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Abstract

In this thesis a new approach to sensing soft tissue damage in the diabetic foot
is presented and multiple sensor modalities including linear and rotational ac-
celerometers, temperature, humidity and galvanic skin response (GSR), pressure/-
force, blood oxygen heart rate and fore foot flexure will be investigated with the
aim of using multi modal sensing to improve understanding the diabetic foot. Bio-
impedance is proposed and investigated as a novel measurement modality that
directly observes the response of the tissue under test as a means of estimating tis-
sue condition. The new sensing system and data collection with critical assessment
is presented complimenting the existing metric of assessment.

Diabetes is currently one of the greatest health risks facing the developed world
where typically 6% of the population is diabetic and an estimated 1 in 3 people are
currently in a pre-diabetic state. The condition adversely affects the body’s gly-
caemic control mechanisms leading to macro vascular stiffening alongside the pos-
sible onset of peripheral neuropathy thus increasing the risk of secondary patholo-
gies such as retinopathy, kidney failure and diabetic foot disorder. For those living
with diabetes the loss of a foot due to diabetic foot disorder is one of the most de-
bilitating and feared side effects of diabetes. The national health service (NHS) in
the United Kingdom (UK) currently amputates circa 100 lower legs a week due to
diabetic complications of which about 85% are avoidable. As amputation leads to
increased morbidity and mortality (68% at five years post 1st amputation) as well
as a marked reduction in quality of life, this concern is well founded. Many metrics
have been investigated as indicators of diabetic foot disorder, though none have
shown sensitivity and specificity that would enable their use as a reliable diagnos-
tic or predictor of ulceration.

The following contributions to the body of knowledge will be presented:

1. Novel associations of sensors for monitoring the diabetic foot see Table 6.6.

2. The development of a novel bioimpedance measuring device.

3. The development of a novel wearable extensible multimodal sensing system

4. Demonstrate direct current (DC) through textile GSR measurement.

5. Demonstrate the effect of caffeine on GSR coherence for the first time.
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Chapter 1

Introduction

Diabetes is a chronic endocrine condition that can develop at any stage of life and
affects either the body’s production or utilisation of insulin. Approximately 10% of
the diabetic population has type I diabetes where an autoimmune reaction destroys
the pancreatic production of insulin necessitating lifelong use of subcutaneous in-
sulin. The remaining 90% of the diabetic population is almost entirely made up of
those with type II diabetes which is related to lifestyle. Lack of exercise and obe-
sity conspire to reduce insulin production and sensitivity leading to elevated blood
sugar and consequently further diabetic complications. Other rare pathologies are
noted in the literature, where lifestyle factors lead some to become resistant to, or
deficient in the production of insulin. All diabetes leads too increased blood glu-
cose that unless well controlled causes vascular disease and neuropathy through-
out the body leading to serious co-morbidities, the most feared and debilitating of
which are neuropathy, diabetic foot disorder, and renal failure [1].

The specific complication of tissue damage in the foot, the diabetic foot (DF) ,
can become sufficiently severe as to require amputation and is classified as a med-
ical emergency. Alongside blindness it is one of the most feared secondary condi-
tions for those living with diabetes. “Every 30 seconds a lower limb is lost some-
where in the world as a consequence of Diabetes” [2] of which 85 could be saved
with early detection [3]. The cost to the patient’s quality of life and the financial
impact on the health provider is unacceptably high and in many cases avoidable.

For those living with diabetic foot disorder there is an ever present danger of
ulceration developing in the soft tissue leading to partial or complete limb am-
putation. Where diabetic peripheral neuropathy (DPN) and peripheral vascular
disease (PVD) are present lack of protective pain sensation and restricted immune
response allow ulceration to rapidly reach a critical level prior to detection. Where
ulceration is diagnosed and interventions implemented expediently, limbs can be
saved retaining quality of life, mobility while reducing social and financial bur-
dens. The mortality rates post first amputation are up to 68% at 5 years [4] so it is
clearly desirable to avoid such a procedure if at all possible.
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1.1 Motivation for research

The fight to cure diabetes is on-going, but unfortunately it is unlikely to be achiev-
able in the short term due to the complexity of the disease. Diabetes is a chronic
condition that is burdensome for those living with and managing it. On a daily
basis this ranges from controlling food intake and exercising to monitoring blood
glucose and administering subcutaneous insulin with periodic medical checkups.
However, the onset of long-term complications have by far the greatest impact on
quality of life. These may include visual impairment, kidney damage or failure, di-
abetic foot disorder/amputation, oedema, weight gain, heart attack to name a few,
requiring management of the underlying diabetic condition, plus the co morbidi-
ties. This is costly to both those living with the condition and society as managing
the disease becomes more challenging as it progresses.

In the interim it is necessary to enable the mitigation of the worst side effects
of the disease to ensure that those living with diabetes have an acceptable quality
of life. This research investigates the development of wearable multimodal sensing
technology to better monitor the DF with the longer term aim of improving DF
management, understanding the conditions experienced at the foot, determining
tissue health and breakdown.

1.2 Research Hypothesis

This research aims to investigate the incorporation of multiple sensors into a sin-
gle device to yield interpretable and relevant signals. This will in turn be used to
investigate how multifactorial data from an ensemble of sensors at the foot could
better inform the care team of changes in skin health. These will include existing
sensing modalities and techniques novel to the area of research. By utilising mul-
tiple externally placed sensors we aim to ultimately enable better understanding
of the pathogenesis of disease with the long term intent of utilising complex data
to provide a simple traffic light indicator of tissue health as feedback to the wearer
and a comprehensive data set to the clinician.

Thus this research has the following objectives:

• Develop multi sensory insole technology.

• Investigate the use of sensors printed or assembled directly on a film substrate
to enable the implementation of cheap single or multi use sensing elements.

• To investigate the viability of using daily worn devices for monitoring foot
health.

• To investigate novel associations of sensing technology that may offer new
insights in podiatric skin health.
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• To investigate the viability of using bioimpedance as a new method of moni-
toring skin health as either a wearable or daily use scanner.

• To investigate the use of GSR for monitoring autonomic nervous system (ANS)
/sweat response in the foot.

• Determine a set of new sensing modalities.

• Determine a new system architecture.

• Demonstrate architecture and system capabilities.

• Perform a volunteer study to gather pilot data.

• Critically appraise the system and data.

1.3 Proposed research

In this thesis we will investigate the viability of gathering and examining data from
multiple sensing modalities in an integrated wearable device. Some of the met-
rics such as temperature, force or pressure, pulse monitoring, peripheral capillary
oxygen saturation (SPO2), GSR, acceleration and rotation have been examined by
others individually and found to be useful in the identification of particular dia-
betic co-morbidities but none are individually capable of predicting or diagnosing
ulceration. Alongside these metrics we propose the addition of in shoe monitoring
of bioimpedance, flexure, environmental temperature and humidity. By analysing
these in concert we aim to supplement the current techniques available for moni-
toring the diabetic foot with the intention of informing the design of a wearable or
daily use device that can measure changes in the soft tissues in the foot to predict
or diagnose ulceration.

1.4 Contributions

This thesis investigates novel systems of measuring and monitoring podiatric soft
tissue condition. The combination of multiple measuring modalities into a single
data gathering system allows the gathering and analysis of hither too unseen cor-
relations between different metrics. This methodology enables new methods of
investigating the diabetic foot that have not been practicable until now.

1. Novel associations of sensors for monitoring external factors experienced by
the foot.

2. Novel sensor combinations for monitoring the diabetic foot see Table 6.6.
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3. The design of a novel bioimpedance measuring device.

4. The development of a novel wearable extensible multimodal sensing plat-
form as published in electronics [5].

5. Demonstrated through textile DC GSR measurement.

The correlations investigated here include linear/rotational accelerations, skin
temperature, contact force, galvanic skin response, and bio-impedance alongside
environmental factors such as temperature, humidity and time of day in a single
device. This toolset will give access to new data that will enable the investigation
of the interplay of factors that cause tissue breakdown in the diabetic foot.

The investigation of bioimpedance utilising alternating current (AC) for exam-
ining the foot is a novel adaptation of a technology already utilised in other areas of
medicine. The use of capacitive coupling to ameliorate the risk of polarisation as-
sociated with galvanic coupling of the electrodes is also novel. Capacitive coupling
also allows tissue measurement through dry skin with high DC resistance.

Publications

• J. Coates, A. J. Chipperfield and G. F. Clough “Wearable multimodal skin
sensing for the diabetic foot” Electronics - Raspberry Pi Technology, vol. 5, no.3,
p. 45, 2016 (published)

1.5 Report overview

In this chapter an introduction to diabetes and the associated co-morbidities has
been presented together with an outline of the research undertaken. This is fol-
lowed in chapter 2 by a literature review of the current understanding of the un-
derlying pathologies pertinent to the diabetic foot, factors that stimulate and exac-
erbate ulceration with a review of the technologies that are suitable for monitor-
ing the condition. Chapter 3 discusses the choice and specification of sensors that
will be used in this investigation, laying out the justification for the sensor choices.
Chapter 4 investigates the viability of using GSR as one metric in a multi sensory
array for podiatric skin health sensing. This defines the development of a typical
single measurement mode used in the overall system. Chapter 5 details the de-
sign and characterisation of the full multimodal sensing system with example data
from a limited volunteer test set. Chapter 6 investigates the analysis of the data
gathered. Finally in chapter 7 The output of this project is summarised alongside
the recommendations for further work that would expand this field of research.
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Chapter 2

Background and review

Introduction

This chapter provides an overview of the current research pertinent to the diabetic
foot including the physiology, mechanistic physics and measurement techniques
where novel approaches can be taken that apply to the diabetic foot. Section 2.1
investigates the pathology and current management of the diabetic foot. Section 2.2
investigates the mechanisms of injury and the available monitoring methodologies
at our disposal. Section 2.3 reviews potential approaches to modelling the diabetic
foot as a system. Section 2.4 suggests the use of haptic feedback as a means of
addressing some of the sensory feedback problems associated with DPN. The final
section 2.5 reviews the material discussed in this chapter.

