x) we need N+1 points on f(x) such that

au+a[xo+a;x02+a1xu3+ ................ Fax T +ax =1
a1+ A%y + A X1” + UKy Frernenn. +a lxlN'] +ax =h
(3.32)
Ao+ a;xn + aIxN2 + a.xN3 B AR alxNN =Ty
Or writing these equations in matrix form:
where
B 9 3 N ] i = -
1,25, s X reeeea Xy ay i fu
2 3 N
l,xl,xi 3 X] 5eeeea X a, fl
2 3 N .
1 5 T ol oW, a, 7
¥V =|. o B and f =|. (3.33)
2 3 N
SO R, LHN_ | fx
Such that
V.a=f (3.34)
Then
a=V.f (3.35)

provides the solution.

It was also noted that if the phase inversion was represented as a negative induced voltage

as in figure 3.16 then the curve bears some resemblance to the sinC function, that is

sinC x = (sin (T.x))/ (1.X) (3.36)
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(used with the assumption that (sin x)/x = 1 as x — 0)

The results of the curve fitting were assessed in terms of mean and maximum absolute

percentage error i.e.
% error = absolute(100.[actual - predicted}/actual) (3.37)

over the restricted range of displacements of +/- 3mm radial displacement and 1-4mm axial
separation. The table below gives a summary of the results for the four methods and figures

3.21-3.24 show the curves, curve fits, error and per cent error plots.

Radial displacements Power 2 Power 4 Power 6 SinC
Mean absolute error 1.43 0.48 0.35 0.40
Maximum absolute error 3.11 1.23 0.68 1.03
Mean absolute % error 8.84 232 1.26 2.22
Max. absolute % error 16.08 5.46 3.01 431

Table 3.2 Results of curve fitting for radial displacement curves

In the same way polynomial fits of order 2, 3 and 4 were attempted for the axial
displacement induced voltage curves. The typical curve also has the appearance of a inverse

function such as
f(z) = 1/(1 + x") for 2>n>1 (3.38)
The errors produced by this model were evaluated to identify a value for n of 1.55.

The results of these models are listed in table 3.25 and the various curves shown in figures

3.26-3.28.

From the results we can see that for an error of around +/- 6 % (over the restricted ranges

of motion) we require at least a 4th order fit to the radial displacement curves and at least a
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2nd order fit to the axial displacement curves. The sinC function fit to the radial
displacement curve provides an interesting alternative whose base and amplitude can be
determined relatively quickly. The base, can in fact, even be estimated from the coil
dimensions since it is close to the radial displacement at which phase inversion occurs,
which itself is related to the coil dimensions as described in figure 3.16. As would be
expected from the inevitable divergence of the magnetic flux at the end of the excitation
coil, the radius at which phase inversion occurs varies with axial displacement (figure 3.29).
The insert shows the radius of the point of phase inversion occurring from 3.5mm to 6.5mm

as the axial displacement is increased from ().5mm to 4mm

To some extent this brings into question the approach to modelling the 3 dimensional
displacement-voltage relationship as a product of functions fitting the axial and radial
displacement curves. That is, can a single radial displacement function scaled by an axial
function model the relationship? However if the ranges of displacement are carefully
chosen, such an approach, can provide a reasonable description. Figure 3.30 shows a series
of 4th order curves modelling the actual radial displacement curves at 1, 2 and 3mm axial
separation. Clearly these curves have, to a good approximation, a common point of
intersection. Taking this into account figure 3.31 demonstrates that simple scaling of the
radial displacement model for the 2 mm axial separation curve gives a good approximation
(+/- 5 %) to the actual radial displacement at 1 and 3 mm axial separations (over +/- 1.5mm

radial displacement).

Whilst it is clear that accurate modelling of the displacement-induced voltage relationship in
the space over which discernible induced voltages occur would require extremely complex
functions. It has been shown that over limited ranges relatively simple functions can be used
to describe the relationship of three dimensional displacements of a “pancake” excitation

coil relative to a “pancake” receiving coil to the voltage induced in the receiving coil.
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Figure 3-21 2nd order fit
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Axial displacements Power 2 Power 3 Power 4 A1+ xM)
Mean absolute error 0.29 0.41 0.19 0.40
Maximum absolute error 1.24 1.07 0.54 1.03
Mean absolute % error 2.07 2.56 1.29 2.22
Maximum absolute % error 6.25 6.06 2.88 431

Table 3.3 Results of curve fitting to the axial displacement characteristics
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Figure 3-29 Variation of radius of point of phase inversion

Figure 3-30 Radial displacement curves at 1,2 and 3 mm axial separation
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Figure 3-31 Radial displacement curves and scaled fits

3.6 SUMMARY

e The use of electromagnetic induction as a basis for the transducer has been proposed
® The design constraints have been used to identify maximum coil dimensions

e Coils have been manufactured and tested

e The results indicate that the induced voltage levels are sufficiently large and sensitive to

be suitable for the design proposed.

e The induced voltage - 3 dimensional displacement relationship has been explored and

various models examined.
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4. MATHEMATICAL BASIS FOR 3D MEASUREMENT
4.1 PRINCIPLE

Description of the three dimensional displacements requires a minimum of three parameters,
one for each dimension of space. An orthogonal axis system, x,y,z is typically used to

describe movements in three dimensional space.

For a given separation of excitation and receiving coil the induced voltage in the receiving
coil is a function of its position with respect to the exciting coil, although this is not
uniquely so. An example as can be seen in figure 3.18 (page 54) which shows the voltage-
radial displacement surface of a particular coil pair. A particular voltage V,, would be a
result of the displacement of the receiving coil by some radius ry, from the central axis of
the excitation coil. However this leaves an infinite number of solutions for x and y
constrained (in the ideal case of circular coils of uniform winding) only by the limitation
that:

r,q,2 =x"+ y2 “4.1)

Intuitively, given an excitation coil in one plane and a group of three non co-linear receiving
coils in any parallel plane, displacements of the group of coils from the excitation coil would
be able to be derived from knowledge of the changes in voltages induced in (all three of)

them.

This approach is based on the fact that the minimum of three parameters required to reflect
the three dimensions of spatial displacement (x,y,z) would be provided by the three
voltages. That is, whilst the x,y position at a certain coil separation z was not unique for a

single coil pair, the use of three receiving coils would resolve this indeterminacy.

Two approaches to extraction of the position (x,y,z) of the three receiving coils with
respect to the excitation coil were examined. The first attempted to use an analytically
derived mathematical description of the electromagnetic field whilst, the second, relied

entirely on a calibration and look-up table approach.
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4.2 SOLUTIONS
4.2.1 Planar model

From the previous chapter it has been established that the voltage induced in a coil is a non-
linear function of both its radial displacement from the axis of the excitation coil in a plane
perpendicular to it and of the axial separation between the coils. From the results expressed
in figure 3.35 we expect to be able to describe the full relationship as the product of two
functions (albeit over a limited range of motion), one a function of radial displacement, the

other a function of vertical displacement. Mathematically:
V(r,z) = J(z).F(r) 4.2)

in which V is the induced voltage, r is the radial displacement from the central axis, z the

vertical distance between coils;

J(z) and F(r) represent unknown general functions which might, for instance, be suitably

approximated by polynomial expressions as shown in chapter 3.

Using only one coil pair, the uniqueness of any induced voltage is not assured unless
movement is restricted to an axis perpendicular to the planes in which both coils lie (the z
axis) since the function J(z), appears to have unique solutions for all z (in fact for all
positive z less than some maximum). The displacement of the receiving coil from the other
side of the excitation coil, negative z, would of course produce a similar function to the

function J(z) postulated for positive z).

Intuitively, the addition of two or more receiving coils at suitable positions should enable
unique position determination in three dimensions. Each receiving coil would form a coil
pair with the same single excitation coil. Referring to the voltage displacement surface of
figure 3.18, valid at a particular separation, z, it can be seen that each receiving coil’s axis
will be located over a point on this surface. This will be represented by a voltage in each of
the receiving coils. This voltage, together with the fixed geometric arrangement of the
receiving coils, results in the necessary and sufficient independent variables with which to

solve for the three unknowns (x,y.,z), the position co-ordinates, of the centroid of the
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receiving coil set relative to the excitation coil. Thus the problem becomes one of solving

three equations of the form:
Vi (x,y,z) = J(z).Fi (x,y) fori=1to3 (4.3)

The analysis of the voltage-displacement characteristics described in chapter 3. concentrated
on describing the overall characteristics over relatively large displacements (compared with
the excitation coil diameter). Given the proposed grouping of three receiving coils
positioned centrally above the excitation coil, curve fitting may be considered over a much
more restricted range of displacements. For instance given the situation depicted in figure
3.3 the maximum receiving coil diameter was shown to be 4.64mm. The undisturbed
position of the coil would then be at a radius of 7.68mm with respect to the excitation coil
centre. Keeping the centre of the receiving coil inside the outer diameter of the excitation
coil to avoid the phase inversion point (see figure 3.17) will restrict the radial displacement
of the coils to within at most +/- 2.32mm of their reference positions. Clearly, the reduced
range of motion allows much simpler modelling of the characteristics. Figure 4.1 illustrates
an example of a set of characteristics curves over a restricted radial displacement. For this
example, a linear approximation to the curves at each axial separation proves accurate to
within +/- 5%.

Given this situation where the radial displacements are small, and the coils spaced such that
the displacement occurs on a linear portion of the radial displacement-voltage characteristic,
and further that the tangential displacement to the radius is small, then the voltage-
horizontal displacement characteristic may be considered a flat plane in (x,y,voltage) co-

ordinates, one plane for each coil. Such planes would be described by:-
d=1.x + m.y + n.(voltage) (4.4)

where Lm and n are the direction cosines of a normal to the plane, and d is the distance

from the origin. F(x,y), this then, may be expressed as:

F(x,y)=ax+by+c (4.5
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Figure 4-1 Linear regression over restricted range of displacement

Then in terms of the Cartesian co-ordinates x.y,z, noting how the height of the voltage-

displacement surface is scaled as a function of z, the voltage at x,y,z may be expressed by:
V(x,y,z) = J(z).F(x,y) = J(z).(a.x + b.y +¢) (4.6)
Then using a quadratic approximation for J(z), for coils 1 to 3:
Vi(x,y,z) =J(z).[c; + a1.x; + br.yi]
Va(x,y,z) = 1(z).[c2 + a2.X2 + ba.y2] 4.7)
Vi(x,y,z) = J(z).[cs + a3.x3 + bs.ys]
where:
I(z)=1+k.z+ k.7’ (4.8)

If the three coils are conveniently placed at the corners of an equilateral triangle lying in the
horizontal (x,y) plane then, the coils may be seen either to lie in the same horizontal plane
but at different x,y co-ordinates, or they may be represented by three different co-ordinate

systems. The co-ordinate systems of the coils are identical except that the horizontal x,y
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plane of each coil’s co-ordinate system is rotated by 120° to match the comer of the
equilateral triangle at which the coil lies. Now for systems with axes x,y,z and xy’,z in
which x’y’,z is obtained from x,y,z by a rotation of ¢° of the x,y plane about the z axis, the
transformation required to translate co-ordinates in system x’,y’,z to express them in system

X,Y,Z is:

[le=|:c.os ¢,—sin ¢ x’] 49
y| |sing,cosg |y’
Thus if we make the axes of coil 1 the reference, and those of coils 2 and 3 obtained by
rotations of +120° and -120° respectively then
X =X
n=y
X2 = -x/2 - (V3/2).y
v2=(N3/2).x -y/2 4.10)
xs = -x/2 + (V3/2).y
ys =-(V3/2).x - y/2

Assuming that the coefficients a; and b; for each of the coils are the same, we can see that
the sum of the three voltages will be independent of x and y and dependent only upon the

initial voltages at the reference oﬁgin, and of course on the function J(z). That is:
3 3 -
> V(63,2 =J(2). Y, V;(0,0,0) (4.10)
1 1

Thus the process of calibrating the coil set consists of choosing an origin, bearing in mind
the coil pair characteristics, and selecting convenient calibration points to enable solution of
the coefficients in equations (4.8) and (4.10). For instance, voltages at the points (0,0,1)
and (0,0,-1) will enable k; and k; in J(z) to be determined (equations (4.8), (4.10) and
(4.7) ). Strictly the voltages at the point (1,0,0) may be used in equations (4.7) to determine
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a1 , a2 and as, although in practice an average from (1,0,0) and (-1,0,0) was used. Similarly
the points (0,1,0) and (0,-1,0) for coelficients b, , b, and bs.

The converse process of converting a set of voltages into x,y and z is as follows:

First calculate
(4.12)

This enables us immediately to solve the quadratic equation (4.8) to give z (one solution can
readily be eliminated on the basis of being out of range ie. the wrong side of the excitation
coil). We can also substitute the value for J(z) into equations (4.7), and solve for x and y

using the relationships given in equations (4.10).