In 1989 the St. Vincent Declaration under the aegis of the World Health Organ-
isation (WHO) set out to improve the care of those living with type II diabetes.
The declaration aimed to improve detection, management, education, research,
promote patient independence and reduce diabetic side effects to improve patient
quality of life and life expectancy [1].

Specific stated aims of the declaration include:

1. Elaborate, initiate and evaluate comprehensive programs for detection and
control of diabetes and of its complications with self-care and community
support as major components.

2. Promote independence, equity and self-sufficiency for all people with dia-
betes, children, adolescents, those in the working years of life and the elderly.

3. Remove hindrances to the fullest possible integration of people with diabetes
into society

4. Reduce by one half the rate of limb amputations.

5. Establish monitoring and control systems using state-of-the-art information
technology for quality assurance of diabetes, healthcare provision and for

5



laboratory and technical procedures in diabetes diagnosis, treatment and self-
management.

The National Institute for Health and Care Excellence (NICE) stated in Clini-
cal Guidance 10: Type 2 diabetes foot problems: Prevention and management of
foot problems (CG10) (now superseded by Nice Guideline:Diabetic foot problems:
prevention and management (NG19)) that ’Further research is required to identify
the appropriate level and combination of risk factors at which patients should be
categorised as at high risk of ulceration and be offered attendance on a protection
program’. Despite these initiatives “The provision of healthcare for people with
diabetes remains far from ideal” [6]. Other than the scoping study of [7] conducted
for the Southampton Skin Health Sensing Initiative there have been few reviews
of the current and imminent technologies applicable to sensing skin health. This
chapter therefore aims to critically evaluate the current state of the art in this area.

2.1 The pathology and management of the diabetic foot

2.1.1 Diabetes

Diabetes is a chronic endocrine condition that can affect all age groups disturbing
either the production or sensitivity to insulin [8]. People with diabetes usually fall
into one of two separate classifications though other rare pathologies are acknowl-
edged in the literature. The first of these is type 1 diabetes where an auto-immune
reaction destroys the pancreatic production of insulin and will necessitate the life-
long administration of insulin. This usually happens in childhood and accounts
for approximately 10% of the diabetic population [9]. The second is type 2 dia-
betes which is a resistance to, or inadequate production of insulin. This is generally
linked to poor diet and obesity and accounts for nearly 90% of diabetes cases. Man-
agement of type 2 diabetes ranges from controlling diet to full insulin therapy. In
both type 1 and type 2 blood glucose is inadequately controlled causing secondary
pathologies such as PVD and DPN. PVD reduces vascular compliance and along-
side a reduction in the density of capillaries in the tissues that transport oxygen and
metabolites to and from individual cells compromising tissue integrity. Reduced
blood flow to the nerves causes DPN reducing the protective pain sensation. This
often leads to organ damage, usually in the eyes, kidneys, digestive system and
the extremities, particularly the feet. A specific complication of tissue damage in
the foot, DF, can become sufficiently severe as to require amputation and is one
of the most feared secondary conditions after blindness, by people with diabetes.
Currently 6% people in the UK are receiving treatment for diabetes and this fig-
ure is rising steadily over time. The disease is a global problem with an expected
growth from 120 million in 2011 to 333 million by 2025 [10], though prevalence is
higher in developed economies. It should also be noted that although type 2 dia-
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betes was traditionally associated with the middle and elderly population it is now
being diagnosed in ever younger people including children with obesity as young
as 6 years old [11].

The successful management of diabetes requires the restoration of glycaemic
control involving the patient monitoring their blood glucose and either control-
ling diet and/or administering medications. There are two measures of glycaemic
control in common usage at present, the most common blood glucose that is the
current level of sugar in the blood. The second is glycated haemoglobin (HBA1C)
the level of haemoglobin permanently bound to sugar. This is an effective indica-
tor of average sugar levels over the past 2-3 months. Good control of diabetes is
achieved at a normo-glycaemic level of HBA1C 48 to 58 mmol/mol (6.5-7.5%) [12].
Micro-vascular risk is deemed to be low with an HBA1C level of 7.0 8.0% while
arterial risk reduces until a level between 6.0 – 7.0% is reached [13]. Control may be
achieved through a number of independent or interdependent strategies including
diet control, exercise, oral drugs, manual or automatic insulin injection. Manage-
ment strategy is usually tailored to the patient, based on the pathogenesis, life style
and history.

Hyperglycaemia causes long-term damage to the body‘s tissue structures, how-
ever it is equally important to avoid hypoglycaemic events. A sudden drop in
blood sugar, hypoglycaemia, can result in dizziness, unconsciousness and finally
death if not treated promptly.

2.1.2 The diabetic foot

The diabetic foot is a complex problem caused by both PVD and consequent DPN,
often leading to ulcer formation [14, 15]. The reduction in blood supply reduces the
body‘s ability to transport oxygen to the tissues of the body and manage metabo-
lites. As a consequence the tissues become susceptible to trauma and infection,
exacerbated by a reduction in cross sectional area and elasticity of the vasculature.

The reduction in blood supply may also cause damage to the local sensory ner-
vous system limiting or eliminating the sensation of pain, pressure and tempera-
ture sensitivity, and with it the ability to detect tissue damage prior to becoming
critical. Other neural functions such as the ANS, which mediates haemostatic con-
trol, including blood flow and sweating, are also impaired by PVD and hypergly-
caemia [16]. As a consequence the diabetic foot represents a significant increase in
health risks associated with vascular or neuropathic related ulceration

It should also be noted that although a significant fraction of diabetic ulcers are
caused by external insults to the plantar (sole of the foot) tissue the majority are
of internal origin and are difficult to detect visually, particularly within the critical
early stages. In the United States of America (USA), it has been estimated that 15%
of the diabetic population as a whole and 25% of those over the age of 60 suffer
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with foot ulcers with 30% of those aged over 40 experiencing some level of lower
extremity disease.

2.1.3 Existing management and devices

Acute foot, where trauma or ulceration is present in the diabetic foot, is a medical
emergency requiring prompt remedial action. This can range from cleaning and
applying sterile dressings to pressure relieving orthotics, surgical debridement, re-
vascularisation, minor (distal) amputation to complete lower extremity amputation
(LEA). The diabetic foot accounts for 90% [17] of non-traumatic and nearly 50%
[4] of all lower limb amputations in developed countries. Early detection of the
condition greatly improves the prognosis, reduces recovery time and lowers costs.
Unfortunately this is currently difficult to achieve.

Current best practice is for clinical examination by a specialist, or specialist
team, annually for low risk patients, every 3-6 months for those at moderate risk,
every 1 to 2 months for those at high risk but no immediate concern and every
1-2 weeks if there is immediate concern all with daily monitoring by the patient.
For those at moderate or high risk who are unable to monitor their own feet NICE
recommend increasing the frequency of examination further [18]. For some pop-
ulations where this is accomplished dramatic reductions (44-85%) in hospitalisa-
tion have been observed [3]. Foot examination is heavily dependant on specialist
training, clinical acumen and experience with many measurements being subjec-
tive (qualitative) rather than quantitative in nature. NICE maintains best practice
recommendations for the management of the diabetic foot [18] outlined in Table
2.1. However, many patients fail to receive this level of clinical monitoring from
their care providers for a variety of reasons.

Self-examination Regular self examination by those living with diabetes is rec-
ommended where practicable [6].

• Visual examination of the foot for lesions and signs of infection.

• Thermal measurement and comparison of the plantar aspects of the feet to
detect infection. IR thermography is recommended over 6 to 10 critical points
on each foot [19, 20, 21].

Self examination is complicated by patients being susceptible to retinopathy
causing poor eyesight, being overweight with limited mobility, having limited or
no sense of pain, lacking energy or motivation and other confounding pathologies.
Consequently ulceration rates remain high despite international agreements to re-
duce the impact of diabetes on society [1, 6, 22].
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One of the diabetes-related objectives of Healthy People 2010 [23] was to in-
crease to 60%, from the 1998 baseline level of 40%, the proportion of individuals
with diabetes who receive formal diabetes education [22, 24]. Education plays an
important role in the treatment of diabetes as it is necessary for the patient or carer
to be diligent in their management of the condition. When blood glucose is used to
measure the effectiveness of diabetes related education as an intervention, a short-
term improvement in glycaemic control is found, however without further educa-
tion average blood glucose returns to the higher pre-intervention base line level
over 3 months. This suggests that a rolling cycle of education is required [22].

2.1.4 What are the costs of the diabetic foot?

The diabetic foot is a chronic, debilitating and degenerative condition affecting mil-
lions of people the world over [25], which has grave economic and social costs
to both the individual and society. Current statistics show that annually 2-3% of
those with diabetes will suffer with foot ulceration with 15% suffering ulceration
during their lifetime [26]. A USA study calculated the annual post operative care
cost, adjusted to 1998, to be USA$16 437 for non- ischaemic lesions to USA$64 265
for major amputation [2]. DF ulceration and amputations were estimated to cost
USA healthcare providers USA$10.9 billion in 2001. The NHS in the UK currently
spends between £0.6 and £1 billion pa on lower limb amputations due to DF [27].

In the UK 100 lower leg amputations are performed every week due to diabetes
of which 85 could be avoided [28]. NICE reports about 5% of people with diabetes
will develop a foot ulcer in any year and amputation rates are approximately 0.5%
pa [6]. 20% of those that undergo amputation do so within 12 months of being
diagnosed as diabetic [29].

Although this is a huge financial burden, the true cost to society is much higher.
With the individuals loss of mobility and increasing morbidity comes loss of auton-
omy, independence, identity, self-worth and consequently family and social net-
works suffer. Couple this to loss of income and medical insurance (in the USA)
and it becomes apparent that this is a very serious condition. It is important to note
that LEA overcomes the immediate risk due to infection but has a high mortality
rate in its own right. In “Diabetes in America” [4], Ronald Aubert reports mortal-
ity rates following amputation of 6% in 30 days post operation, 20-50% at 3years
and 39-68% at 5 years (1989-92) using several populations. These rates are largely
unchanged from those reported for 1976 78 [30]. In developed, countries diabetic
foot care accounts for up to 12-15% of total diabetic healthcare resources, though
it is difficult to be precise as some healthcare costs can remain hidden due to local
costing strategies [28] and co morbidities.
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2.1.5 Peripheral vascular disease

It is well understood that PVD in both the macrovasculature and microvasculature
in the legs is a major contributor to the development of DF [31]. Sustained hyper-
glycaemia leads to a stiffening of the macrovasculature causing a number of mecha-
nisms to deteriorate. The reduction in compliance mechanically restricts generation
of myogenic tone in the small vessels, reducing effective control of the blood supply
to the skin. This effect is exacerbated by further rarefaction of the microvasculature
(arterioles) reducing the effective exchange of oxygen and metabolites to and from
the tissue. There is a corresponding increase in the density of arteriovenous shunts
and blood flow through the shunts [32]. These mechanisms culminate in poorly
supported tissues that are prone to ulceration, infection and necrosis.

With viable methods of measuring perfusion of the microvasculature, capillary
refill time, heart rate, oxygenation and assessment of ANS activity via wearable
sensors [33, 34], together with measurements of mechanical stress affecting plan-
tar blood flow in the living environment, will aid the differentiation of risk of tis-
sue damage. Monitoring these factors in the free living environment would help
provide an enhanced understanding of the pathogenesis of ulceration and tissue
degradation and investigate commonality in subjects.

2.1.6 Diabetic peripheral neuropathy

DPN, affecting sensory, motor and autonomic nerves [35], is experienced by up to
half of all people with diabetes. Reduction or loss of sensory nerve function signif-
icantly increases the risk of damage to the foot from thermal, fatigue or direct me-
chanical damage in both internal and external tissues. The lack of a protective pain
response not only allows the original injury to pass unnoticed but also allows the
development of ulceration and finally necrosis without detection [35]. Although
this progression can be rapid, prompt care generally reduces the severity of any
problems.

Fine motor control is often affected which, together with the loss of pain re-
sponse, results in changes in gait that can exacerbate stress on the soft tissues
[36, 37]. In the early stages of neuropathy there is a significant increase in pressure
applied to both fore-foot and rear-foot during perambulation. In the later stages
there are significant changes in the fore foot - rear foot loading ratio (FR) [38]. It is
currently not clear from the literature why this would occur though it is certainly a
significant factor in the increase of plantar stress.

The ANS controls homoeostasis by regulating local blood flow and controlling
sweating. Screening and monitoring for ANS degradation by GSR is already estab-
lished EZSCAN [39, 40] and others [41]. Another method of observing sweat exists
for the palmo/plantar skin [16] utilising a colour changing chemical to indicate the
presence of sweat. Monitoring ANS activity in free-living individuals offers the
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Figure 2.1: Skeletal structure of the feet defining the major bones. Figure courtesy of
https://www.dreamstime.com

opportunity to monitor neuropathic pathology.

2.1.7 Structure of the foot

The skeleton is a near rigid tissue structure in the body used to transmit loads to the
environment. The foot is the lower extremity of land dwelling animals and, in the
case of humans, allows us to exercise bipedal perambulation. The joints and their
supporting structures allow constant adjustment of gait in response to the environ-
ment. The skeletal structure of a healthy foot is shown in Figure 2.1. Note that the
metatarsal bones and respective phalanges are in-line in the dorsal (left view). The
arch of the foot is shown in the lateral (right view) between the calcaneus bone and
the metatarsal phalangeal joint being well defined contact points with the ground.

The articulation of the joints and reaction of loads involved in locomotion is
performed by the skeletal musculature. These muscles operate in response to the
motor control neural system, with blood flow and low level, homoeostatic, control
being mediated by the sympathetic nervous system. The plantar fascia, sometimes
called the plantar aponeurosis, is the tendon that joins the heal bone (calcaneus)
to the toes (phalanges) hence supporting the arch of the foot. The plantar fascia
also transmits load from the Achilles tendon to the forefoot allowing us to apply
pressure preferentially to the forefoot to aid running. These ligaments enable the
forefoot to absorb shock, adapt to uneven ground and transmit the resultant load
to the lower leg muscles. There is an abundance of muscles in the plantar region,
see Figure 2.2, of the foot that are of limited use in the modern world enabling the
flexing of toes, presumably as an aid to climbing, but these do provide an ability to
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Figure 2.2: Lateral exposure of the foot structures. Reproduced from https://www.dreamstime.com

distribute stress from the skeleton to the softer tissues.

The subcutaneous fat, shown in Figures 2.2 and 2.3 separates the musculature
and plantar fascia from the dermis. This provides cushioning, a thermal barrier, a
level of energy storage and a support mechanism for the vasculature serving the
dermis. The dermis is a living bed of tissue supporting the vasculature and con-
taining the eccrine sweat glands, sensory nervous system including Meissners cor-
puscles responsible for high sensitivity touch. The lower dermis is covered by the
papillary dermis that contains the microvasculature allowing effective oxygen and
metabolite transport to the tissues. The final layer is the epidermis that is a layer
of harder, densely packed, dry, dead skin cells that defend the soft fragile tissues
beneath from mechanical damage or infection. This structure is a tough, compliant,
elastic material.

2.1.8 Mechanical properties of the foot tissues.

The tissues of the foot are affected both as a direct consequence of hyperglycaemia
and as a result of ulceration. The properties of elasticity, flexibility, stiffness, tensile
strength, compressive strength, shear modulus, together with changes in thickness,
homogeneity and isotropy need to be considered. Each of these parameters affects
either the local stress concentration or the stress that can be tolerated by the tissue.

Reduction in tissue elasticity due to diabetes and consequent stiffening have
been attributed to both post ulcerative scarring and increased cross-linking of the
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Figure 2.3: Section through Thick Skin figure courtesy of https://commons.wikimedia.org

collagen. This causes elevated stress at the site of previous lesions [42] in an area of
reduced vascularisation (due both to scaring and diabetic pathology). Diabetic tis-
sue has been found to be approximately twice as stiff as non-diabetic tissue [43] and
elasticity is negatively correlated with stiffness [44]. It is also worth noting biome-
chanical properties in healthy patients are non-homogeneous over the plantar sur-
face in that tissue properties under the sub calcaneal tissue and sub metatarsal tis-
sue exhibit different responses to loading in a time variant manner [45]. The stress
limit, as either a function of ultimate tensile load, fatigue limit or principle stress,
can also be negatively affected by diabetic pathology.

The atrophy of the plantar muscles [46] logically leads to reduced ultimate ten-
sile strength and consequently fatigue tolerance of the muscles in question. These
muscles also provide a level of cushioning and isolation between the dermal tissues
and the skeletal system reducing the stiffness gradient of the tissue without patho-
logical disturbance. Any muscle atrophy reduces this cushioning and increases the
local stiffness gradient. Diabetic anisotropic tissue with increased local hardening
has been estimated to increase local stress due to pressure and shear in the order of
50-55%. This is also associated with large stress gradients [47].

2.1.9 Charcot neuro-arthropathy

Charcot neuro arthropathy (CNA) has uncertain aetiology but is thought to hap-
pen due to trauma in the skeletal structure of the neuropathic foot [48]. This pathol-
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Figure 2.4: Charcot neuro-arthropathy is a chronic condition common in the DF that progresses over
a period of years. Figure courtesy of Endocrine Today Nov. 2009

ogy occurs in either the atrophic or hypertrophic form and once established causes
deformity in the supporting structures of the foot. Changes in structure lead to un-
desirable load cases in the surrounding soft tissues which in turn lead to increased
stress and hence ulceration in the plantar tissues [15]. Ulcers resulting from Charcot
neuro-arthropathy are known to have a unique temperature signature as discussed
in section 2.2.7

Changes to foot morphology are progressive over time as can be seen from the
lateral x-rays in the upper section of Figure 2.4 and require specialist management
over an extended period. In the instance shown, the arch of the foot collapses over
a period of years as shown in the dorsal x-rays (Figure 2.4) in the lower section the
talus, cuneiforms navicular and cuboid bones are all displaced. Regardless of the
individual pathology, CNA fundamentally changes the pattern and magnitude of
load expressed by the skeletal structure on the soft tissues of the foot. This presents
challenges to instrumentation and monitoring as it is not possible to predict where
tissue stress will increase in the short to mid term and hence where to place sensors.

2.1.10 Diabetic ulcers

Diabetic ulcers usually occur in the plantar tissues due to a combination of PVD,
neuropathy, mechanical stress or other environmental hazards, though any part of
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the foot is at risk. Ulcers are generally classified as either neuropathic or ischaemic
depending on the primary causation.

As a healthy person walks or runs, a complex and poorly understood feedback
system controls balance, gait and sweating. The purpose of this system is to ensure
efficient locomotion in any set of physical circumstances. These could include flat
or uneven ground, hot or cold, humid or dry climates etc. The body must maintain
a homoeostatic internal environment while constantly adjusting balance to account
for external hazards and internal wear or damage for effective locomotion. With
the onset of DPN a number of factors are affected that degrade the efficacy of the
feedback control that informs proprioception [49].

The most obvious neuropathic effect that a person may experience is painful
neuropathy with chronic pain either as a response to normal activity or without
provocation. A less obvious form of sensory neuropathy is the gradual partial or
complete loss of the senses of touch and temperature. The effect of neuropathy on
the motor control system and autonomic nerves is often insidious requiring explicit
investigation to be observable in the early stages [50].

Sensory neuropathy can limit or remove the protective pain sensation and hence
the ability to sense the destruction of tissue by mechanical, thermal or chemical ac-
tion [50]. In this pathology it is common for a patient to be unaware of ulcers in the
sub-dermal or dermal tissues until chronic infection occurs. Sensory neuropathy
also denies the patient of the ability to offload tissues by changing gait or footwear.
An associated loss of fine motor control increases the risk of damage to the struc-
tures of the foot.

Changes to the ANS affect the fine control of blood flow in the tissues by in-
fluencing the myogenic response controlling the pre-capillary sphincter. ANS also
mediates the sweat response and hence local temperature control, skin hydration
and consequently affects skin stiffness/elasticity [51, 52, 53].