The essential requirements for accuracy of this method are reasonably apparent:
Throughout the range of operation the assumed functions are representative (lincar for x
and y, quadratic for z), and also that the coefficients of x , y and J(z) in the above
expressions are the same for each coil and that coils are positioned accurately. Additionally

the planes in which the coils lic must be kept parallel.
4.2.2 Look-up table method

Whilst four coils are again used with this method, the precise positioning of the three
receiving coils is not fundamental to the approach. The only requirement is that they remain
a fixed distance apart. The first stage involves the collection (by means of calibration) of
three, 3-dimensional matrices containing the induced voltages at a network of positions in
3-dimensional space . The converse process of extraction of the position (x,y,z) from the
actual voltages (V1. ,V2a .V3a) then involves location of the nearest point in the matrices,

followed by linear interpolation about that point, as follows:
Select the nearest point P from the matrices for which

[(Via -V ) + (Vo -V2u ) + (V3 - V4 ) ]is minimum (4.13)
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where {V1, V2., V3. ) are the voltages at point P in the matrix. Now if we write the exact

functions which give the voltage versus position for each coil as functions { where
Vi =fi(x,y,z) fori=1t03 (4.14)
Now at any point x,y,Z, a small change in V| may expressed as
W, = (/&) &+ ([ H)y+(F/ )& (4.15)
oV, | [M /., [,V [ ||d&
&V, |=|V, [,V [dy,N, [dz || & (4.16)
v, N, [k, N, [h,dV,[% || &
or
oV =AVP @4.17)
and so
P =(AV )V (4.18)
JV can be calculated by taking the nearest voltages V, from the actual voltages
V=V,-V, (4.19)
&P can now be calculated from equation 4.17 using (AV)™ and the actual position is
P, =P,+oP (4.20)
in which P, are the values of x,y and z for the nearest point identified in equation 4.10.

From each (of the three) 3-dimensional matrices of voltages it is possible to determine the
range of voltages induced in each of the receiving coils respectively throughout the entire
volume of possible positions. Each of these voltage ranges may then be subdivided into
suitably fine steps and each combination of (Visw, Vaan, Viab) may be processed to calculate
the corresponding (x,y,z) co-ordinates for each (Viap, Vs, V3ab) combination. This process
is performed off-line to produce matrices of positions x, y and z at evenly spaced voltages
(V1,V2,V3) over the defined range.
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This data may then be used for rapid position determination from any given (V,V>,Vs)

So for a set of voltages, V,, the nearest set of voltages, V,, in the matrix, is found to

identify the co-ordinates (x,y ,z) as a first approximation to the actual position.

The partial derivatives in three dimensions can readily be deduced from the adjacent values

in the matrices. We can then interpolate linearly between the evenly spaced voltages:

& [oxfav, ooV, ,okov, [V,
Oy |=| ]V, ,H]V, o[V, || oV, @.21)
&| |afv, )V, NV, |6V,

The maximum range of displacements detectable with this approach is Limited only by the
range over which a reasonable level of induced voltage is achieved. The accuracy obtainable
is dependent upon the number of points used in the calibration table and the non-linearity of
the induced voltage-displacement characteristics. For the results presented below a matrix
of 13 x 13 x 7 points in x, y and z respectively was used, resulting in 1183 calibration points
for each of V,V, and V.

4.2.3 Hybrid method

The first method in practice was found to be quite inaccurate. The limitation with the model
occurs in representing the function F(r) as a linear function of (x,y) since strictly it is a
function of the radial displacement between the central axes of the excitation and receiving
coils. The plane which is represented by the linear function in (x,y) will be tangential to the
actual surface of the characteristic surface. This means that the greater the movement away
from the central point, expressed as a fraction of the pitch circle of the centres of the coils,
the greater will be the error. This radius is quite small in this application since the outside
diameter of the transducer must be less than 10mm. Obviously for the same fractional error,
the tangential displacement would need to be reduced as the radius of the excitation coil is
reduced.

More complex expressions for J(z) and F(r) were required. Strictly for the conic model:

Vi(x,y,z) =¥(z).[qo - q..11] 4.22)
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Figure 4-2 Relationships of radii to displacement

n=V(y +(x+R))
r="VY((y - RN3/2)* +(x-R/2)%) (4.23)
1=V (v + RV32) +(x - R12)%)

giving
Vi(xy,2) =J@.[qo- 1. V(¥ +(x +R)*)]
Va(x,y,2) = J(z).{ Qo - q1.V( (¥ - RV3/2)? + (x - R/2)%) (4.24)
Vi(x,y,2) =J@).[ qo - q:1.V((y + RN3/2)* +(x -R/2)*)]

where J(z) is still described by

I(2)=1+k.z+ky2* 4.25)
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Thus we have three equations in three unknowns, although the solutions (if they exist) are
far from obvious. In any case, this of course assumes that the values of k;,kz,qo and q, are
the same for each receiving coil/excitation coil combination. Additionally the excitation coil
winding is perfectly symmetrical. These conditions are difficult to achieve in practice. In fact
for a wider range of movement it was shown in Chapter 3. that higher order equations are
needed. Solutions of higher order equations posses even more difficulty. However an
alternative approach may be used. Given that the look-up table method described above
avoids the necessity of solving high order polynomials, a hybrid combination of the
approaches of the mathematical model involving limited calibration (and thus limited time
and high order polynomial approximations) together with the look-up table technique using
data generated by such a model was developed.

A series of radial sweeps passing through the longitudinal axis of each receiving coil in turn
were made at different vertical separations (of receiving and excitation coils) i.e. a series of
characteristics such as that those in figure 3.14 were collected. A fourth order (in radius)
approximation was made to each of these (using least squares) and then in turn a third order
(in vertical separation) approximation was made to each of the coefficients of the radial

functions. In this way a model of the form:
V(x,y,z) = J(z).F(t) where r* = x* + y* (4.26)

was calculated using a Limited calibration. This model was used to generate a set of data
representing Vi , V2 ,Va at a series of (x,y,z) which could then be used with the look-up
table method described above. Thus high order polynomials could be used to model the
induced voltage characteristics without the need for solution of these in order to extract
position data from the induced voltages. The results of this approach are presented in the

next chapter.
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4.3 CHAPTER SUMMARY

¢ The concept of using three receiving coils to enable determination of 3 dimensional

displacements of the group of three coils from the excitation coil has been presented

¢ Three different methods for the determination of the position from the voltages induced

in the receiving coil have been put forward.
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5. PROTOTYPE IMPLEMENTATION
5.1 DEVELOPMENT STRATEGY

The analysis methods described in the previous chapter are based on the relationship of the
displacement of receiving coils relative to the excitation coil. The extension to force
assessment, as has discussed previously, is made by inserting the mechanical restraining
element - the rubber or rubber like insole material. This will effectively superimpose the
force - displacement characteristics on top of the voltage-displacement characteristics of the
coil sets to produce the final force-voltage relationships. In order to efficiently evaluate the
analysis methods proposed, it was decided to evaluate the transducer concept without the
mechanical element in place so as to evaluate what was effectively a three dimensional
displacement transducer. The rig built for the coil pair tests was modified such that groups
of coils could be mounted on one face and an excitation coil could be mounted on the other
face. This enabled calibrated relative motion of the excitation coils with respect to the

receiving coils.
5.2 COIL SET ASSEMBLY

Having derived the theoretical basis for a transducer, it was clearly necessary, in order to
implement it, to develop methods of bringing robust Jeads off from the very fine wire of the

coils and also of securing the three receiving coils together.

Various methods where attempted with varying degrees of success observed when the
arrangements were subjected to mechanical wear and tear. Use of a common neutral for
each of the receiving coils reduced the number of leads to be brought off. Figure 5.1
illustrates the method adopted for both the receiving and excitation coils. Cynoacrylate was
used as both the coil bonding agent during coil winding and for bonding the lead wires to
the edges of the coils/coil arrays. A jig was manufactured to aid the assembly process and

this helped position the centre of each coil at the corner of an equilateral triangle.
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Soldered joint Insulated wire

Plan view of single coil

l
Side elevation

Positive coil 1

Positive coil 2 .

Common

Positive coil 3

Figure 5-1 Method of attaching lead wires
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The configuration of the three receiving coils had implications for both the maximum
diameter of the these coils and the diameter of the transducer as a whole. If the excitation
coil is used as the upper surface of the transducer (at the foot-shoe interface) then, its
diameter will determine the area over which force assessment is made. The receiving coil
sets could then be allowed diameters such that their edges are contained within an arca
larger than the excitation coil. This has implications for the minimum spacing of an array of
such transducers. Other factors constraining this will be the wiring “lead-off ” problem and
interference due to movements of surrounding coils (that is, in changes in magnetic media

surrounding the coils of a particular transducer).
5.3 ELECTRONIC HARDWARE

The electronic hardware required for the transducer was designed and manufactured
specifically for the project. The system may be conveniently divided into signal generation,

coil excitation, detection and recording stages.

The methods of excitation and detection are particularly important to the success of the

transducer.

Figure 5.2 is a schematic of the system for signal generation, detection and recording. The
signal source is a 20kHz sinusoidal wave. This frequency was arrived at as a compromise
being high enough to result in sufficiently large enough induced voltage. Higher frequencies
produce larger induced voltages per unit peak current but require higher specification
electronics to process them without degradation of signal. The main features of the overall

systetn are:
5.3.1 Signal generation stage

Figure 5.3 shows the simple circuit enabling utilisation of 2 commercial signal generation

chip.
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Current driven excitation

An a.c. current source is required since the induced voltage is directly proportional to the
current in the excitation coil. Variations in this will introduce errors in the output voltages.
The coil resistance is also a function of temperature and this variation would lead to
variation in current were the coil to be voltage driven. Current limitation is also required on
safety grounds in case of insulation failure and direct contact with skin. Figure 5.4 shows

the excitation coil driving circuit.
5.3.2 Demodulation

A phase sensitive detection or synchronous demodulation circuit was used to extract the
induced voltage signal from any background noise signal. Figure 5.5. Shows a schematic of

the circuit. Referring to this figure and:
Given some excitation current:

L=A. sin (ot) S.1)
This will induce a voltage in the receiving coil of:

d( A.sin(ax))

Vi = K.
dt

=K.A.cos (wt) (5.2)

If this voltage is multiplied by a voltage, V, which is 90° phase shifted from the excitation
current (figure 5.5) then:

V.V, = K. Acos(mt).Ar.cos(mt) (5.3
Using the trigonometric identity co§(x) = (1 + cos (2x)/2 this becomes:
ViV, = K.AA.(1+ cos(Zot))/2 5.9

If the double frequency (2mt) is filtered out, the d.c. voltage that is left provides a

convenient direct indicator of the voltage induced in the coil.
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The process tends to filter out other frequencies of induced voltage that may be generated
by pick-up from spurious magnetic field in the vicinity of the receiving coil The
multiplication of these with the reference signal does not produce d.c. components and thus
they do not contribute to the d.c. voltage indicating the level of induced voltage in the

receiving coil.
5.3.3 Data logging hardware

The filtered d.c. voltages from the demodulation circuit are passed to a analogue to digital
converter within a PC used for data logging. The digital to analogue conversion and data

storage is controlled with purpose written software.
5.4 TRANSDUCER ORIGIN AND RANGE OF DISPLACEMENTS

Having calibrated a set of coils using both methods described in Chapter 4., the results in
Table 5.1 demonstrate the accuracy and range of displacements over which they are
obtainable. The results are presented in terms of displacements in the (x,y,z) co-ordinate
system, with the origin set at a point 3.5mm from the receiving coils along the central axes
of the equilateral triangle upon which the receiving coils are located (see figure 5.7). The

movements are of the excitation coil relative to this origin.

Displacements of +/- 3 mm in x,y and +/- 1.5 mm in z are taken as the maximum imposed
by the coil’s induced voltage-displacement characteristics. A minimun (vertical) distance of
2.0 mm between the excitation and receiving coils was maintained throughout the tests and
calibration. In the force transducer this gap cormresponds to the gap at maximum

compression of the rubber element.
5.5 GENERAL ASSESSMENT .

In order to carry out a systematic evaluation of each of the models used, recordings of the
induced voltage were made as displacements were made along each of the axes in turn. For
each series of displacements, the non-varying co-ordinates remained at zero. For example x
was varied from -3 to + 3mm, whilst y and z were kept at Omm, The data collected was
used to calculate (Xes,Yest:Zest) at €ach (V1,V2,V3). All three models were used so that a total

of three estimated positions were obtained. The error in estimating x,y and z was then
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calculated for each method. The errors each of the models produced when predicting actual
measurements {expressed as per cent of half range of displacement) whilst varying the
displacement along each of the co-ordinate axes in turn are shown in Figures 5.8-5.10.
These figures reveal both accuracy and cross talk. Figures 5.11a-5.11c demonstrate the
magnitude of the error in determining the position in space, i.e. the length of the vector
 joining the predicted position and the actual position for the variations along the respective
axes. These errors are expressed as a percentage of the maximum vector displacement (ie.
V(Xmar)® + (Yma)® + (Zma)®). Table 5.1 summarises these results.