Ischaemic ulcers are caused by poor perfusion of the tissues causing oxygen
and nutrient deficiencies at the cellular level. This is caused by increases in the
stiffness of the microvasculature resulting in restrictions in blood flow within the
tissues. These wounds are often intensely painful and are very difficult to resolve.
The at risk patient will present with poor capillary refill, lack of palpable pulse, the
skin may also appear shiny and be lacking hair.

2.1.11 Pathologic response to trauma

Trauma causes changes to the bodies tissues that are observable. These may include
swelling, changes in blood flow and temperature to name a few. Understanding
these processes offers an insight into possible techniques for monitoring tissue sta-
tus. With the onset of the inflammatory response changes in the balance of intra
and extra cellular fluid are experienced. To the Engineer this equates to change in
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the balance of resistive and capacitive pathways in the tissue.

The body‘s initial response to trauma, however it is instigated, is to incite an
inflammatory response. This response starts when the tissues are exposed to exci-
tation beyond some critical level, may change as part of the ageing process, change
in exercise regime, diabetes or other pathologies.

Increased vaso-perfusion and increased permeability of the vessel walls allow
extravasation into the interstitial space between the cells. This fluid carries fibrino-
gen and other proteins into the damaged area which wall off the area of damage to
prevent the spread of infection and limit the scope of the inflammation. Extravasa-
tion is the migration of white blood cells including polymorphonuclear leukocytes
needed to manage infection and necrotic tissue. Once any infection is dealt with
these cells die and become pus, which is removed over time by the lymphatic sys-
tem. As this system must operate faster than any spread of infection to be effective,
changes in the efficacy of the vasculature can have a dramatic effect on this repair
mechanism.

Scar tissue is formed as part of the healing process where a lesion has occurred
in tissues of the body. Scar tissue is characterised by an increase in the cross-linking
of collagen fibres that forms the parent tissue, an increase in tissue stiffness, re-
duced vasculature, impaired mechanical properties and an absence of sweat glands
(if the skin is involved). Scars can be hyper-tonic, atrophic or keloid in nature. It
has been found that soft tissue affected by hyperglycaemia with a history of ulcera-
tion and scarring exhibits increased stiffness, which significantly increases the risk
of re-ulceration [42].

2.1.12 Effect of exercise on the tissue

Exercise can be very beneficial to those living with diabetes by reducing blood pres-
sure, improving insulin sensitivity, reducing weight and improving general fitness.
However this also imparts a level of risk that is a significant disincentive to partak-
ing of exercise as trauma can lead to ulceration if not carefully monitored. Provid-
ing a sensor suit to provide tissue monitoring may go some way to alleviating the
concerns.

Finite Element Analysis (FEA) studies indicate that contact stresses may rise
by 38-50% whilst internal stresses may increase by 82-307%. This suggests that it is
more likely that lesions occur internally than externally [54, 55] which concurs with
observations of the lesion locations seen in clinic. However, reducing exercise does
not mitigate risk and long-term is believed to be detrimental to the patient. Pre-
vious studies indicate that patients with diabetes generally have scope to increase
their exercise [56]. Weight bearing exercise does not increase the pressure exerted
on the plantar tissue, as such both weight bearing and non-weight bearing exer-
cise pose little extra risk to insensate plantar tissue when properly monitored and
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with gradual increase in workload [57]. Maluf and Mueller suggest that the atro-
phy of plantar muscles increases the risk of tissue damage at low stress levels [58],
though the weight bearing tissues must be carefully monitored to prevent ulcers
developing.

Holt et al observing the effect of shear in healthy patients noted that the whole
skin exhibited strain hardening while the dermis-only demonstrated stress soften-
ing under step-stress [59]. It has not been possible to find equivalent data for skin
affected by diabetes. Even if this mechanism remains unchanged rather than being
degraded by some mechanism it is reasonable to assume that these changes will
negatively affect the stress response of the skin.

2.2 Injury and monitoring requirements of the diabetic
foot

There is extensive evidence in the literature demonstrating correlation between
mechanical loading of diabetic plantar tissue and the occurrence of plantar ulcers
[60, 61, 62]. Although this is not surprising in itself, it is unfortunate that it has not
been possible to define any viable metric and measurable threshold for predicting
ulceration. The current understanding and consensus of sensing modalities will be
discussed including the effects of, pressure, shear, compound stresses, and fatigue
alongside other sensing modalities. It is important to note that even for tissue un-
affected by age, injury or pathologic process the limit of shear, compressive and
tensile stresses can be radically different from one-another and anisotropic in na-
ture so the three variables must be considered separately and in concert. Allowable
stress limits are affected by exercise, age and pathology on both a macro and micro
timescale causing extra complexity in application.

2.2.1 Stress and stress raisers

Stress can be thought of as an expression of the internal forces exerted by adjacent
particles on one another in a material under load. Any load on a material will re-
sult in some level of stress be this compression, tension, flexure, torsion or shear.
In stressed components it is important to avoid features that concentrate this stress
such as a sudden change in cross section or material properties as these are the ar-
eas where early failure is most likely. In non-living materials these failures usually
occur as small cracks that propagate rapidly through the material. Within living tis-
sues the cell structure that forms the tissue becomes disrupted until a lesion forms.
This can occur at the local interface of two different materials such as bone resting
on a muscle or the interface of scar tissue to undamaged tissue for example. As
each material and material condition has a stress limit and this stress raiser prefer-
entially loads a small volume of material causing early failure (fatigue is discussed
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later 2.2.6).

Tissues affected by diabetic pathology are prone to changes in structure leading
to local deleterious changes in their mechanical properties. This reduces the tissue’s
acceptable stress limits pre-disposing the tissue to further damage. Cheng et al
utilised finite element analysis (FEA) of the diabetic foot to estimate that tissue
stress is increased by a factor of 3 where stiff bony structures meet soft tissue [54].
This goes some way to explaining why ulceration often occurs in the deeper tissues
remaining hidden until infection is well established.

This form of analysis is not viable for monitoring at risk tissue due to the re-
quirement for detailed models of the foot topology and tissue properties together
with accurate high resolution data for all input stresses applied to the tissue to pre-
dict tissue failure. As tissue properties are unstable and prone to sudden change
in the diabetic foot, constant re-validation of the mechanical properties would be
necessary.

2.2.2 Pressure

Current studies investigating peak pressure (PP), peak plantar pressure (PPP),
peak pressure gradient (PPG), and pressure time integral (PTI) have attempted to
estimate threshold levels of stress that predict ulceration, however there is no con-
sensus on a viable threshold. Lavery et al.concluded that foot pressure is a poor tool
by itself to predict foot ulcers [63]. This may indicate the involvement of another
mechanism or mechanisms acting alongside pressure.

Other investigators have reported changes in FR pressure ratio in the diabetic
foot but noted that significant increases only occur in severely neuropathic patients
[38]. Significantly both, fore foot and rear foot pressures were increased in the mild
to severe neuropathic condition. No threshold values were suggested from this
study. As FR pressure changes during the course of the pathology but ulcers may
occur at any point, becoming more prevalent with disease progression, FR is also
unlikely to yield a single threshold value to predict ulceration.

Analysis of FR and PPG have also been investigated. PPG is defined as the spa-
tial change in pressure around the point of PPP, hence including some information
on pressure distribution across the whole foot. This is indicative of changes in local
stiffness of the tissue. As elasticity and pressure distribution will be affected this
could have a profound effect on the stress in the tissue.

Lott et al suggests that PTI may be useful in predicting ulceration in plantar
tissue but does not offer any definitive level where tissue damage can be usefully
predicted as significant overlap in the results occurred [64]. Yavuz et al found in-
creased PTI values in the diabetic foot compared to normal controls but no increase
in PPP [62].

Pressure is almost invariably measured using force cells with the assumption
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Figure 2.5: Shear Diagram.

that the actuating load is evenly distributed over the entire sensor surface. With
small sensor areas, typically 5 x 5 mm, this is a valid assumption but interfacing to
a high density sensor array is complex and expensive.

2.2.3 Force

To mitigate the overheads associated with interfacing a high density pressure sen-
sor array the use of larger format force sensors is proposed. Utilising a single sen-
sor under each point of interest to measure peak load will enable the gathering of
salient information in an economic manner. In this configuration where the larger
sensor area may or may not be in full contact with the sole of the foot surface only
force can be measured with certainty not pressure. Force sensing resistors are typi-
cally ≈ 0.2− 0.5mm thick, flexible and commonly available in a range of sizes from
�3.8 −�25.0mm from companies such as Tekscan [65] .

2.2.4 Shear

Shear stress occurs where one plane of a tissue sample is displaced laterally to
a parallel plane. In a three dimensional representation Figure 2.5 where shear is
exerted on a square section of material the sample tends towards a parallelogram.

Shear sensors work by measuring the lateral displacement of two parallel sur-
faces. There are a number of technologies available including piezo, capacitive
and strain gauge but commercially available gauges are all designed for measuring
surface shear [66]. The flexible thin film sensor system being developed by Piotr

20



Laszczak et.al. at the University of Southampton provides both pressure and shear
measurement for stump socket for amputees in a discrete conformable package
[67, 67]. This greatly improves the existing technology that is both bulky and rigid.

Many researchers have investigated the effect of surface shear on the plantar
tissue as current sensors are only capable of measuring this phenomena. Surface
sheer stress is largely caused by locomotion, however sensors of this type do not
measure the shear caused in the sub-dermal tissues due to static or dynamic loads
and as such are deficient. Mathematical studies have shown sub-dermal stress to
be of greater concern than surface shear, see Figure 2.6. Perry et al correctly stated
that shear is technically challenging [68]. This statement is important as there are
no direct measurement techniques that enable a sensor to measure shear in the sub
dermal tissues. FE models show this is not the site of maximum shear stress. Maxi-
mum shear occurs adjacent to the bony masses in the foot and does so primarily as
a response to static load as the elastic tissue tries to flow around the bone. As such
it is not possible to infer meaningful internal shear forces by resolving pressure and
shear at the surface. This would explain why mathematical modelling predicts that
shear is significant but empirical data investigating surface shear fails to provide a
useful metric.

The literature is contradictory with Yavuz et al observing higher shear stress
for subjects with diabetes compared to controls. In addition, the relative increase in
shear was greater than that observed for pressure [62]. In contrast, Lord and Hosein
[69] did not observe a difference in peak shear between subjects with diabetes and
controls. They did however observe significant differences under the metatarsal
heads; subjects with diabetes had lower magnitude of stress under the third and
fourth metatarsal, but higher stress under the first two metatarsals [69]. This may
indicate a reduction in the roll motion in the foot but maintaining the yaw.

2.2.5 Principle stress, combining the stress factors

An engineering perspective leads one to ask the question of how tissue is affected
by multiple stress sources acting simultaneously. The combination of all stresses
acting on a material is referred to as the principle stress which can be calculated
from either empirical or analytical data. By applying each stress to an appropriate
vector in a three dimensional vector model the resultant principle stress can be de-
rived. In a Finite Element Model see Figure 2.6 [54] this is estimated using the Von
Mises Criterion [70, 71]. This method gives a greater understanding of the stress
concentration in the tissues but does not generally differentiate between different
tissue types and does assume that the material is isotropic, though as discussed
earlier in Section 2.1.8 this is not the case for ’healthy’ tissue. However this method
does improve the understanding of the stress exerted on the foot and plantar tissue.
FEA can also give us a greater understanding of the effects of mechanical changes
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in pathological tissue but only for specific cases and is not suitable for real time
analysis. Currently there is no evidence that principle stress has been investigated
using empirical data for the diabetic foot.

Despite the fact that the plantar tissue experiences three dimensional loading
during gait, only the vertical component has been studied thoroughly. This may
be attributable to the fact that measurement of the horizontal or shear components,
anteroposterior (AP) and mediolateral (ML) is technically challenging and that the
subsurface stress is difficult to derive from the surface measurements.

Yarnitzy concluded“... that internal deformations and stresses in the plantar
pad during gait cannot be predicted from merely measuring the foot-shoe force re-
actions. Internal loading of the plantar pad is constituted by a complex interaction
between the anatomical structure and mechanical behaviour of the foot skeleton
and soft tissues, the body characteristics, the gait pattern and footwear” [72]. In-
vestigating simple stresses as has been done is valid if they act alone or the other
stresses are insignificant in comparison. Yavuz et al investigated the spatial rela-
tionship between peak pressure and shear, hypothesising that peak stresses in the
same area of the foot could lead to skin breakdown. They found that peak sites
were on average 2.4cm apart, and observed no significant difference between dis-
tance for subjects with diabetes and controls. It was, however, highlighted that two
out of the 10 subjects with diabetes had peak shear and pressure in the same area,
compared to none in the control group of 38 volunteers without diabetes [73].

The stresses depicted in Figure 2.6 are the FEA outputs for the stresses incurred
during a typical gait cycle. This model assumes that the soft tissues are isotropic
and as such does not investigate the limiting stress of each tissue. To estimate fail-
ure, each soft tissue would have to be modelled and analysed against a known safe
limiting stress. However, this model is useful to elucidate the absolute stress across
the plantar aspect and connecting tissues. It should be noted that the maximum
stress (0.31 MPa) occurs under the 1st metatarsal (B & E), however significant stress
(.15 MPa) occurs under the 5th metatarsal (F). The stress shown between the 2nd
and 3rd (D & C) metatarsal heads at 0.1 MPa is not supported by bone so is largely
due to static shear. This internal static shear is not measurable by surface mounted
shear sensors.

Chen et al noted that the peak stress occurred where the soft tissue interfaced
with irregular bony tissue under the metatarsal heads [54]. Petra also noted the
same phenomena and also that the fat pad helped to distribute the load [74]. This
is broadly in line with Gefens findings which predicted significant stresses under
glycation stiffened tissue under the 1st and 2nd metatarsal heads [55].

Gu et al assessed the role of heel skin stiffness in ulceration using an FE model.
The model predicted that an increase in skin stiffness resulted in slightly increased
skin stresses, while softer skin caused a change in pressure distribution [75]. Thomas
et al used an FE model to compare controls and subjects with diabetes. They re-
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Figure 2.6: FEA model Von Mises stress at the metatarsal heads. This model presents stress and the
stress concentrations experienced by the tissue. The soft tissue is assumed to be isotropic
and therefore this model does not express the stress as a function of the local limiting
stress [54].

ported that non-uniform hardening of the sole of the foot and decreased tissue
thickness, as seen in subjects with diabetes, led to increased inter-facial stresses
[47].

Yarnitzky et al attempted to overcome the complexity of whole-foot FE models
by applying the method only to areas of the foot of most interest. The method
coupled analytical modelling of the whole foot with FE analysis of the heel and
metatarsal heads. This simplification allows for real-time analysis when used with
force sensors. Use of this method is relatively limited as the paper reports use on
only four subjects. The model suggests that internal deformations and stresses in
the foot cannot be predicted from foot-shoe/ground interactions alone, nor from
anatomical characteristics alone [72]. It should be noted that this method can only
work where an accurate model of the patient‘s foot and plantar tissue is available.

All of the above studies suggest that the material properties and morphology of
the tissue play an important part in predicting tissue stress accurately. However, an
accurate foot model for each patient would be costly to produce and would require
regular review where active pathology is present.

Existing sensors that measure surface loading are incapable of measuring the
at-risk tissue directly. The use of these sensors is a pragmatic attempt to monitor
the subsurface stresses, even though there is general agreement that this is not a
practical means of determining deep tissue stress.
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Figure 2.7: S-N curves for Steel & Aluminium. Fatigue affects differ by material type and condition.
In the cases shown the steel effectively has an infinite life if exposed to a cyclic stress of
less than 300MPa, whereas the aluminium has no verified fatigue limit.

2.2.6 Fatigue - the measure of accumulated damage

The ultimate stress that a material in a structure is capable of withstanding is rarely
of interest as this represents the single cycle stress required to cause failure, fatigue
is almost invariably the factor of concern. Fatigue is the measure of the accumu-
lative damage incurred by a structure over a number of load cycles. The estima-
tion of failure is usually accomplished with the use of Stress Number of cycle (S-N)
curves. These estimate the number of cycles that a material can tolerate for a partic-
ular magnitude of the applied stress. Consider the S-N curves shown in Figure 2.7
the aluminium 2014-T6 could be expected to fail at around 1x106 cycles for a repet-
itively applied load of 260 MPa.

In certain critical structures strain relief or annealing is performed to normal-
ize the stresses prior to, or even after, commissioning. In living tissue this would
be analogous to recovery time or resting. Thus, if fatigue was considered to be
the source of a problem, it is possible that a relatively simple no-decompression
model could be used to manage the tissue status and ensure tissue was maintained
within manageable limits. Decompression modelling estimates the maximum level
of work that could be under taken without damage being done; when a threshold
is approached a warning to cease the activity with a required period of rest is is-
sued. Though there may be merit in this approach, studying the potential benefits
of these is beyond the scope of this research.

Looking at the load or stress applied to a material alone is not particularly en-
lightening and so far we have seen much research on PPP, PPG, PP etc. but fatigue
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remains poorly investigated. A few researchers, including Yavuz [62], have stated
there would be merit in investigating fatigue failure of the plantar tissue. Yavuz
suggests this should relate to shear. Hall & Brand observed that moderate stresses
can be responsible for tissue breakdown [61, 76]. Moderate applied stress is often
observed where fatigue is the underlying mechanism of failure so this statement
alludes to fatigue rather than stating it is the problem directly. In an observation
made in 1979 Maluf and Mueller used the product of PTI and step count to de-
termine cumulative plantar stress over seven successive days for similar groups.
Though not strictly fatigue they did suggest that under use of the limb contributes
to muscle atrophy and consequently increased soft tissue stress at lower cycle count
and lower accumulative tissue stress, accumulative stress being fatigue [58]. For a
study of this nature to be valid, measurements of actual loads applied to the tissue
over time would be necessary, with a means of examining tissue state before and
after testing.

2.2.7 Temperature, homoeostasis and infection

Environmental temperature and the body‘s response to it is important for the main-
tenance of homoeostasis. Skin is the main thermoregulation organ of the body
with the vasculature being functionally and anatomically central to effective ther-
mal control. As temperature rises in the body, shunt flow increases near the skin
surface promoting radiative and evaporative heat loss. Diabetic pathology can af-
fect this mechanism, making it a useful metric for monitoring the foot.

Flynn, Edmonds, Tooke and Watkins demonstrated that shunt flow is increased
in the feet of diabetic patients (14 participants) with neuropathy compared to the
control group (14 participants) [77]. Edmonds states mean temperature in the neu-
ropathic foot as 33.5◦C compared with 25.8◦C in control subjects [78]. It is expected
that measuring bilateral skin temperature in a worn device would enable viable
ulcer detection. Bharara et al noted that the neuropathic foot had a delayed ther-
mal recovery after cold or warm water immersion, when compared to healthy feet
[79, 80]. By comparing local temperature to environmental temperature and calcu-
lating heat flux a useful measure of energy usage can be obtained as done in the
SenseWear armband [81]. Consequently measuring skin temperature at multiple
sites and environmental temperature can be expected to provide useful informa-
tion on long-term tissue status. Where a step response in ambient temperature
occurs it may be possible to estimate the pathological status.

Skin temperature is also a useful analogue for infection or pathological change.
If the same sites are compared bilaterally it has been found that a ∆T of 2.2◦C(4◦F )
is a reliable indicator of infection according to Lavery et al [21]. This is usually
measured daily or twice daily by the patient or carer over 6 -10 sites on the sole of
each foot with non contact IR thermography with manual comparison [19]. Arm-
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strong also noted that ∆T was also an effective indicator of the pathology with
Charcot neuro-arthropathy and neuropathic ulcers having distinct characteristic
∆T of 4.6◦C(8.3◦F ) and 3.1◦C(5.6◦F ) respectively [20]. Thus temperature is a sim-
ple quantitative measure for incorporation in the multi sensor device.