Excitation coil l
- amama I-I-I-IHI-I-I-I-I-ﬂﬂlﬂl-l-.-.-I- - eu.
| §
Z

3.5 mm

Figure 5-7 Location of reference origin with respect to the receiving coils
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Figure 5-10 Look-up table method
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Planar I Error range Mean Error Median Error Stdev Error
] -1.9

Hybrid Error range l Mean Error | Median Error Stdev Error
B T S— 2] % 0.5 ; 03 : L
y(x) 17.8 0.6 1.1 52

L.U.T. Error range Mean Error ] Median Error Stdev Error
5 . I, SO (WO F. . SO W -
______________ YO 28 QA G 04 0T
2. 34 .. AU S S - S -
r(x) 29 28 2.7 0.8
.............. X(y). 08 2l G202
M) - LN N S — 03 ... 13
........ PATE s .1 S ... : 2. 1.0
r(y) 1.1 1.9 1.9 0.2
A6, 0.9 o AB e 55 S SO SO
y(z) 1.0 L — 02 L
2z) T - w2 L. S 14
1(z) 2.5 24 24 0.7

Note

x(x) denotes statistics for the errors in X as x is varied from the origin, y and z being held at the origin.

ris the magnitude of the error vector i.e. T=Xx"+y")

All values are quoted as a percent of the magnitude of the maximum displacements (for x and y this is 3 mm, for z 1.5 mm and for r, V(3% +
3%+ 1.5%) mm

Table 5.1 Summary of % errors - systematic tests
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In the first instance the range (of x,y and z) is of most interest since half the range will give

a worst case % error - assuming the distribution is symmetrical (not skewed).

The success of each model in predicting the changing displacement is illustrated in table 5.2

below:
Model Dynamic Variable error is | Error Range
variable in
Planar X X 31
Planar y y 38
Planar z 7 4
Hybrid X X 10
Hybrid y y 10
Hybrid 2 zZ 13
LT, X X 6
L.U.T. y y 5
LU 1. z Z 5

Table 5.2 Accuracy of models

Thus we might expect +/- 19% accuracy with the planar model, +/- 7% with the hybrid and
+/- 3% with the look-up table method. However, after examining the range of cross-talk
(table 5.3) it can be seen that more realistic figures are +/- 3% for the look-up table method,
+/- 9% for the hybrid and +/- 29% for the planar model. These errors may be compared to
the magnitude of the vector errors given in figure 5.12 which reveals maximum values of
37% for the planar model, 7% for the hybrid and 3% for the look-up table method. Clearly
the planar model appears to have failed over this range of displacements. However,
examination of figure 5.15 reveals that if the range of displacements is reduced, the method
might be used to resolve to an accuracy of +/- 20% (30% by magnitude of vector error).
Similar improvements are not seen in the hybrid model when the displacement range is
reduced. Reducing the displacements to +/- 2.5 mm in x,y and +/- 1.125 in z the range of
errors still indicate a possible accuracy of the order of +/-9% (6% by magnitude of vector
error). No increase in accuracy would be expected by reducing the range of displacements
when using the pure look-up table approach unless the number of points in the look-up

table was kept the same. That is if a finer 3D mesh of points was used.
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Model Dynamic | Variable erroris in| Range of %
variable error

Planar X y 23
Planar y X 2
Planar X z 49
Planar y z 57
Planar z X 3
Planar z y 4
Hybrid X y 18
Hybrid y X 4
Hybrid X z 8
Hybrid y z 14
Hybrid z X 1
Hybrid zZ y 1
L.U.T. X y 3
1T y X 1
EELLE. X z 3
L.U.T. y z 4
L.UT. z X 1
LU.T. z y 1
Key:

Planar - Planar model
Hybrid - Hybrid method
L.U.T. - Look-up table method

Table 5.3 Cross talk or models
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5.6 SYSTEMATIC VARIATIONS

Figures 5.8-5.10 were examined for systematic errors, more specifically for linear
systematic errors. Due to its obvious inaccuracies over the full range of displacements, the
planar model was only analysed over a limited range of +/- 1mm in x,y and z. Each set of
values of errors in x,y and z was examined to identify trends with displacement in the
dynamic variable. This was done by carrying out linear regression on the errors in x,y and z
respectively for each of the charts. Table 5.4 contains a tabulated summary of this analysis.
The table reveals some clear trends of the errors that confirm systematic the inaccuracies
with each model. Of note are the variations of errors in x and y with z for the planar model.
This would indicate an error in the estimation of J(z) (equation 3 section 4.2.1). Also, for
the hybrid model, a clear relation exists between the error in y as x is varied. This may be
due to an asymmetry in the field produced by the excitation coil - i.e. the field (indeed the
coil) is not circular but elliptical in the plane perpendicular to the coils longitudinal axis. The
variation of the error in z with the hybrid model as z is varied also indicates a poor fit to
J(z). Since we are modelling the induced voltage-displacement field with simplified
functions, we may expect systematic errors with both the planar and the hybrid models.
However it is more surprising to see trends, in the errors occurring when the look-up table
method is used. Whilst the “cross-talk” errors between x,y and z show much weaker trends,
significant trends are seen in the errors produced in calculating x as x is varied, in
calculating y as y is varied and in calculating z as z is varied. The look-up table approach
does however utilise linear interpolation between points and perhaps this introduces these
systematic errors. Use of a finer mesh of points for the look-up table should reduce these

trends.
5.7 STATISTICAL ASSESSMENT

In an attempt to assess the accuracy of each technique away from the x,y,z axes, a number
of random points (x,y,z) were generated and displacements made to these points. The
predicted positions were calculated using each method and the predicted and actual
positions compared. In order to compare the methods the random points used lay within the
reduced volume of +/- 2.5 mm in x,y and +/- 1.125 mm in z, the resultant errors in X,y and z

being expressed as a percentage of these full scale deflections (figure 5.15-5.17).
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Regression carried out | Correlation | Coefficientof | pvalue | Confidence

onerrorin ‘a’ as ‘b’ is | coefficient | determination level

varied for each model : i

Listed as “Model a-b”
Planar x-x -0.25 0.03 3.30E-01 -
Planar x-y -1.04 0.16 3.00E-02 -
Planar x-z 1.10 0.07 1.60E-01 -
Planar y-x -0.42 0.96 9.64E-21 99
Planar y-y 0.10 0.001 8.40E-01 -
Planar y-z 0.88 0.05 2.40E-01 -
Planar z-x -1.01 0.99 9.21E-33 09
Planar z-y -1.39 0.99 4.12E-41 99
Planar z-z 0.89 0.75 3.22E-10 99
Hybrid x-x -1.56 0.87 4.39E-27 99
Hybrid x-y 2.99 0.99 5.39E-65 99
Hybrid x-z -0.54 0.23 1.00E-04 99
Hybrid y-x -0.66 0.94 1.26E-36 99
Hybrid y-y -1.58 0.82 3.00E-23 99
Hybrid y-z 1.71 0.60 3.10E-13 99
Hybrid z-x -0.38 0.97 4.99E-23 99
Hybrid z-y 0.10 0.28 2.00E-03 -
Hybrid z-z 3.80 0.95 2.75E-20 99
L.U.T. x-x (.81 0.81 8.68E-23 99
L.U.T. x-y -0.34 0.93 2.66E-35 99
L.U.T. x-z 0.26 0.39 1.06E-07 99
LT, 3% 0.01 0.003 6.90E-01 -
LU.T. y-y 0.74 0.95 1.52E-38 99
LU.T. y-z 0.41 0.55 1.01E-11 99
L.U.T. z-x 0.08 0.11 6.90E-02 -
LU.T. z-y -0.33 0.89 3.10E-15 99
LU.T. z-z 1.31 0.76 2.28E-10 99

Table 5.4 Systematic errors
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It is apparent that over this displacement range, the planar model technique fails completely
whilst the hybrid approach enjoys rather more success showing a range of error of not
larger than 20% (giving a potential accuracy of +/- 10%) which compares with a maximum
range of 8% (potential accuracy of +/- 4%) obtained with the look-up table method. Given
that the hybrid method requires rather less calibration time, and that the calibration process
may reduce to coil calibration as opposed to transducer calibration (with the subsequent
effect on system assembly), it is felt worthwhile reserving judgement upon this calibration
method particularly until confirmation that the transition to force measurement has been

made.

It is clear that the Jook-up table approach allows calibration over a much larger range and in
order to emphasise this the random point exercise was repeated using points over
displacement ranges of +/- 3 mm in x and y and +/- 1.5 mm in z. Three hundred random
points (x,y,z) were used. The distribution of errors using only the look-up table methods are

shown in Figure 5.18 and confirm an accuracy of around +/- 5 % in determining x,y and z.
5.8 ASSESSMENT OF CALIBRATION AND PROCESSING REQUIREMENTS

The planar mathematical model technique proved relatively unsuccessful and will not be
considered here. The hybrid method utilised 20 points, obtained at five positions (for
solution of a fourth order equation) across the range of radial displacement at each of four
different axial separations (for a third order equation). The look-up table method, when
used in obtaining the above results, required 1183 calibration points (and the accuracy
obtained is obviously directly related to the number of points in the table for a given x-y-z

space).

Where the hybrid model is used, greater care must be taken in manufacturing the coils to
ensure accurate positioning of well matched (identical) coils. Also, characteristics for the
combination of excitation and receiving coils need to be examined to judge the best spacing
of the coils (size of the equilateral triangle) and calibration points for a given range of
movements. Whilst intelligent coil matching and spacing are required for the look-up table
method it is by no means as critical. In terms of the hardware processing requirements, there

is little to separate the hybrid and look-up table methods since the core of both methods is
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the matrix manipulation described in section 4.2.2. The real time processing involved in

each method is thus identical.
5.9 CHAPTER SUMMARY

¢ The prototype coil group assembly method and electronic hardware design have been
described.

¢ Systematic and random assessment of the accuracy of the three models are compared.
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6. TOWARDS A FORCE TRANSDUCER
6.1 MATERIAL FOR THE MECHANICAL ELEMENT OF TRANSDUCER
6.1.1 General considerations of material selection

When searching for a suitable material to provide the mechanical element of the transducer,
materials used routinely for insole manufacture were obvious candidates. Somewhat
surprisingly it was found that there was little or no information available on the mechanical

properties of such maternals.

One of the main problems with polymeric materials used for insoles is that of “compression
set” or permanent deformation due to repeated or continuous loading. This problem would
obviously lead to an instability if such materials were used in a transducer, This may also be
linked to the dynamic performance of the material. Permanent deformation under load may
be interpreted in terms of the visco-elastic behaviour of the material. This type of loading
rate dependent behaviour is one end of the spectrum whilst the dynamic performance of the
material in terms of its mechanical response to high frequency forces will also determine the

frequency response of the transducer.

Perhaps more importantly, such materials tend to be selected for their apparent property of
redistributing mechanical forces. Whilst it may be desirable to assess this at a later stage, it
is more desirable to be able to measure the mechanical forces seen at the foot-shoe interface

in a conventional shoe with relatively firm underfoot conditions.

In general it is clear then that the mechanical properties of the chosen material need to be
stable within the temperature and humidity seen within the shoe and over a large number of

cyclic loading patterns.

Assembly and integration within the prototype transducer was also a large factor in material
choice. Many of the materials routinely used for insole material are thermoset materials.
Such materials may be machined (with difficulty) and the coils bonded to them.
Nevertheless a material into which the coils could be moulded (figure 3.2) was the ideal

solution.
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6.1.2 Mechanical properties required

Manufactures of rubbers and rubber like materials tend to quote only the ‘Shore Hardness’
score or the IRHD (International Rubber Hardness Degree) rather than more conventional
engineering properties such as Young’s modulus. For rubber, hardness is a measurement of
the reversible, elastic deformation produced by a specifically shaped indentor under a
specified load. A number of different standards for measuring rubber hardness have been
used. Readings in IRHD, British Hardness Degrees (BS) or Shore Durometer A Scale are
approximately the same (Lindley, 1967). For elastic isotropic materials the hardness bears a
known relationship to Young’s modulus (BS 903 Part A26: 1969). Natural rubbers have a
very high bulk modulus of elasticity, being essentially incompressible. Their modulus of
elasticity in compression is thus very dependent on any restriction on space for the material
to deform into. Such restriction could be a straight forward containment with a fixed
volume or in a more subtle containment. For instance, rubber between and bonded to two
plates will have a different compression modulus to that of the same rubber compressed
between two plates to which it is not bonded. In the transducer we require the ‘plates’ (the
coils) to be bonded to the rubber-like material and so this situation is worth examining in

more depth:

The stiffness of rubber in compression, when the loaded surfaces are prevented from
slipping (by bonding or other means), depends upon the ‘shape factor’, S, defined as the

ratio of the loaded area to the total force-free area. This dependence is expressed by
E.=E (1 +2k.58%) (6.1)

where E. = compression modulus, E, = Young’s modulus, S = shape factor and k is a

numerical factor given in tabulated form by Lindley, 1967.