2.2.8 Activity/Acceleration

Activity in the diabetic patient is known to decrease over time exacerbating mus-
cular atrophy and increasing the likelihood of stress related damage to the plantar
tissue. Little is known about the actual activity levels that people with diabetes
experience in their daily lives and most methods of ascertaining this are unreliable,
e.g. self-reported questionnaire. Only Valletta et.al. have measured the energy ex-
penditure and related glucose level in those living with type 1 diabetes [82]. This
is a small study, 23 people for 12 days that offers some quantitative insight into the
lifestyles of the study group utilising the SenseWear armband in a physically active
cohort.

Activity levels and patterns can be approximated using accelerometry devices
ranging from simple step counters to multiple-axis accelerometers. Measuring this
parameter offers a means of evaluating fatigue due to stress cycles together with
pressure/shear and an improved understanding of activity levels in those being
treated for diabetes. To be effective this needs to be undertaken in-vivo in the free-
living environment [83]. Lau and Tong have investigated this technology for event
identification [84] vertical acceleration range of 1.0 − 3.2g was measured for a non
pathological group (n =3).

Monitoring gait utilising single or multiple accelerometers could be employed
to enable the analysis of impact load, fatigue and levels of activity in both daily life
and the longer term. With the addition of suitable haptic feedback it is probable
that the use of an electronic surrogate neural path could help to reduce applied
stress by informing the wearer of impeding or actual damage to the tissue [85].
Placement of accelerometers and gyrometers is technically less challenging than
pressure or force sensors in the sole of the shoe where electrical conductors are
constantly being flexed. Effort should be made to approximated pressure or force
from accelerometery data.

2.2.9 Blood pressure and pulse

Blood pressure and pulse are important diagnostic factors in the diabetic foot as
both macro and micro-circulatory vessels are affected by the pathology. Measuring
the pedal pulses allows the estimation of arterial sufficiency and adequacy of blood
flow to the microcirculation. Large artery dysfunction is often observable prior to a
diagnosis of diabetes and progresses over time [86]. Microvascular function is also
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important in the diabetic foot as microvascular rarefaction and increased arteriove-
nous shunting restricts oxygen and nutrient transport at the cellular level [86]. This
reduction in metabolite and oxygen transport is exacerbated in the plantar tissues
due to pressure and shear dependent occlusion of the vasculature.

The effects of ischemia in the plantar tissues and its links with ulcer develop-
ment have not been extensively researched. This is primarily due to the historical
difficulty in measuring ischemia in vivo and particularly in the free-living envi-
ronment. Cobb and Claremont compare three different techniques for assessing
microvascular function; laser Doppler as discussed in section 2.2.10, measurement
of transcutaneous oxygen tension, and near infra-red spectroscopy [34]. Yudovsky
et al have demonstrated the use of hyper-spectral tissue oximetry to retrospectively
assess risk of ulceration[87]. This technique, as presented, is only viable in the clin-
ical environment due to size of the equipment required. It remains to be seen if this
approach could be adapted for utilization in a worn device.

Photoplethysmography (PG) is a simple, cost effective, non invasive technique
for monitoring blood volume changes, blood pressure, oxygen saturation, heart
rate assessment of peripheral circulation and large artery compliance and assess-
ment of autonomic function [88]. Although not fully developed, examination of
blood flow in a tissue under test appears to have potential for elucidating the effect
of environmental effects on plantar tissue. PG potentially allows the investigator
to examine ischemia and recovery in the plantar tissues caused by standing and
perambulation.

2.2.10 Blood perfusion

Blood perfusion is a measure of the amount of blood passing through a particular
tissue sample. There are many mechanisms that affect blood perfusion in all tissues
but the skin and sub-dermal plantar tissues are of special importance in the diabetic
foot.

Blood is a complex fluid that has evolved to carry oxygen and metabolites, per-
forms an important first response to injury and acts as a heat transfer fluid to cool
the body amongst other functions. The control of blood flow to the tissues is an
important and delicate task and consequently one prone to disturbance. Neuropa-
thy may cause disturbances to the ANS and hence control of blood flow, while
micro and macro vascular disease presents challenges to the maintenance of the
blood supply to tissues. This may take the form of high perfusion levels indicat-
ing ANS dysfunction or occasionally proliferation of capillaries, causing elevated
shunting from arteries to veins. These problems are exacerbated by loss of sensa-
tion preventing the patient noticing temperature change or numbness caused by
pressure-induced ischemia.

Laser doppler flowmetry (LDF) is a technique that indicates relative perfusion
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within the tissue being measured, as opposed to flow [89]. It is an effective measure
of red cell velocity and concentration in a tissue sample over time but not absolute
blood flow. Cobb and Claremont investigated the use of LDF in a worn environ-
ment [90]. In their testing it was possible to determine differences in capillary re-
fill time for non diabetic, diabetic with DPN and diabetic with PVD. However
this technique is prone to movement-induced error so care must be taken when
analysing results from a worn device and may even preclude using LDF in a worn
device if movement artefacts cannot be ameliorated. Cobb and Claremont state that
it is only possible to measure without movement artefacts within the swing phase
of gait.

2.2.11 Humidity

Humidity and moisture is known to have deleterious effects on the feet even caus-
ing trench foot in healthy individuals in extremis. Moisture causes a reduction in
tissue strength, changes the elastic properties and enables softening of the tissue.
This increases the probability of mechanical damage or microbial infection. With
the accessibility of small, cheap, reliable humidity sensors this parameter can be
readily measured.

At the other extreme dry skin such as seen in diabetic foot disorder [50] is prone
to cracking allowing the ingress of infectious agents. With in-shoe humidity being
related to the evaporation of sweat it is possible that humidity monitoring could be
a useful non-contact surrogate for GSR to estimate skin moisture or vice versa.

2.2.12 Bioimpedance

Bio-impedance measures a biological tissues ability to impede or conduct AC. Liv-
ing tissue conducts electricity through ionic conduction utilising free ions in the
intra and extra cellular fluids as charge carriers. Where there is a continuous elec-
trical pathway, the extra cellular fluid DC and AC. can flow being measured as
a resistance. However, the intra cellular fluid is electrically isolated from the ex-
tracellular fluid (ECF) by the plasma membrane making it capacitively coupled
to any current flow. When the frequency of the current increases this intracellular
fluid (ICF) becomes capacitively charged and discharged allowing a second current
path to become available. This pathway can be explicitly examined as the result-
ing conduction has a phase lag due to the capacitive charge – discharge cycle. The
concentration and type of ions, cross section, length and balance of pathways affect
the impedance measurement.

This analysis technique has proven effective as a measure of body composition,
the identification of various forms of malignancy [91, 92], monitoring fluid balance
of dialysis patients [93], investigation of dental caries [94], diabetic skin condition
[95] and a number of other conditions.
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Figure 2.8: Cell Plasma Membrane structure. The hydrophobic fatty acid chains and hydrophilic
polar heads create an electrically insulative membrane between the extra and intra cellular
fluids. Reproduced from https://www.dreamstime.com

The cells of soft tissue are bounded by a plasma membrane, Figure 2.8, where
the fatty acid chains forming the mid structure are hydrophobic in nature and con-
sequently ensure the ICF and ECF are electrically separated. The ECF is present
throughout most of the body, though only having nominal presence within the
bone and epidermal tissue, constituting a continuous conductive pathway through
the body. The transmission of electricity within biological samples is ionic, mean-
ing that the electric charge is carried by anions (-) and cations (+) within a given
solution, hence resistance/impedance is proportional to the concentration of the
solution. The resistance of each tissue is proportional to the cross-sectional area,
ionic concentration and the length of the electrical path.

The electrically isolated fluid bodies can be modelled as a capacitance and in-
vestigated via electrical frequency, or bio-impedance analysis. By comparing the
frequency response of a tissue or tissues over a known range, usually 0Hz−1MHz,
various pathologies can be identified due to characteristic changes in the ICF/ ECF
as functions of volume and ionic concentration (see figure 2.9 & Figure 2.10 for the
schematics of the single cell & single tissue conductive pathways). Figure 2.9 de-
picts the equivalent electrical pathways of electricity passing around and through a
cell. Pathway Re represents the purely resistive pathway of the extra cellular fluid,
Rm represents a leakage path through the cell membrane largely due to the trans-
membrane ion channels. Cm represents the capacitance of the cell being measured.
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Figure 2.9: Single Cell bio-impedance diagram with superimposed electrical equivalence diagram.

Figure 2.10: Single tissue bioimpedance diagram defining resistive and capacitive pathways with
equivalent electronic circuit.
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Figure 2.10 depicts the effective electrical circuit through a single tissue. Resis-
tanceRE is the resistive path through the extracellular fluid. Rl is the resistive path
that charges capacitance Cm. Cm is a simplified model ignoring the leakage path
shown in Figure 2.9.

As discussed in section 2.1.11 the body‘s primary response to trauma is the
inflammatory response. Extravasation changes the balance of intra/extra-cellular
fluid in the tissues and hence the resistor capacitor (RC) network balance. By
analysing the tissue over a known frequency range changes in the ratio of capac-
itive and resistive power conduction can be measured, which indicate changes in
the tissues being measured. Changing the pitch of the electrodes to control the
depth of penetration achieved by the injected current, allows the investigator to
target particular tissue volumes of interest.

As demonstrated by the application of a capillary refill test, soft tissues become
ischemic under the application of stress above a threshold level and re-perfused
with blood on relaxation of the stress [96]. This process can be altered by dia-
betic pathology where peripheral arterial occlusive disease (PAOD) reduces the
systemic response to physiological stress [97]. As has already been discussed, the
reduction in exercise that most people with diabetes experience has a deleterious
effect on the plantar muscles causing an increase in stress for other tissues. It is
likely that bioimpedance will give insight into the tissue condition, enabling the
optimisation of remedial action. Analysis of the data from instrumented insoles
will identify the critical parameters and measurement techniques required to utilise
this measurement technique.