For a particular application we may wish to think in terms of an overall spring constant, k.,
that is obviously dependent upon the size of the rubber block used (figure 6.1):

F .
k,=—=—= 6.2
[ d ( )
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where F is the compressive force applied, d the compression caused, A the area of the
rubber block over which the compression is applied and h the uncompressed thickness of
the block.

Surface area A lF

| — T

Figure 6-1 Rubber block under compression

The shear modulus, G, is also related to the ‘hardness’ scores and is again provided by

Lindley, 1967 in tabulated form. Then a shear spring constant, k, may be calculated from:

= i‘i (6.3)

k, = :
h

[

where F is the applied shear force, d the displacement of the upper face of a block of cross

sectional area A and height, h:

Surface area A

D

Figure 6-2 Rubber block under shear

It should be noted that these relations apply to isolated blocks of rubber and would be
modified if the block was part of a continuous sheet of material. However the option of
isolating the transducer material from the rest of the insole of which it will form part has not
been ruled out. Also these formulae, together with the relation of Shore Hardness or IRHD.
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to both Young’s and the Shear modulus, provide a means of identifying a suitable material

for the transducer core.

Using the design specification derived in section 3.1.5 and assuming a classic Newtonian
material whose compression is to be less than 3 mm (since from chapter § it was shown that
reasonable accuracy could be obtained with axial displacements of +/- 1.5mm) we can

calculate a desired compression modulus of:

stress  15x10°
E =——= =25MPa 6.4
strain %

which. using equation 6.1 and data from Lindley (1967) gives an IRHD of between 70-75.
Similarly, from section 3.1.5, a shear stress measurement range of +/- 180kPa is required
and for a displacement range of +/- 3.0mm (using equation 6.3):

k = 180.4 = GA = G = 300kPa (6.5)

Using data from Lindley (1967), this requires a rubber with an IRHD greater than 75.
Clearly there is some conflict between the shear and compressive requirements. However
selection of a rubber with an intermediate hardness and careful selection of the range of

displacements should allow an appropriate compromise.

In terms of dynamic performance, the mechanical properties defined above should be stable
for loading frequencies from 0 to perhaps 200Hz (50Hz is usually considered an adequate
sampling frequency for biomechanical studics of walking). Whilst information on the
frequency response of insole materials 1s not generally available such materials have been
shown to perform a shock abSorbing (frequency selective) role in footwear (Johnson, 1986).
It was noted however that the mechanical performance of natural rubber was felt to be
“substantially independent of frequency below 1000 cycles per second (at an ambient
temperature of 0-50 °C)” (Lindley, 1967) although this situation was less true of rubbers
with an IRHD above 60.
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6.1.3 Material selection

Silicon rubber was identified as a material that could be found in various grades possessing
different mechanical properties. Two particular grades were identified as candidates for use
in the prototype transducer, Dow Corning Q3-3481 and Dow Corning E RTV silicone
rubbers. These came in liquid form with a curing agent. The mixture of these two needed

vacuum treatment prior to a curing time of around 24 hours.

The mechanical data given on these materials is presented below in table 6.1:

Material Tensile Strength (Mpa) | Hardness (Shore A)
Q3-3481 42 19
ERTV 4.8 40

Table 6.1 Mechanical properties of rubbers

Clearly, these do not appear to offer the hardness required in the final transducer (see
section 6.12). However rubbers of higher hardness that could be readily moulded without
complex moulding systems could not be identified. It was therefore decided to use each of
these to manufacture the prototype transducer. Obviously this prototype would only be able
to cope with a smaller range of forces than that desired, but, the full principle of the force

transducer could at least be explored.
6.2 FORCE TRANSDUCER ASSEMBLY

The assembly process had to achieve three critical objectives: to ensure that the longitudinal
axis of the excitation coil was aligned with the centroid of the receiving coil group; that the
planes in which the coils lay were parallel and that the coils lay as near to the ends of the
transducer as possible whilst being adequately covered by the silicon rubber to provide
added electrical insulation and mechanical protection. It was also necessary to provide some
means of temporarily holding the transducer for the calibration process that allowed

dismounting from the calibration rig without damaging the transducer.

Perhaps the one drawback of using silicon rubber is that there are very few bonding agents

that will adhere to it. Indeed, even when allowed to cure from the liquid form, it does not
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adhere to many surfaces. However surface priming agents are available which improve

adhesion and these were used to ensure adhesion of the rubber to the coils,

Assembly of the prototype transducer proved to be a three stage operation, The first stage
was to embed the coils (the excitation coil and separately the group of three receiving coils)

into a thin sheet of silicon rubber.

The method that was used to temporarily mount the transducer is shown in figure 63. A
Iayer of cardboard is bonded to each of the plastic plugs which in turn is bonded to the
rubber. This bond was made at the time the coils were cast into the sheet of rubber. The
coils were located over the centre of each of the plates shown in figure 6.4. These plates
* formed the floor of moulds into which a small amount of liquid rubber was poured. Care
was taken to ensure that the rubber ran between the coils and the floor of the mould. The
thickness of the rubber sheet formed when the lid of the mould was pressed in place was
controlled by small raised areas on the comers of the lid (figure 6.5).

The second stage of the production process involved casting of a plug of rubber, which

formed the core of the transducer, using a simple mould.

The final stage of transducer assembly was carried out with the aid of the assembly jig show
in figure 6.6. The thin sheets of rubber, into which the coils are embedded, were bonded to

the plug of rubber forming the core of the transducer using liquid silicone rubber.

The mould was separated (figure 6.7) leaving the assembled transducer with the calibration
mounting blocks attached. Following calibration, these blocks were removed by splitting the
cardboard into two thin layers, one attached to the calibration mounting blocks and the
other to the transducer. All but a very thin layer of paper fibres was then removed by
wetting the transducer faces and gently rubbing,

6.3 FORCE CALIBRATION
6.3.1 The problem

The problem faced was to introduce and measure forces applied in three orthogonal
directions to the surface of the assembled transducer - ie. a three dimensional force

production and measurement system was required to enable calibration and assessment. The
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Figure 6-5 Lid with raised sections
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Figure 6-7 Removal of assembled transducer from the mould
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testing rig was designed primarily to assess the induced voltage-displacement characteristics
(section 3.5.4.1) was also designed to enable force application along three orthogonal axes.
In practicé problems were found with the design when force calibration on a prototype
force transducer was attempted. The problems arose because of the use of proprietary linear
bearings which, when loaded, exhibited relatively high friction and sticking points. The
bearing system was designed and manufactured in various high density plastics to avoid the
use of metallic components (used in commercial bearings) in the vicinity of the coil sets. It
was the use of these materials (which are in fact somewhat visco-elastic and subsequently
more difficult to machine accurately) that reduced the performance of the design. The
system might have been usable had there been a direct measure of the forces being applied
to the transducer. However the design relied upon calibrated masses being loaded onto the
various cable and pulley systems. The cables were attached to the table and piston system
and the cables run over pulleys to enable controlled directional force application to the
transducer, described in chapter 3. The motion of the table and piston system however
relied upon the flawed bearing system. The frictional forces introduced were found not to
be repeatable or predictable and hence a new approach to force calibration had to be

sought.

Clearly typical materials mechanical testing machines produce and measure force along one
axis only. No system capable of measuring three dimensional forces could be identified. In
view of this it was clear that new apparatus needed to be designed and built specifically for

the purpose of force calibration.
6.3.2 Design objectives

1. To be able to apply accurately defined forces along the three orthogonal axes of the
transducer to enable a look-up table, of the force against voltage combination, to be

constructed.

2. A minimum of 1.5MPa direct stress and 180kPa shear stress are required to be applied

to the transducer.

3. The system needs to enable the application of the forces in fine increments such that the

maximum force is achieved in 20-50 steps.
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4, The accuracy of the calibration obviously depends directly upon the calibration rig - a

target of 2% maximum error was assumed as a target.

5. The force application system must be such as to ensure that no bending moment is

applied along the longitudinal axis of the transducer.

6. The force application system must be such as to ensure that no torque is applied around

the longitudinal axis of the transducer.

7. Since the transducer is “air-cored” it is sensitive to the presence of magnetic materials

close to its surfaces, it is therefore essential to avoid this in the calibration rig,
8. Mechanised and automated calibration is highly desirable.
9. Dynamic performance assessment of the transducer using the rig is also desirable.
6.3.3 Design solution

The calibration system was designed to apply a resultant force composed of two
components, a force along the longitudinal axis of the transducer (the vertical force) and a
radial force perpendicular to the longitudinal axis (shear force). The direction of application
of the shear force could be varied by rotating the mounting on which the transducer was
held. Hence the calibration would be in terms of shear force, shear force angle and direct
force (r,0,z) rather than the forces along the conventional (x,y,z) orthogonal axes. Figure
6.8 shows the force application scheme. This approach offers two advantages: firstly it
requires only two force transducers, and secondly the radial force calibration should lead to
more uniform results. This should be the case since the induced voltage-displacement
characteristics have been shown to be a function of radial displacement, and therefore, in
the force transducer case, a function of radial force. This should enable an appropriately
spaced mesh of points to be selected for the look-up table such that the estimate of dV/dr at

each point in the mesh is more accurately represented.

In order to overcome the problem experienced with the first rig of providing relatively
friction free guided motion of one end of a transducer with respect to the other (ensuring
defined loading during calibration) two options were considered. The obvious approach was

to use high quality commercial linear roller bearings integrated into a rig designed and
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manufactured to high precision such that the required accuracy of motion could be
maintained even whilst under the loads required for calibration. Such precision has a high
cost attached to it and because of this, a cheaper alternative was proposed. This was based
on the idea of a table suspended below a mounting structure by four bars, each having
universal joints at ecach end. Depending upon the length of the four bars, small
displacements of the table lie in a plane. Figure 6.9 shows a schematic drawing of this
arrangement and of how the freedom of motions are used to guide direct and radial force
application to the transducer. The forces are again most conveniently applied through a
series of wire and pulley wheels. Appendix 3 contains working drawings of this design
which was manufactured. It should be noted that the force application and measurement
system is not specified in the drawings. In order to avoid high cost on a limited budget an
arrangement utilising a spring balance and screw thread retraction was used. Figure 6.10
shows a diagram of this. As the adjustment nut is turned clockwise along the threaded bar a
stretch is applied to the spring which has its other end attached via the metal cable to the
moving table of the calibration rig. Since the extension of the spring is calibrated it gives a
direct measurement of the force applied via the cable to the moving table and hence to the

transducer.

Manufacture and assembly of this rig was completed towards the end of this research
project. The results were again disappointing particularly in terms of force application.
Firstly the tolerances in the rotational freedom achieved were not as small as was hoped for,
primarily due to slack in each of the universal joints. However larger, higher specification
universal joints might improve this. In any case with well aligned force application this did
not appear to cause a problem. Most significant was the problem of smooth force
application. The tension in the springs appeared to magnify mechanical shocks introduced
into the system when the spring tensioning nuts were adjusted. This problem made defined
increments of force along each of the two axes impossible and thus Jed to the failure of the
second approach to three dimensional force calibration of the prototype transducer. It was
then felt that only a highly accurate precision built automated dynamic calibration system
using electromechanical force actuators and transducers would enable 3D force calibration
and assessment. Such a design and build exercise was considered to be beyond the scope of

this project.
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7. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

The review of literature on transducers for mapping force distribution across the foot during
gait reveals the varied methods/principles used for such transducers. Most distinctly it
reveals the lack of in-shoe transducers for mapping 3D force distributions. Neither could
any examples be found of principles that might be appropriately applied to the task of 3D

force measurement in this environment.

Having concluded that a new approach was required for a force transducer, a method was
proposed based upon the phenomena of electromagnetic induction. The task of researching

the proposed force transducer was broken down into sections.

Firstly an examination of the practicality of the proposal, in terms of its use in a transducer
small enough for the in-shoe application, was carried out. This was expanded on by an

identification of the induced voltage - displacement characteristics of pairs of coils.

Following the encouraging results of the coil pair test, the mathematical basis of a 3D

displacement transducer was explored and proven.

Whilst the ultimate objective of the research, the production of an in-shoe force transducer,
was not achieved a good deal of progress from the 3D displacement transducer towards this

end was made.

Firstly, various aspects of material selection were examined and a material suitable for

prototype manufacture was identified.
Manufacturing/assembly techniques for the prototype transducers were then developed.