Electrolytic conduction

Conductance (S) is the accepted measure for liquid electrolytes and is the reciprocal
of resistance

S =
1

R
=
I

V
(2.1)

As the measured conductivity is dependent on the geometry of the fluid volume
being measured it is necessary to normalise this against a cell constant (K). The cell
typically consists of two plates each with an area (A)1m2 placed (d)1m apart. This
assumes a totally enclosed cubic volume of 1m3 with no field effects outside that
volume.

K =
d

A
(2.2)

σ = S ∗K =
S

m
(2.3)
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conductivity = σ, cell conductance = S, cell constant = K

Typical values
Tissue S/m Ω/m

Blood 0.7 1.43
Muscle 0.05 – 0.4 20 – 2.5
Bone 0.005 – 0.06 200 – 16.7

Skin – wet 10-5 10,000
Skin – dry 10-7 100,000

Table 2.2: Typical values of conductivity

For a GSR test, DC is applied between two exposed areas of epidermis and the
resistance measured between the two points. The current flows through all tissues
between the two contact areas with the resistance measured being the sum of all
resistances in the current path. As can be seen from equation 2.2 and equation 2.3
the typical values of resistance using the muscle as the conductive path we can see
that even 1m of sub-dermal muscle tissue of 100cm2 section a resistance of 0.25 –
2.0 kΩ would be expected. For two layers dry skin of 100cm2 each 0.5mm thick
1000kΩ or 10kΩ for wet skin would be expected and 10x these values for dry skin.
The skin is the major contributor to resistance of DC and other resistances can be
largely ignored as a result.

Electrical safety

Applying a current source to any living body needs to be undertaken with extreme
care. Where a current is passed across the chest, e.g. from left to right arm, a current
of 18 − 22mA can cause contraction of muscles and cessation of breathing. Increas-
ing this to 22 − 75mA disruption of the heart and between 75 − 400mA ventricular
fibrillation may be induced. Paradoxically currents higher than this are considered
less dangerous, following removal of the current source as less permanent damage
is caused to the heart and normal operation can be regained [98].

The IEC 60601 directive [99] provides best practice electrical design guidance
for medical devices. This provides a safe patient applied current limit for an ex-
ternally applied current of DC 10µAand AC 100µAfor both earthed and floating
applications.

2.2.13 Electro Dermal Response (EDR)

Most bioimpedance measurements are interested in tissues deep in the body, the
heart, lung, fat, neural systems etc. which have weak signal strength hidden be-
hind the highly resistive stratum corneum. To successfully undertake these mea-
surements it is normal practice to overcome this high resistance with the use of
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wet electrode technology, the stripping of the layer of skin known as the stratum
corneum Figure 2.3 or micro-needle electrodes that pierce this outer layer thus elec-
trically bypassing the skin resistance. The electrodermal response however specifi-
cally investigates the response of the skin as a useful metric in its own right in the
form of changes to resistance or changes to the µV emitted by the skin over time.

Féré (1888) was the first to suggest the existence of the electro dermal response
(EDR), utilising an exosomatic method, which is linked to sweat gland activity in
the skin and proven by Fowles (1986). As sweat is primarily a conductive solu-
tion of NaCl in water and the sweat glands pass through a highly resistive layer of
tissue, the epidermis, it is possible to measure changes in both exosomatic, from ex-
ternal source, and endosomatic from internal source, current via the electrodermal
response. The former is regularly utilised in the more familiar form of GSR.

Goadby and Downman utilised GSR and plethysmography to demonstrate that
the vasomotor response reflexes where significantly impaired in diabetic patients
with neuropathy [100]. Shahani et.al. [101] utilised EDR to investigate the sympa-
thetic skin response in unmyelinated axon dysfunction in peripheral neuropathies
and found that the response was completely absent in axonal neuropathies.

Galvanic Skin Response (GSR)

The Galvanic Skin Response utilises exosomatic DC to investigate changes in skin
resistance (R) over time. This can be achieved by either inducing a fixed current
(I) to flow through the skin and measuring the resultant voltage or by employing
the subject to be measured as one half of the divider, then measuring the resul-
tant voltage over the skin the resistance can be inferred according to equation 2.4.
The resistance of a component can be calculated if the current flowing through it
and the voltage drop measured across it are known. By measuring or calculating
the voltage drop across a known resistor we can calculate the current flowing in
the circuit. It can also be demonstrated from this equation that as the current is
constant through the circuit, each resistance is directly proportional to the voltage
drop measured across it, hence the ratio of voltages measured across each resis-
tance is proportional to the ratio of resistances. From the drive voltage applied (5V
Figure 2.11) and having a known reference resistance the whole body resistance
can be calculated. GSR has been widely utilised as a measure of physiological
and psychological arousal over many years, primarily due to the simplicity of the
device[53, 102]. This methodology is further investigated in chapter 4 and in com-
bination with other sensors in the SenseWear armband utilised by Valletta et.al. for
the estimation of daily energy expenditure [103].

R =
V

I
(2.4)
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Figure 2.11: GSR circuit for the foot

Endosomatic investigation

The second EDR technique is the measurement of endosomatic voltages emitted
through and by the skin. These exist in the range of −70 to +10mV (measured
from the middle palmer aspect of hypothenar eminence, referenced to the anterior
forearm)[104]. Though these measurements were first introduced by Tarchanoff
(1889) and are known to have similar properties to exosomatic measurements their
interpretation is not as well understood. This method of measurement however,
does not suffer from polarisation complications common to GSR as there is no re-
quirement for an externally applied current and the endosomatic current is insuffi-
cient to cause polarisation.

Human sweating has three main functions, thermoregulation, emotional re-
sponse and the release of pheromones [105]. Thermoregulation is the most im-
portant function as it is necessary to maintain homoeostasis. Together with va-
sodilation, sweat released by the eccrine sweat glands evaporates releasing heat
from the body and lowering the core temperature. These sweat glands produce
sweat formed primarily of water and NaCl that is odourless and colourless. The
second function, Emotional Sweating is a stress response and is most evident on
the palms and soles, which serves to increase friction, reducing the likelihood of
slipping when running or climbing in a stressful situation. Eccrine sweat glands
are distributed over the body at an average density of 200cm−2 (though this varies
from 65 − 700cm−2) being at a maximum density on the palmo-plantar aspects.

The action of the eccrine sweat glands is mediated by the sympathetic nervous
system, a subset of the ANS, and to a limited extent by adrenergic control. This
infers that endosomatic investigation would be of use as a means of monitoring
ANS however, though the voltages stated above can be measured in the labora-
tory, doing so in a dynamic environment would be extremely challenging due to
movement artefacts and electrical noise pollution.
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2.2.14 Acoustic impedance

Acoustic impedance is a useful measure of a material’s resonant frequency, elas-
ticity and damping characteristics. These change as a function of hydration, scar
tissue formation and tissue density. These changes are fundamentally the embodi-
ment of the mechanical degradation of the tissue and are directly observable in the
tissue [44]. Quintavalle et al concluded from a study of 119 patients that high res-
olution ultrasound was a viable means of monitoring the soft tissue changes due
to ulceration. They also noted that although subdermal oedema was detectable via
ultrasound before any visible changes in the external tissues could be seen, dermal
oedema was only present with subdermal oedema [106]. From this they concluded
that the inflammatory response, originates within the deep tissues rather than from
the surface. This insight directs the investigator to consider the measurement of the
deeper tissues of primary importance where traditionally surface conditions have
been considered. It is also likely that complex stresses are involved in the initial
tissue insult which would be difficult to monitor/deconvolve from surface inputs.

Acoustic impedance, in the form of ultrasound, is often utilised in the diagno-
sis or monitoring of conditions relating to changes and lesions in soft tissue from
pregnancy, gallstones, kidney disease and monitoring diabetic skin [106, 107, 108].
However, there are some concerns with the long-term use of ultrasound arising
from the heat generated in the tissue being studied and the generation of cavitation
in the tissue [109]. This would suggest that this technology should be used spar-
ingly, or at a frequency that drastically reduces these side-effects. Another possibil-
ity would be to measure the propagation of sound generated by the act of walking
though this has not been done before.

One matter of practical concern for the continuous/long-term application of ul-
trasound is the necessity to use an impedance matching gel to ensure the effective
transmission of sound to and from the tissue. This would be an unacceptable im-
pediment to the use of this technology so any application of this technology would
have to work with dry contact with the foot and in an acoustically noisy environ-
ment. These concerns may prevent the use of this technology in a worn device for
use in the free living environment and in the application area considered in this
thesis.

2.3 Modelling pathology as a system

In the field of control engineering there are traditionally two methods of modelling
an observable process, the mechanistic and black box methodologies. In the mech-
anistic approach the process is modelled on the laws of nature controlling the sys-
tem for example the temperature resistance curve for a thermistor allows one to
calculate temperature from resistance directly. In a black-box model the behaviour
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Figure 2.12: General model of foot homoeostasis showing the complex inputs to the foot status. Some
are known and/or measurable while others are not. The unknown factors are confound-
ing factors for accurate predictive models.

is characterised against known inputs and outputs without reference to the actual
process, for example measuring an ulcer temperature at 33.1◦C is an indicator of
Charcot-neuro-arthropathy but the mechanism for this is immaterial to the sensing
mechanism.

A black box approach is useful in observing biological systems, particularly
where the mechanism is poorly understood such as the diabetic foot as valid infer-
ences can be made from abstract measurements. Figure 2.12 presents a simplified
model where inputs and outputs are subject to disturbing influences of process
and material properties. While we may not yet understand the process certain
measurements or more likely groups of measurements may predict the outcome of
the process. Where all the influences are understood and characterised with a rel-
atively simple mechanistic model can often be derived. Where this is not the case
a black box model may be used to good effect. This approach may be necessary as
our knowledge of the process is simply too immature to develop the mechanistic
model or because the mechanistic model is too complex to be practical.