Attempts at force calibration failed because of the need for a much higher specification
calibration rig. Time and financial constraints did not permit such a design and build
exercise to be embarked upon. However an approach to the force calibration problem was

suggested.
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7.1 SUMMARY OF ACHIEVEMENTS
The following summarise the major achievements of this project:

¢ A force transducer specification was derived which consisted of: Maximum transducer
height of Smm, maximum transducer diameter of 10mm, vertical stress (compression)

measurement range up to 1.5MPa and shear stress range up to 190kPa.

e A proposal was put forward for a new design principle for an in-shoe transducer based

on electromagnetic induction between miniature coils held within a rabber material.

¢ The 3D force/displacement transducer principle proposed was to utilise a grouping of
three receiving coils together with a single excitation coil. The voltages induced in the
receiving coils, is was hypothesised, would allow determination of the position (in terms
of x,y,z spatial co-ordinates) of the excitation coils with respect to the receiving coils. It
was further hypothesised that with a mechanical restraining element mounted between
the coils the system would be able to be calibrated as a three dimensional force
transducer. To prove the approach proposed it was decided to explore development of a

3D displacement transducer in the first instance

e Miniature ‘pancake’ coils of 0.5mm height and diameters ranging from 3.5mm to 10mm
(as required by to fit within transducer dimensions) were manufactured from 0.04 mm

diameter wire.

e Useful flux linkage between miniature coils spaced within the constraints of the
transducer was observed without the need to use current so large as to cause significant
heating of the excitation coil. For example, the induced voltage in a 0.48mm long 100
turn, 4.54mm diameter coil when positioned at 4mm distance from a 180 turn excitation
coil of 8 mm diameter and 0.48mm length carrying 30mA, 10kHz current was around
SmV

e Appropriate sensitivity of the induced voltage between miniature coils spaced within the
constraints of the transducer was demonstrated. For example, the induced voltage in a

0.48mm long 100 turn, 4.54mm diameter coil when positioned at distances varying from
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0.5 to 4mm from a 180 turn excitation coil of 8mm diameter and 0.48mm length

carrying 30mA, 10kHz current varied from SmV to 45mV

In order to properly explore the induced voltage - displacement characteristics of the
excitation coil - receiving coil pair and eventually enable transducer calibration and
evaluation, a calibration/testing rig was designed and built. This was to be used, initially

for the displacement transducer and eventually for the force transducer.

The induced voltage - displacement characteristics of various pairs of excitation -
receiving coils pairs were examined and analysed. Curve fitting techniques were used to

describe the characteristics.

Various mathematical algorithms for extracting the displacement of the excitation coil
with respect to the receiving coils from voltages induced in the three coils were

proposed. (These voltages varied in a non-linear way with displacement.)

The mathematical approaches proposed for the transducer were developed,
implemented in software and tested using the calibration rig. The most successful
approach was shown to lead to position determination within an accuracy of +/- 5 %.

The limitations and implementation cost of each method was examined.

The materials selection criterion for the mechanical element of the force transducer were

explored and a silicone rubber compound was identified as suitable for prototyping

purposes.

A force transducer assembly process was developed and solutions to various transducer

manufacturing problems were suggested.

The first calibration rig proved unsuitable for force calibration and after an unsuccessful
attempt to identify any commercial three dimensional force transducer calibration
system a revised force calibration rig was designed. This was based on a novel “frame

mounting” system utilising universal joints.

Further problems were identified with the second force calibration rig, particularly with

the force application system and solutions suggested.
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7.2 SUGGESTIONS FOR FURTHER WORK

The primary question of whether silicon rubber’s mechanical non-lincaritics affect the

mathematics needed to extract the forces from the voltages should be addressed

Sourcing of other materials for the transducer core should lead to an optimised force

transducer for a particular range of forces is required.

An examination of how these materials perform under repeated dynamic loading is required
to ensure that their force displacement characteristics remain constant with repeated
loading. Quantification of their dynamic performance and hence the bandwidth of

frequencies of forces that the transducer may be used to measure is also required.

More work is needed to ensure that the leads from the coils are robust enough since this is

the most likely area for failure of the transducer in routine use.

The transducer design utilising rubber as the mechanical element leads to the scenario of
electromagnetic induction across, what is essentially, an air-gap. This leads to the sensitivity
of the system to the presence of magnetic material in the vicinity of the transducer.
Identification of a rubber-like material with a higher magnetic permeability would improve

this situation.

These in a sense are practical problems. However a number of other more fundamental

questions need addressing following successful force calibration of a prototype.

Most fundamental, are questions that arise from “imperfect transducer loading conditions”
that confound the basic assumptions that only evenly distributed direct forces are applied to
the transducer face. In such a situation, the planes in which the coils lie, would no longer be
parallel In effect, this would imply a fourth degree of freedom within the system and
perhaps could be resolved by adding a fourth receiving coil.

The effect of torque around the longitudinal axis of the transducer also needs to be
considered. If the excitation coil is perfectly circular and has evenly distributed windings,
then, in terms of displacement rotation of it would not be detectable. Clearly torque applied
to a rubber matrix will affect its subsequent force displacement characteristics and we

would therefore need to be able to measure a fifth degree of freedom. Manufacture of a
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non-circular excitation coil may perhaps provide a solution, Likewise the use of a second
excitation coil, mounted alongside the first and driven with a different excitation current

frequency may offer an alternative,

Less fundamental, but of equal importance, the question of the need for isolated transducers
as opposed to a transducer manufactured as a part of a continuous insole needs addressing.
In particular the effects of forces, on the adjoining material of a continuous insole, upon the
output of a transducer need to be evaluated. Related to this is the problem of the flexing of

the insole as the shoe is flexed during walking.

It is clear that the majority of these goals could only be reached with the use of a precision
engineered robust calibration and testing rig utilising actuators to enable rapid accurate

automated calibration and testing, in particular dynamic testing.

In-shoe force measurement is a very difficult problem as is evidenced by the dearth of
literature and problems outlined in the research reported in this thesis. A perfect solution
would perhaps have been unlikely.

Despite the difficulty, an approach has been identified that actually offers a potential
solution. Further, work has been described which proves the principle of the approach and

begins to examine and offer solutions to the practical problems of future development.

The concept proposed in this thesis was awarded the annual IEE Measurements Prize
(1990).

This work was published in the IEE Proceedings and this paper is included in Appendix D
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Appendix 1

Inductance Formulae

Figure Al.1 Coil cross sectional dimensions

Figure Al.1 shows the cross sectional dimensions of a short multi-layer coil. Three

alternative formulae were used to calculate coil inductances and these are presented below:

Wheeler’s approximate (cited by Terman, 1955) formulae for a short multi-layer inductance

of solenoidal form:-

_ 08a’n’
* " (6a+9b+10c)

[uH]

where the dimensions (a-c) are in inches and n is the number of turns on the coil.
Terman (1955) gives a more accurate formulae:-

(for b >cinfigure Al.1)
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2

b? d? 8a b
)10310(?) ) +'fg;";‘)’z] [nH]

L, =003193an’[2303(0+ —— +—
32a° 96a

where n is the number of turns on the coil, a, b and ¢ are the dimensions of the coil (in
inches) as described in figure Al.1 whilst y1 and y2 are constants depending upon the value

of b/c and are given in the table 1 below.

Gover (1946) gives the following formula for the self inductance of a circular coil of

rectangular cross section of any proportions:-
2a, ,
L,= 0.019739(—5—)11 a(K - k) [uH]
where a and b are the dimensions as defined in figure Al.1 and (in cm), K is dependent

upon 2a/b and may be obtained using the table in figure Al.2, k varies as a function of ¢/2a
and ¢/b and may be obtained from the table in figure A1.3.
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TaBLE 16.—VALUES OF ¥y, ¥s, AND Y3 FoR Uske 1IN Egs. (53) AnD (54)

0.8433 1 ... ..

b/cor Differ- Differ- Differ-
efb vt ence ¢/b yr ence b/e Ys ence

0 0.5000 | 0.0253 | O 0.125] 0.002| 0O 0.597 | 0.002
0.025} 0.5253 { 0.0237 :

0.05 } 0.5490 { 0.0434 } 0.05 0.127 0.005 0.05 0.599 0.003
0.10 | 0.5924 | 0.038G ¢ 0.10 0.132 0 010 0.10 0.602 0.006
0.15 | 0.6310 ; 0.0342 0.15 0142 0.013 0.15 0.608 | - 0.007
0.20 | 0.6652 | 0.0301 0.20 0.1a3 0.016 0.20 0.615 0.009
0.25 | 0.6933 | 0.0266 0.25 0.171 0.020 0.25 0.624 0.009
0.30 | 0.7217 | 0.0230 0.30 0.192 | 0.023 0.30 0.633 0.010
0.35 | 0.7447 | 0.0198 0.35 0.215 0.027 0.35 0.643 0.011
0.40 | 0.7645 | 0.0171 0.40 0.242 0.031 0.40 0.654 0.011
0.45 | 0.7816 | 0.0144 0.45 G.273 0.034 0.45 0.665 0.012
0.50 | 0.7960 | 0.0121 0.30 0.307 | 0.0374{ 0.50 0.667 | 0.013
0.55 | 0.8081 | 0.0101 0.55 0.344 | 0.040 | 0.55 0.600 | 0.012
0.60 | 0.8152 | 0.0N33 0.60 0.33¢ | 0.043 [ 0.60 0.702 | 0.013
0.65 | 0.8263 | 0.0066 0.65 0.427 0.047 0.65 6.715 0.014
0.70 | 0.8331 | 0.0052 0.70 0.474 } 0.049 | 0.70 0.729 | 0.013
0.75 | 0.8383 | 0.0030 0.75 0.523 0.053 0.75 0.742 0.014
0.80 | 0.8422 ! 0.0029 0.80 0.576 1 0.056 | 0.80 0.756 | 0.015
0.85 | 0.8451 | 0.0019 0.85 0,632 0.059 0.85 0.771 0.015
0.90 | 0.8470 | 0.0010 .90 0.690 0.062 0.90 0.786 0.015
0.95 | 0.8480 ; 0.0003 1 0,95 (0.752 0.064 0.95 0.801 0.015
1.00 i Lroo T oosiet ..., 1.00 | 0.816

Figure Al.1 (From Terman, 1955)



TABLE 36. vALUES oF K FOR 8HORT BINOLE-LAYER COILS, FORMULA (118) {Concluded) TABLE 38, vALUES or K FOR BHORT BINGLE-LAYER COILS, FORMULA (118)
b/2a K dy dy b/2a K dy dy b/2a K dy ds b/2a K dy ds
0.50 0.525510 0.75 0.623011 4] 0 0.26 0.365432

4800 311 34960 8386

.51 .530310 —-92 .76 626122 —48 0.01 0.0349%60 —8822 .26 .373818 —219
4708 3063 26138 8168

52 .535018 -89 a7 629185 —43 02 .061008 —3329 27 381986 —209
4616 3016 22809 7958

.53 539637 —86 .78 .G32200 ~48 .03 083907 ~2154 .28 389944 —200
4534 - 2970 20655 7768

.54 .544170 —84 .79 .835170 —~48 04 . 104562 —1602 28 .397703 , =182
4450 2924 19053 7568

0.55 0.548620 —-81 0.80 0.638004 —44 0.05 0.123615 1273 0.30 0.405269 —184
4368 2880 17780 7382

.56 .552988 —-78 .81 640074 —43 .06 . 141385 -—1056 .31 412650 —178
4290 2837 . 16724 7205

57 .557278 -7 .82 643811 —43 07 .158119 — 8901 .82 410856 —170
4212 2794 15823 : 7035

.58 .661491 —~76 .83 +646605 -41 .03 173942 — 784 .33 . 426890 —164
4137 2753 15038 : 6871

.59 .565628 -74 .84 .649358 —~41 .09 . 188980 — 696 -2 433762 —158
4063 2712 14343 6713

0.60 0.569691 =71 0.85 0.652070 —30 0.10 0.203324 — 623 0.35 0.440474 -152
3992 2673 13720 6562

.61 573683 —£8 .86 654743 -39 .11 .217044 — 564 36 .447036 —147
3923 2634 —_ 13158 6414

.62 577606 —68 87 657376 —38 .12 . 230200 - 514 37 453450 —141
3850 2596 o] 12642 6274

.83 .581462 -66 .88 . 659972 -37 ! 13 .242842 -~ 473 .38 459724 —137
3790 2560 : 12169 6136

.64 .585252 -85 .89 662532 =37 .14 .255011 — 436 .29 465860 —132
kryl 2522 11732 6004

0.65 0.588976 —463 0.90 0.665054 - 36 0.15 0.266744 — 406 0.40 0.471865 —128
3662 2486 11327 5877

.68 .592638 -81 i 607540 —-34 .18 .278070 — 378 .41 (477742 —124
3601 2452 : 10948 - 57564

.67 596239 —60 .02 669991 -34 ; .17 .289019 - 354 .42 . 183496 —120
3541 2417 ! 10595 5634

.68 . 509780 --58 .93 .672408 -33 , .18 .200614 - 333 .43 489129 —116
3483 2384 10262 5518

.69 L603263 —57 .94 674792 -33 .19 . 309876 - 313 44 494646 —112
3426 2350 9949 5405

0.70 0.60GG89 —56 0.95 0.677142 —-32 0.20 0.319825 — 295 0.45 0.500052 —108
3370 2318 0654 5296

.7t .G10060 —54 R4 679460 —-32 .21 320479 — 280 .46 505348 —105
3316 2286 9374 5191

72 613376 —54 .97 .G81747 —31 .22 . 338852 - 268 .47 510539 —102
3263 2256 9108 5089

73 .G16639 —52 .08 LGR4003 -~31 .23 .347960 - 262 .48 515628 --100
3211 2225 8856 4989

.74 619850 -~ 50 0.99 686228 30 .24 .356818 — 240 .49 520617 — 98
3161 21905 8616 4893

0.75 0.623011 —50 1.00 0.5688423 0.25 0.365432 — 229 0.50 0.525510 — 93

Figure A1.2 Table for K (From Grover, 1946)



c/2a

bfe bre
0 005 | 0.10 { 016 [ 020 [ 025 | 030 | 035 | 040 | 045 | om0
o 1 | 1 t 1 X 1 1 1 1 1 0
005] 1 | 09871 | 0.0843 | 0.0821 , 0.0801 | 0.9782 | 0.9763 | 0.0743 | 0.0728 | 0.9712 | 0.0e00 | 0.05
oo 1 or49 1 0608 | gest | o6tz p 0375 | 0841 | L0507 | mevs | 0442 | 412 o0
otsi o 0634 | 0558 | 0av1 b oane ) 0331 e3m2 ) weA3 | 237 | o1 | ouas [oas
0.20 1 D04 il ke -0339 D266 L8197 ) 9133 6070 0019 B85 8394 | 0.20
e b 1 Fo0MtD [ 0.0254 | 0.0194 [ 09105 | 0.0021 | 0.8943 | 0.8368 | 0.8795 | 0.8725 | 0.8as0 | 0.25
030} 1 0318 | o172 | posw | oo | 8843 | 82 | 6675 | 8561 .8510 ] .Ba3t | w30
035 1 0221|9054 | 8020 | .BS0Z | 8GO | .8580 | 840 | 8300 | 8305 | .8217 [ 0.35
D40 | 1 G128 {8041 | g7p2 | 8660 | 8537 | 8423 | .83t | B0 [0 | 8013 | 040
045 1 0038 | 8832 | 8a68 | 8523 | 8389 | .B204 | Bies| 032 | 7923 | 7m0 | 04s
050 | 1 |oss1| 08727 { 0808 | 0.870t | 0.8246 [ 08111 | 07083 | 0.7861 | 0.7744 | 0.7632 | 0.50
055 ) 1 8867 | 8625 | 8434 | 8204 | 8108 | o904 | 7827 | 607 | 7573 | 7454 [ 058
080f 1 G786 | 8527 | gaz2 | suat | veys | 7822 | 7677 | 7340 | 7400 | 7284 { 060
06s| 1 107 | 8432 | 84| mov2 | .7esv | 688 | 7533 | 7380 | 7251 | .21 | oss
oo t 630 { 8339 | s100 | roov [ .vr23) 7ssa | 7394 | 7243 | 100 | .oves | 070
0761 1 | 08556 ) 0.8249 | 0.8007 | 0.7796 | 0.7603 | 0.7426 | 0.7260 | 0.7103 | 0.5035 | 0.6518 | 0.7
080] 1 Big4 | 862 7008 | 7088 | .7487 | 7303 | 7130 | .co68 | .o8te | 6672 | 0.80
08s| 1 84131 8077 | 7813 ) 7584 | (7374 | miss | 7005 | .es3s | .ecs1} 6633 | 085
op| 1 3431 7005 | 720} res2 | 7265 | 7068} B84 | .6Trz | 6551 | .6300 | 0.00
oes| 1t 82719 | 7914 | 7020 ] 733§ 7150 | eos6| 6767 [ 6501 | 6426 | .6271 | 095
100| 1 | 08214 )07837 { 0.7548 | Q.7287 | 0.7056 | 0.6848 | 0.0650 | 0.6474 | 0.6306 | 0.6148 | 1.00
tf2a
ble bt
050 | 055 1 060 | 068 | ove | 075 | 080 | 085 [ 090 | 008 | roo

° 1 1 1 1 1 1 1 1 1 t 1 o
0.05 | 0.9606 { 0.679 | 0.9663 | 0.0648 | 0.0033 | 0.0018 | 0.0604 | 0.9501 | 0.0577 | 0.0362 | 0.9547 [ 0.03
010 | 9412 | .p3st | 9351 322 | 0293 | 0265 9238 | oziz | mier | ower | 9136 | 0.10
0151 o148 | 02 | 9050 | .pos7 | 8077 | 6038 | .evo0 | .ssca | .sse0 | sro4 § .m7ea | 0.8
020 ( 8894 | .88 | 785 | .8732 | .s083 | .8034 | 8580 | 8540 | .8ao7 | 457 8421 | 020
0.25 | 0.8856 | 0.8500 | 0.8526 | 0.8163 | 0.8405 | 0.8347 | 0.8202 | 0.8229 | 0.8190 | 0.8144 | 0.8103 | 0.25
030 | 8431 8355 § 8282 [ .8210 | 8143 | sovs | sot7 | 7959 ) .yoos | 7ase | .7s07 | 030
035 | .87 | 8132 | .8os1| .o7i | 7sov | ars | avso | 7607 | vess | 7ss3| .7s32 | 0as
040 | 8013 | 7920 | 7831 7745 | .rooa | 7587 | 7815 | 7450 | 3ss| 73ze | 7274 | 040
Ga5 | 7819 | 7718 | 7622 | 7531 | 7443 ] 7360 | 7285} 217 | 7152 | 7oe0 | 7002 | 045
0.50 | 0.7832 | 0.7520 | 0.7424 { 0.7327 | 0.7234 | 0.7146 | 07008 | 0.6996 | 0.5020 | 0.6865 | 0.680% | 0.50
055 454 | 732 ) 7235 a2 ) 7036 ) 6045 | ess2 | o787 L6117 | L6651 .6500 | 0.56
060 7284 | 7166 ] 7054 [ .n947 | 6847 | 6754 | 0068 | .6289 | 6516 | 6448 .6386 | 0.60
065| 7121 | 49081 6882 1 6771 .6668] .6572 | .6484 | .6a02 | 6326 | 0206 | 6i94 | 066
070 | 6905 | 6837 | 717 | 6003 { 6407 | L0309 | 6308 | .ozxe | 6146 | .eo7s| L0012 fogo
075 | 0.6816 | 0.6683 | 0.6500 | 0.6143 { 0.6334 | 0.6234 | 0.6140 | 0.6055 | 0.5076 { 0.5904 | 0.5830 | 0.73
080 ) .6672] 6530 | .6400 | .p200 ] 6179 | 6078 | .68t | .sam | .smis{ .s742 | 5076 | 0.80
0851 6533 | 6304 | 6204 | 5143 | .0030 | .6026 | .5820 | 574z | 5062 | .ssew | .ss21 085
080 | 8390 | 6257 | 6124 | ooz | 6888 | 5782 | 8684 | .Sse7 | 517 5443 5375 | 0o
095 | 0271 | 8126 | 5001 .sa67 | 6752 | 5644 [ 5545 | sesw | saze ]| sa03 ) 8236 | 0.0%
1.00 | 0.0148 | 0.0001 | 0.5865 | 0.5738 | 0.5621 | 0.6512 | 0.6413 | 0.5324 | 0.5244 { 0.5170 | 0.5102 | 1.00

cf2a
bfe ¥
1] 0.03 0.10 015 0.20 0.25 0.30 0.3% 0.40 045 0.50
[ [} 0 [ ¢ ) o 1] ¢ o o [ 0
0,05 ° 0.0045 | 0.0000 | 0.0134 | 0.0178 | 0.0220 | 0.0269 | 0.0214 | 0.0350 | 0.0708 | 0.0426 0.03
0.10 9 00Ty 0153 0229 {0004 0379 0453 | os2r 0601 J6T¢ 0745 | 0.10
0.15 0 L0008 0 0201 ! 0387 L4822 | 0576 | 069 | 063 | 0855 | oods | 015
0.20 ] KSE] 0228 | L0341 [ 0454 | 0566 | 0677 0786 | 0804 | .1000 | .itos | 020
025 0 0.0128 | 0.0250 | 0.0383 | 0.0510 | 0.0635 | 0.075) | 0.0881 | 0,1001 | 0.1120 | 0.1237 0.25
Q.30 i+ 0140 | -0250 | p4d19 0557 L0004 [0829 1 0962 ( 1093 | 1221 ,1347 | 0.30
0.36 0 D15t 6301 0451 0598 | 0745 L0859 | 1031 112 ) 1309 L1443 | 0.35
0.40 0 D160 1 0319 ] 0478 | .0634 | 0789 0042 | L1092 1 L1240 | 1383 1526 | 0.40
0.45 0 0168 0335 § .os0t 0666 | .0828 | .0988 | 1148 1300 | .1a52 1899 | 0.43
©.50 0 0.0175 | 0.0349 | 0.0522 | 0.0694 | 0.0863 | 0.1030 { 0.1194 | 0.1354 | 01311 $.1853 { 0.50
0.55 1] 0182 0362 | 0541 0720 | (08951 .I10G8 | 1237 | L1403 | 1503 A720 1 0.55
0.60 o .0i88 0374 0550 | L0743 | 0924 102 ) 1278 | L1446 1811 772 1 0.50
0.85 0 0183 0385 | 0576 | 0764 | 0950 A132 ] L1310 1485 | L1635 JA819 1 065
0.70 Q 0198 0305 | L0501 | 0784 0074 A160 | L1343 | 1521 | .jo04 1881 { 0.70
075 o 0.0203 | 0.0404 | 00603 | 0.0802 | 0.0096 | 0.1186 | 0.1373 | 0.1854 | 0.1729 | 0.180¢ | 0.75
0.80 1] 0207 0413 0617 | 0818 | -.10i8 2210 | 1400 | L1684 | L1762 ] 1034 | 0.80
0.85 ] 0211 L2 0029 | L0833 | 1035 232 | 1424 | 81 792 § (1064 [ 0.53
0.90 ] 0215 | 0428 | L0639 | 0847 {1 052 | 1252 Jee7 | 1837 1820 | .1903 | 0.00
0.98 1] 0218 | 0433 | 0640 | .0880 | .1068 | .1Zrt 1489 ] 1881 1846 2022 | 0.95
1.00 0 0.022% | 0.0441 | 0.0858 [ £.0872 | 0.1682 | 0.1288 1 0.1489 § 0.1683 | 0.1808 | 0.2047 | 1.00
c/2a
ble ble
0.50 0.53 0.6 0.65 070 0,75 0.80 0.85 0.90 0.95 1.06
1] o [ ] Q ] 0 -0 9 L] o 0 0

0.05 | 0.0436 | 0.0484 | 0.0529 § 00572 | 0.0613 § 0.0633 [ 0.0802 | 0.0730 | 0.0787 | 0.0803 0.083¢ | 0.05
0.10 | .0748 0819 J0885 | 0053 | 1020} 1085 .l1149 dzh 1272 1 1331 L1388 | 0.10
0.18 0944 1023 1201 1204 | L1287 | L1368 1447 U623 | L1597 1 1848 1738 | 013
020§ .1106 A208 | 33084 (1400 | .1501 A5 L1084 AT L1854 ] (1933 2000 | 0.20
Q.25 | 0.0237 [ 0.1350 | 0.1460 { 0.1568 | 0.1673 | 0.1775 | 0.1874 | 0.1968 | 0.2038 | 0.2142 0.2224 | 0.23
0.30 ] 1347 471 1590 | 1708 | .1s10 | 1028 | 2002 | (2132 | .2228 | .2215 2309 | 030
033 | .1443 1574 L1701 L1823 | 1942 (2007 2168 | 2260 | (2368 ( 2458 2544 | 0.35
0.40 | .1326 603 1 98 | 1024 1 L2048 | 2167 2279 ] 2384 | 2484 2577 2664 | 040
0453 | .1399 1742 JA880 | 2012 | 2140 ] 2282 2377 2484y 2535 | 2670 2766 | 0.45
0.50 | 0.1683 | 0.1811 } 0.1953 { 0.2089 | 0.2220 | 0.2345 | 0.2462 | 0.2571 { 0.2672 | 0.2760 0.2852 | Q.50
055 ] 1720 1872 2018 | 2187 | 2291 2418 2536 | 2045 F 2748 ) 2842 | 2076 | 0.55
060 | 1772 1927 2076 | L2218 | 2354 2482 2601 7120 L2814 -2907 .2990 | 0.60
0.65 1810 977 2128 | 2272 2409 2539 2059 | L2770 | .98T2{ 2084 .3046 | 0.65
070 | .1861 2022 2115 | 2321 2450 2689 | 2710 .2821 | .2023 3014 3005 | 0.70
0.75 | 0.1899 ) 0.2062 | 0.2217 | 0.2365 | 0.2604 { 0.2034 | 0.2755 | 0.2806 | 0.2p88 0.3058 | 0.3127 | 0.78
083 ] 1004 2008 | L2255 | 2404 | 2544 2675 27068 2007 3007 3090 3174 | 0.80
0.85 JOG8 -2132 .220] 2440 | L2581 2712 .2833 2HI | 3042 3130 | 3206 | 0.88
090 | .1003 2183 | 2323 | 2473 | .2614 245 ] 2868 | L2078 Y L3074 d160 | 9234 | 0.00
0.95 2022 2101 2352 .2503 2644 .Z376 2806 -300% Aaloz 3188 3250 | 0.05
100 | 0.2047 | 0.2217 | 0.2378 | 0.2530 | 0.2672 | 0.2804 | 0.292¢ | 0.3001 ] 0.3128 0.3209 | 0.3281 | 1.00

Figure A1.3 Table for k (From Grover , 1946)




Appendix 2

Displacement Calibration Rig Design
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Appendix 3

Force Calibration Rig Design
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Three-dimensional displacement and force

transducer

M.J. Warren-Forward
R.M. Goodalt
D.J. Pratt

Indexing terms: Transducers, Measurement and measuring

Abstract: A nonintrusive method which has been
developed for measuring triaxial forces within
footwear, developed particularly for use in the
design of footwear for diabetics, is described. The
technique uses four coils, one for excitation and
the other three for sensing, embedded into a
rubber insole, The voltages induced in the sensing
coils can be processed to give displacements in
three orthogonal directions. Given an appropriate
material for the insole, forces can also be meas-
ured using the technique. The coils and electronic
processing are briefly described, but the emphasis
is on the computer processing which is used to
extract the normal and shear displacement com-
ponents from the voltage measurements. A
number of approaches are proposed and analysed,
and their performance contrasted by a com-
prehensive set of experimental results.

1 Introduction

The project, which was instigated by and carried out in
collaboration with colleagues at the Orthotics and
Disability Research Centre at the Derbyshire Royal
Infirmary, has been funded by the British Diabetic
Association. The primary aim was to improve the design
of footwear for patients with diabetes, who frequently
suffer from ulceration of the foot surface. This is caused
by a combination of ailments suffered progressively with
age in diabetics; loss of sensation and failing blood circu-
lation in the extremities of the body. The latter of these
problems also has the effect of vastly increasing the
healing period and the susceptibility to infections such as
gangrene. It is known that a redistribution of the forces
imposed on the fooct during walking aids healing and
helps prevent further ulceration. The design of a prescrip-
tion shoe is currently a subjective trial-and-error process
because no method of measuring the triaxial forces
cxerted over small areas of the foot surface during
normal activity exists, The first stage of the project,
carried out at Loughborough University, has been to
develop such a system. There are two important require-
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ments of the system: first, that it measures triaxial forces
1.e. direct forces (pressure} and the forces applied tangen-
tially to the foot surface (shear forces), and secondly that
it must be nonintrusive such that it does not disturb the
distribution which would exist without the sensing
element, The second stage of the project will be carried
out at the hospital, and will involve clinical trials, initially
to validate the measurements, but later to analyse exist-
ing footwear and hence guide the design and manufacture
of prescription footwear.

The literature includes a number of papers describing
the measurement of vertical forces on the sole of the foot,
some attempting to measure in-shoe pressures [1-3].
Reports of measuring shearing forces on the sole of the
foot, particularly in-shoe measurements, are rather less
frequent and the results are limited. A device has been
briefly described [4] which measures shear force along
one axis. Various additional clinical results have been
reported by the same group [5] but the fact that the most
recent report [6] is based on the timing of such forces
along one axis seems to emphasise the lack of published
information on the calibration and bench testing of the
device. The simultaneous in-shoe measurement of triaxial
forces described clearly represents a significant advance
on current measurement practice in this field.

The transducer concept is based upon determining the
variations in flux linkage between an AC excitation coil
embedded in one surface of a carefully chosen rubber-iike
material, and a set of receiving coils in the other surface
(Fig. 1). The rubber material forms the insole fitted within

excitation coil

receiving coils

mechanical etement

Fig. 1 Transducer construction
Side clevation

the shoe, and will have a number of sets of coils, each set
forming -a sensing element, spread across its area. Just
one sensing element is discussed here, a thin circular pad
of material with coils in its top and bottom surfaces.

The physical design of the sensing element is covered,
followed by an outling of the electronics. The way in
which the triaxial position measurements are extracted
from voltage outputs of the three receiving coeils is dis-
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cussed in the following section, and in particular two
alternative methods are examined, Experimental results
for the measurement techniques are also presented.

2 Physical design

The requirement of nonintrusiveness, together with the
desirability of measuring over a reasonably small area of
the foot surface, severely limit the maximum physical size

ol the device. An overall thickness of rubber material of

no more than 5 mm together with a measurement area
having 10 mm diameter or less were required. To maxi-
mise the thickness of rubber material between the coils
(and hence the range of movement) they needed to be
thin, and a coil thickness of 0.5 mm was chosen. Fig. 2
shows the dimensions of a single coil, for which a special
method of manufacturing was developed. Fig. 3 shows
the positioning of the coils in a single sensing element, in
which the three receiving coils are symmetrically
arranged about the centre of the excitation coil. Note
that the use of four receiving coils may have simplified
the subsequent processing of the signals, but would have
markedly increased the overall size.

Y
|
e
1.0mm
h section AA
10mm: ax

i
i

Fig. 2  Typical coil dimensions

f Y receiving coii

e excitation coit

Fig. 3 Positioning of cails

Tests were first carried out on a single pair of coils
without the rubber, partly to assess the fiux linkage
which could be obtained without causing significant
heatihg effects in the excitation coil, but also to measure
the basic characteristics as a function of displacement, It

22

was discovered that coils consisting of about 100 turns of
0.063 mm diameter wire and with an overall diameter of
around 10 mm and thickness of 0.5 mm provided reason-
able flux linkage when current-driven with 40 mA at
20 kHz. This creates a maximum flux density of around
1 mT, and induced veltages of typically 50-100 mV are
obtained with 3-4 mm separation between the two coils.
Each coil has a resistance of 16 Q and an inductance
0.15 mH. The size and relative positioning of the coils has
much bearing on both the range of movement, and the
applicable methods of extracting the position from the
voltage outputs of the coils.

Fig. 4 shows typical induced voltage-displacement
characteristics of a pair of coils of such dimensions. These -
were measured using a specially designed test rig by
which one coil can be moved in the three directions, with
the planes in which the two coils lie being kept parallel to
one another throughout the displaccments. The diagram
shows the induced voltage as a function of radial dis-
placement at three different vertical distances (curves A,
B and C at 0, 4 and 6 mm, respectively). Curve D shows
the induced voltage as a function of vertical displacement
along the central axis of the coils (at a radial displace-
ment of zero). Fig. 5 shows the general shape of the
induced voltage ‘surface’ for displacements in the x-y
plane about the central axes of the coils and at some
fixed vertical displacement z. The whole of this surface is
scaled up or down as a function of the vertical displace-
ment of the coil pair, These characteristics are typically
polynomial functions with an order of about 4. Fig. 4
also shows the limitations imposed on any device uti-
lising these characteristics in terms of the range within

range of radial movement

T 6 5 4 324 0 1 2 3 4 5 6 7
radial disptacement, mm

0.8

range of vertical movement

[
g 0.4}

volt

curve D

b R R 3 % 5 6 7
vertical displacements, mm

Fig. 4 Typical induced voltage—displacement characteristics
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which a reasonable induced voltage is measurable. There
are relatively linear portions to the tadial displacement
characteristics. There are no such linear portions to the
vertical characteristic, but large sections may be approx-
imated well by a quadratic fit. '

Fig. 5  Surface of induced voitage for movements in horizontal x-y plane

Factors in the selection of a suitable rubber element were

(a) suitability of its force-displacement characteristics
compared with the range of the sensing element

(b) insensitivity of the mechanical characteristics to
repeated or sustained loading within the environment of
the shoe

{c) feasibility of manufacture

A silicon rubber material was used in the prototype
devices. Although this was not particularly easy to use,
the stability of the material and its mechanical character-
istics are close to that desired. However, it may suffer
some undesirable characteristics with larger values of
compression.

3 Elactronic processing

Fig. 6 shows the electronics used. A number of features of
the design attempt to minimise the effects of temperature
variations by making the measurements independent of
the coil resistances. The drive stage creates a substantially
constant current irrespective of the resistance of the
excitation coil, with a voltage of around 1.1 V necessary
to sustain the coil current of 40 mA. The induced voltage
will .be 90° phase-shifted with respect to the excitation
current, which is allowed for prior to demodulation. An

IEE PROCEEDINGS-A, Vol. 139, No. 1, JANUARY 1992

input buffer amplifier with an input impedance well in
excess of 1 MQ ensures that the receiving coil current is

sinusoidal power
o;giLlﬁtor \(clmpliher
z . -
[ to excitalion coil
{current driven)
phase
shift
90*
J
. oC amplitier
AC amplifier L_ precision —
from receving | analogue (' E0
coil multiplier

" receiving circuit

Fig. 8  Electronic processing scheme

negligible, which would otherwise affect the measured
voltage (phase sensitive detection helps to eliminate any
residual effect). A high precision multiplier is used to
provide accurate synchronous demodulation of the
induced AC voltage, but various potentiometers allow
fine adjustment of the phase shift, the excitation current
level, and the range of movement which corresponds to
maximum range of voltage at the input to the multiplier.
The frequency of 20 kHz was chosen as a compromise:
the higher the frequency the greater the induced voltage,
but the perfermance of the operational amplifier must be
increased to ensure sufficiently small deviations in the
phase response.

The receiving circuit is repeated three times per
sensing element, thereby giving DC output voltages in
proportion to each coil’s coupling with the excitation
coil. These are then captured by a personal computer,
through suitable interfacing, and all subsequent pro-
cessing is carried out by the computer.

4 Extraction of position information

The electronic circuit provides three DC voltages which
need to be converted into x, y and z displacements
(forces). It is easy to calibrate the transducer to determine
sets of voltages V;, V; and V; for different positions x, y
and z, but the reverse process of deducing x, y and z from
the three voltages is by no means straightforward,

Two options have been investigated, The first involves
constructing a model of the displacement-voltage charac-
teristics, and then using calibration data to determine
‘best fit' parameters for the model's equations, from
which the displacements can then be calculated. The
other employs a look-up table technique. Although the
former method was found to have limitations, its theore-
tical and practical appraisal are presented here, together
with the latter method which suited the requirement and
constraints better.

4.1 Mathematical model approach

4.1.1 Coil pair characteristics

Referring to Fig. 4 and the comments made earlier, it
would be expected that the voltage-displacement charac-
teristics could be represented by a function such as

Vir, z) = J(2)F(r)
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in which V is the induced voltage, r is the radial displace-
ment from the central axis, z the vertical distance
between the coils; J{z) and F(r) are general functions
which can be considered to take the form of polynomial
approximations.

4.1.2 Three dimensional analysis: Model 1

It may be seen that, using only one coil pair, the unique-
ness of any induced voltage is not assured unless move-
ment is restricted to one axis. Intuitively the addition of
two or more receiving coils at suitable positions should
enable unique position determination in three dimen-
sions. Using the minimum of three coils placed at the
corners of an equilateral triangle lying in the horizontal
plane, three functions are expected:

Wir 2)=J@)F(r) i=1,...,3 )]

or in terms of the Cartesian co-ordinates x, y and z using
a linear approximation for the function F((r) and a quad-
ratic approximation for J(z), as postulated at the end of
Section 2

Vl(x’ Y Z) = J(z)[Vl(O: 0, 0) + a,x, + blyl.]
Vi{x, y, 2) = J(2)[50, 0, 0) + a5 x; + b, ¥,] @
V3(xs » Z) = J(z)[VJ(Oa 01 0) + a3 X3 + b3 yS]

where
Jo) =1+ kz+kyz? (3)

Note that the expressions for V; in terms of x and y
approximate the characteristics onto a plane, medified of
course by the value of z.

The coils may either be considered to lie in the same
horizontal plane but at different x and y co-ordinates, or
they may be represented by three different co-ordinate
systems. The co-ordinate systems of the coils are identical
except that the horizontal x-y plane of each coil’s co-
ordinate system is rotated by 120° to match the corner of
the equilateral triangle at which the coil lies. For systems
with axes x, y and z and x", ¥ and 2z, in which x', y' and z
is' obtained from x, y and z by rotation of ¢° of the x—y
plane about the z-axis, the transformation required to
translate co-ordinates in system x', ¥, z to express them

in system x, y, z is
X cos ¢ ~sin x'
-1 A M @
¥y sin ¢ cos ¢ | ¥
Thus if the axes of coil | are made to be the reference,

and those of coils 2 and 3 are obtained by rotations of
+120° and —120°, respectively, then

X=X

n=y.

xy = —x/2 — [/(3)/2ly &)
v = [J32)x — y12

Xy = —x/2 4+ [ /(3)/2]y .

¥y = —[J3Y2]x - y/2

Assuming that the coefflicients @; and b, for each of the
coils are the same, the sum of the three voltages will be
independent of x and y and dependent only on the initial
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voltages at the reference origin, and of course the func-
tion J(z). That ig

3 3
IZI Vix, y, 2} = -f’(Z)I_Z1 ¥(0,0,0) (6)

Thus the process of calibrating the coil set consists of
choosing an origin, bearing in mind the coil pair charac-
teristics, and selecting convenient calibration points to
enable solution of the coefficients in eqns. 2 and 3. A
movement purely in the z-direction, for instance using
voltages at the points (0, 0, 1) and (0, 0, —1), will enable
k; and k, in J{z) to be determined (eqns. 3 and 6). The
voltages at the point (1, 0, 0) may be used in eqn. 2 to
determine a,, a, and a; although in practice we used an
average from (1,0, Q) and (—1, 0, Q). Similarly the points
(0, 1, 0) and (0, —1, 0) are used to determine the coeffi-
cients b,, b, and b;.

The converse process of converting a set of voltages
into x, y and z is as follows:

First calculate

.3
Y Vix » 2)
J2) = Y]
¥ ¥(0, 0, 0} '

i=]1

This immediately enables the quadratic eqn. 3 to be
solved to give two values for z, one of which can readily
be climinated on the basis of being out of range, The
value for J(z) can also be substituted into eqn. 2, and
solved for x and y using the relationships given in eqn. 5.

The essential requirements for accuracy of this method
are reasonably obvious: throughout the range of opera-
tion the assumed functions are representative (linear for x
and y, quadratic for z); the coefficients (a;, b;, k; and k)
in the expressions are the same for each coil, and the coils
are positioned accurately; the planes in which the coils lie
must also be kept parallel.

4.1.3 Three dimensional analysis: Model 2

The limitation with the first model occurs in representing
the function F(r) as a linear function of (x, y) because
strictly it is a function of the radial displacement between
the central axes of the excitation and receiving coils. The
plane which is represented by the linear function in x and
y will be tangential to the actual surface of the character-
istics, which means that the greater the movement away
from the central point, expressed as a fraction of the pitch
circle radius of the centres of the coils, the greater the
error,

A better model is to represent the characteristics of
each coil by a portion of a cone, rather than by a plane,
although the mathematics is more complicated.

More correctly then the model

Vi, 2) = J)F(r) ' ®)

may be used with some appropriate approximations for
J(z) and F{r), and where each of the receiving coils has its
own expression for r, (Fig. 7)

ri = [ + (x + R?]

r2 = J[(y = RY3/2? +(x - R/2"] 9

ra = (¥ + RY3/2P + (x - R/2/"]
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The use of eqn. 9 with a linear approximation for F(r)
and a quadratic for J(z) leads to some improvements, but
the results presented will show that the inaccuracies are

Y
coil 2
R
2
¢oil 1 M
I R X
3
R
coil 3

Fig. 7 Geometry for radii calculations used in model 2

still quite large. It is felt that these errors arise because of
over-simplified expressions for J(2) and F(r). Given that
the look-up table method described avoids the necessity

of solving high order polynomials, a combination of the

approaches of mathematical model involving limited cali-
bration (and high order polynomial approximations)
together with the look-up table technique using data gen-
erated by such a model was developed.

A series of radial sweeps passing through the longitu-
. dinal axis of cach receiving coil in turn were made at
different vertical separations (of recciving and excitation
coils), i.e. a series of characteristics such as that in Fig, 4
{upper) were collected. A fourth order least squares
approximation (in radius) was made to each of these and
then: in turn a third order approximation (in vertical
separation) was made to each of the coefficients of the
radial functions. This then allowed generation of a set of
data representing V;, V;, V; at x, y, z which was to be
used with the look-up table method described below.

4.2 Look-up table method

Again four coils are used, one excitation coil and three
receiving coils placed {conveniently) at the corners of an
equilateral triangle in the horizontal plane as in the pre-
vious method. The first stage involves the collection (by
means of calibration) of three-dimensional data to create
three matrices containing the induced voltages at a three-
dimensional network of positions. The converse process
of extracting the position information (x, y, z) from the
actual voltages {V,,, Vs, ¥3,) then involves location of
the nearest point in the matrices, followed by linear inter-
polation about thal point, as follows:

Select the nearest point P, from the matrices for whith
[(Via = Vi) + (Vg — V2,)* + (V3, = V3, ] min  (10)

where (V,,, V., Vi,) are the voltages at point P, in the
matrix. ,
The exact functions which give the voltage against
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positions are written for each coil as functions f; where
Vi=flx,no i=1,..,3 (11)

Now at any point (x, y, z) a small change in ¥, may be
expressed as

oV, = (08f/0x)dx + (8f/oy)Sy + (8f/02)oz

&v | [ovisox ovyay avijez| [ex
dVy | =|cVyfox 8V,/8y é&Vyjéz || &y

sv,| |oviex owyay avyoz] Loz 2
or ,
SV = AVEP
and so
5P = (AV)~ 16V 13)

8V can be calculated by taking the nearest voltages ¥,
from the actual voltages

V=V, -V, (14)

8P can now be calculated from eqn. 13 using (A¥)™ %, and
then the actual position is

P,=P,+ 4P {13)

in which P, are the values of x, ¥ and z for the nearest
point identified in eqn. 10,

From each matrix of voltages it is posible to determine
a range to correspond to the maximum movement in x, y
and z. The processing described may be performed offline
to produce matrices of positions x, y and z at evenly
spaced voltages (V;, V;, V3) over the defined range.

The process of position determination may then be ini-
tiated, first, by reading the set of voltages V,, finding
the nearest voltage ¥V, using least squares, then identify-
ing the point x,, ¥,, z, as a first approximation to the
actual position.

The partial derivatives in three dimensions can readily
be deduced from the adjacent values in the matrices. It is
then necessary to linearly interpolate between the evenly
spaced voltages

ox) [oxsev, axiovy, oxiov, |6V,
Sy | =|dyieVy ayjev, ayfevy || 8V, (16)
5z |oz/av, azjov, azjov, | oV,

The maximum range of displacements detectable with
this approach is limited only by the range over which a
reasonable level of induced voltage is achieved (Fig. 4
and Section 2). The accuracy obtainable is dependent on
the number of points used in the calibration table and the
nonlinearity of the induced voltage—displacement charac-
teristics. For the results presented, a matrix of
13 x 13 x 7 points was used in x, y and z, respectively,
resulting in 1183 calibration points for cach of ¥, ¥, and
Vs. .

5 Assessment of mathematical mode! and look-up
table techniques for the displacemant
transducer

Having calibrated a set of coils using both of the methods
described, the following results demonstrate the accuracy
and range of displacements obtainable with each method
using the calibrated coil set. They are presented in terms
of displacements in the x, y and z co-ordinate system,
with the origin representing a point 3.5 mm from the
receiving coils along the central axes of the equilateral
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triangle on which the receiving coils are located (Fig. 8).
The movements are of the excitation coil relative to this
origin.

Displacements of +3 mm in x-y and +1.5mm in z
are taken as the maximum imposed by the induced
voltage/displacement characteristics for the coil. A
minimum (vertical) distance of 2.0 mm between the exci-
tation and receiving coils was maintained throughout the
tests and calibration. In the force transducer this gap cor-
responds to the maximum compression of the rubber
element. Note that the mechanical characteristics of the
rubber were chosen to give consistency with these dis-
placements for the expected range of directional forces.

excitation coil

I
N

3.5mm
coil 2z

~L—
Vil B

coil 1

L
N

coil 3

B
-

Fig. 8  Location of reference origin with respect to receiving coils

5.1 General assessment
Variation of the error in predicted measurements against
actual measurements while varying the displacement
along each of the co-ordinate axes in turn are shown in
Figs. 9-11 for each of the methods, measured without the
rubber element in place. Those for the look-up table
method show a small error variation of around +3% of
the full maximum scale (half the range). There are some
slight trends — the error in z seems to have a small con-
stant imposed on it indicating perhaps some small offset
in the electronics. The variation of errors in x and y,
when each of their respective axes is traversed, shows a
slight gradient. The reasons for this are unclear. |

The results for the mathematical model methods show
greater errors and, as would be expected, more significant
trends. The seven calibration points used were the points
+1in x, y and z together with the origin as mentioned
carlier. With the first model the curves for the displace-
ment along the axes within the calibrated region show
error fluctuations of the order of 20% (5-10% of the
reduced region). Again z appears to have a somewhat
constant component in its error characteristic. The
results for the second modelling method show rather
greater success — of the order of +10% over the full
range of movement of x, y and z, i.e. in comparison with
the =+ 3% Tor the look-up table method.
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52 Statistical approach

Three hundred random points (x, y, z) were generated,
movements made to these points and predicted positions
calculated using the look-up table method. The distribu-
tions of the errors are shown in Fig. 12,
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The same strategy was applied to each of the other
methods using only 76 random points lying within a
reduced volume of +250mm in x and y and
+1.125 mm in z, the resultant errors being expressed as a
percentage of these full scale deflections (Figs, 13-15). It
is apparent that the first model technique fails completely
whereas the second model enjoys rather more success,
showing errors less than 20%, which compares with 8%
errors with the look-up table method. Given that the
model method requires rather less calibration time, and
may reduce to coil calibration as opposed to transducer
calibration (with the subsequent effect on system
assembly) it is felt worthwhile reserving judgement on a
final strategy for calibration until the problems of coil
and transducer manufacture have been ironed out. Con-
firmation is also needed that the transition to force mea-
surement intragduces no unexpected complications.

5.3 Comparison of processing requiremenis .
The mathematical model technique required seven cali-
bration points when used in obtaining the above results,
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whereas the look-up table used here consisted of 1183
calibration points (and the accuracy obtained is obvi-
ously directly related to the number of points in the table
for a given x-y-z space). Calibration is quite simple where
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the mathematical model is to be used. However, great
care must be taken in manufacturing the coils to ensure
the accurate positioning of well matched (identical) coils.
Characteristics for the combination of excitation and
receiving coils also need to be examined to judge the best
spacing of the coils and calibration points for a given
range of movements, Although intelligent coil matching
and spacing are required for the look-up table method it
is by no means as critical. An indication of the processing
and memory requirements is useful, and the figures
quoted are based on a PC compatible computer with a
80386 processor. The look-up table method involves con-
siderable offline processing, typically taking 10 mins for
the number of calibration points referred to, but the
online calculations are few and fast — a sampling fre-
quency of 1 kHz is feasible. The look-up table itself can
become quite large, particularly if higher accuracies are
required. However, even with the values held as real data
types, only in the region of 10 kbytes is necessary for the
table gemerated from the 1183 calibration points. The
offline processing for the model technique is very simple,
but .the online processing is more complex and takes
about three times as long as the look-up table method;

28

memory requirements are, however, very small by com-
parison.
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b Model 2 mean = —0.05: ¢ = 487; range = [3.0
¢ Model t mean = 14.1%; ¢ = 10,18; range = 38.0

(] Conclusion

The use of the device for three-dimensional displacement
measurement has been considered, and it was found that
accuracies in the region of 5% are achievable, Work is
continuing on the force transducer, but the performance
is expected to be similar, because both theoretical predic-
tions and dynamic experimentation show that the silicon
rubber material has consistent and relatively linear char-
acteristics, subject of course to the range of correspond-
ing movements being consistent with the operating range
used for displacemént measurement, The rubber will
clearly induce some further nonlinearity, but the look-up
table is likely to maintain its superior performance under
these conditions. The effects of the coils not being paral-
lel, as will happen to a certain extent within a shoe, are
also being quantified, aithough preliminary results
suggest this is not a major problem. If necessary an addi-
tional coil can be added to monitor the effects, and the
general nature of the look-up table can be extended to
include the extra coil. '
The research programme described has been to
develop the basic sensing element. The work is continu-
ing to provide eight sensing elements in one insole with a
view to embarking on clinical trials. The authors believe
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the work to have been successful: a practical, inexpensive
and robust transducer to meet the specification has been
developed, and the underlying theoretical studies have
added useful techniques to the science of measurement,
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