The aim of this research is to be able to predict tissue breakdown in the diabetic
foot in the free-living environment in a timely manner. To be robust this must take
into consideration factors that can not be defined or even predicted in advance.
Consequently a solution relying on the sensing of inputs can never fulfil this role
so it will be necessary to employ sensors for the estimation of skin condition against
measured parameters both individually and in concert.
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2.4 Haptic feedback

Morley et al proposed supplying feed-back from their data acquisition system
in 2001 though there is little evidence of this being investigated at present [110].
Providing haptic feedback, meaning to touch, directly to the patient in a timely
manner has the potential to ameliorate some of the effects of sensory neuropathy
[111]. Implementation via mechanical resonance or direct electrical stimulation to
a suitably enervated site has potential to provide a surrogate sensory pathway.

Some patients with advanced neuropathy are currently able to walk, however,
they exhibit a characteristic pathological gait where increases in foot pressure to
both fore and rear foot progresses to a change in forefoot/rear-foot pressure ratio.
Providing a surrogate feedback system enables the investigator to explore tech-
niques of reducing foot-fall stress in fully neuropathic patients. Timely haptic feed-
back offers the potential to investigate and possibly restore gait in a novel manner.

2.5 Summary

In 2011 Ewings reported, “There is a lack of prospective, longitudinal studies”.
Many studies are retrospective and consider differences between subjects with dia-
betes and controls, or those with a history of ulcers and controls. Such studies will
not reliably inform about the causes of ulceration, and may fail to take into account
the effect ulcers have on any observed differences [7]”. This remains true today.

There is a paucity of studies employing continuous measurement, with most
analysis based on a small number of steps. Furthermore, measurements are gener-
ally taken in a clinical environment and are not necessarily relevant to free-living
conditions that subjects routinely experience. Devices for measuring pressure in
free-living conditions, such as F-scan [112], are very cumbersome and far from ideal
for use during normal activities.

A number of variables are associated with ulceration, although no single vari-
able appears able to predict ulcers with accuracy. In particular, no thresholds ex-
ist that are able to predict ulceration with sufficient sensitivity and it is unclear if
changes in properties of the foot, over time, could be used to predict future ulcera-
tion.

It appears that plantar surface pressure is unable to predict internal stresses,
and hence its use as a surrogate for internal trauma is limited. Measuring shear
has proved difficult and there is only limited information regarding the association
of shear with ulcers. Measuring temperature, as a surrogate for inflammation, has
proven effective in reducing ulcers in two studies. Measuring pulse strength, blood
pressure, tissue perfusion and oxygen saturation are useful metrics for understand-
ing tissue viability as are monitoring of the mechanical changes in the tissue.

Examining the tissue with multiple sensing modalities and investigating inter-
dependencies in the data is a logical progression of the existing research. The work
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reviewed above is important in three main areas. The first, investigating estab-
lished analysis techniques and practices used in the area of study. Secondly, it is
possible to elucidate where there is a paucity of research at this point, for example
in the examination of tissue fatigue data or the availability of data from the free-
living environment. Finally, the specification of the sensing device to be designed,
relies heavily on the work of others, as without this it would not be possible to de-
fine the sensing modalities required, the useful ranges, acceptable tolerances or the
temporal requirements of each sensing modality.

In the next chapter a new multisensory device will be discussed that is capable
of obtaining longitudinal data in the free-living environment with multiple sen-
sors. This device will be utilised to investigate the foot and in shoe environment.
Test data gathered will be utilised to investigate interdependencies in the measured
phenomena and elucidate the mechanisms of tissue failure in a manner that will aid
prediction of failure and/or detect early stage failure.
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Chapter 3

Sensing at the foot, sensor
selection and specification

3.1 Introduction

Currently there are no composite devices available that can address the sensing
requirements of this study, necessitating the design of a bespoke multi-sensor plat-
form. This chapter will establish the necessary sensor ranges, resolutions, and ac-
curacy required for the complete sensor set. Sensors will be chosen and sample
data gathered for later incorporation into a multi-modal in shoe sensing ensemble.

Existing lab based gait analysis tools, such as Tekscan and AMTI force plates
[112, 113, 114] have stood researchers in good stead over the past decade, however,
they are cumbersome and not suitable for use in the free-living environment. These
devices concentrate on measurement in an artificial (laboratory or clinical) environ-
ment. Expanding the number of measurement metrics will change this paradigm.

With recent developments in miniaturising microprocessors, sensors, battery
technology and data storage coupled with low power wireless technology, such as
Bluetooth, BtLE, ANT and ZigBee unobtrusive wearable sensing platforms have
become feasible. The open source technology community has made embedded
processing accessible to a wider audience than was possible even ten years ago.
With the advent of low cost single board computers, such as the Arduino [115],
Raspberry-Pi [116] and Beaglebone [117] it is possible to develop low cost/low
power sensing solutions in a timely manner.

Some valuable work has been done by Cobb and Claremont [34, 80, 90, 118]
amongst others, covering temperature measurement, plantar blood flow, microvas-
cular function and pressure sensing for monitoring the diabetic foot in wearable
devices. This is showing a clear move towards multi-sensor devices that can be
used easily in the free-living environment. Others such as Segeve-Bar [119] have
concentrated on the problems of designing and implementing wearable systems.
Nahapetian et al. [120] have done much to develop the field of wearable sensors
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in recent years and techniques such as printable flexible circuits, sensors mounted
in clothes, low power electronics including an orthotic shoe combining measure-
ments from a thin film force sensor and an accelerometer have been utilised [121].
Chan et al [122] have shown that the supporting technology for smart wearable
sensors is maturing and this offers opportunities to health monitoring in the living
environment.

This chapter will present the rational for selection and validation of sensors for
use in the skin health sensing platform, together with the development of the sen-
sor interfacing system. Sensor interfacing, output, robustness, resolution and accu-
racy will be validated here to ensure suitability for integration into the composite
device.

3.2 Data aquasition

3.2.1 The Arduino Micro-controller

Having defined the parameters of interest it is necessary to select a micro-controller
with which to gather the data and transmit it to a host device. There are many em-
bedded processors available that could be used to implement the control and inter-
face for these sensors but the Arduino is a pragmatic choice of cost, functionality
and available code base with on-chip I2C, analogue to digital converter (ADC) and
serial output capability in a small form factor. With a large user group with exten-
sive software libraries, though intended as a teaching aid it has also become a use-
ful embedded prototyping tool. The Arduino family of devices provide a pre-built
host environment for a specific embedded processor, complete with power sup-
ply, timing crystal, universal serial buss (USB) programming interface in a plug
and play package which significantly reduces development time. Thanks to the
Arduino project started by students at the Interaction Design Institute Ivrea 2005
the Arduino Nano, shown in Figure 3.1, embedded processor board is available.
This is an 8bit microprocessor running at 16MHz with 8 x 10bit analogue to digital
ports, 14 digital pins, 1 UART (Serial port), I2C interface and USB programming in
a package 0.73 x 1.70. This was used as the embedded processor which interfaces
with all the sensors listed in Table 3.2.

3.3 Sensor selection

The sensing requirements for each sensing modality are discussed in sections 3.4 to
3.13 with the measurement range, tolerance, resolution and units listed in Table 3.1
below. The sensor selection, Table 3.2, lists the sensors selected for possible inclu-
sion in the sensor set. Where available pre calibrated off the shelf systems such as
accelerometer, gyrometer, environmental humidity and temperature sensors where
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Figure 3.1: Arduino Nanao - single board computer used for inshoe and environmental monitoring.
Scale 1:1

selected, utilising the inter intergrated circuit serial buss (I2C). This allows plug
and play connection with pre-calibrated devices that are individually addressable
simplifying the programming requirements.The remaining sensors, pressure, force,
flex, skin temperature, heart rate, oxygen saturation and bioimpedance have ana-
logue output to the processors‘ ADC. These require signal conditioning and cali-
bration or validation.

3.4 Environmental monitoring

The environment in which the foot exists is an important consideration where we
are measuring sweat response and temperature, as such it will be useful to measure
both the macro and micro environment. To this end laboratory environment will
be monitored adjacent to the exercise surface, within 1.5m horizontally and 0.2m

vertically. In shoe environment will be monitored proximal to mid arch position
on the foot. The lowest humidity measured in the UK in the last year (2015) is 24%

[123]. As the device will be used in a shoe and hence a moist environment 30%

humidity is set as the lower limit with the upper limit of 100%.

3.4.1 Temperature

Environmental temperature will range from 15.0 − 35.0◦C ± 1.0◦ with a resolution
of ±0.1◦C. This is a practical limitation due to the sensor systems available in a
package suitable for embedding in the shoe. The same technology will be utilised
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Table 3.1: Sensor requirements summary table

Parameter
Range

Tol± Resolution Units
min max

Acceleration -4 4 0.01 0.001 g

Rotation -400 400 5.0 0.5 ◦ s−1

Force 0 150 5.0 0.5 N

Humidity in shoe 30 100 2% 0.2% %

Humidity of environment 30 100 2% 0.2% %

Temperature in shoe 15 35 1.0 0.1 ◦C

Temperature of environment 15 35 1.0 0.1 ◦C

Temperature of skin 20 40 1.0 0.1 ◦C

GSR 10 1000 10% 1.0 % kΩ

Bioimpedance gain -30 +30 1.0% 0.1 % dB

Bioimpedance phase -90 +90 0.1 0.01 ◦

for both external and internal environmental measurement.

3.4.2 Humidity

Measurement range will be 30−100%, resolution 0.2%, accuracy ±2.0% for humid-
ity. The choice of range is pragmatic in that they are the best available in a small
package and no reference data is yet available for this metric in shoe. This tolerance
is equivalent to the best electronic sensors only being exceeded by chilled mirror
dewpoint hygrometer (+/− 0.5%).

3.5 Acceleration

Acceleration will be measured below the lower end of the fibula. This provides a
convenient, prominent datum while reducing the risk of accidental sensor damage.
The measurement range will be a minimum of −4 to 4g, the anterior posterior ac-
celeration for a healthy subject under normal walking conditions will peak at 4g.
Resolution will be 0.001g, accuracy will be 0.01g, [84].

The MPU 6050, measuring acceleration and rotation rates is mounted just below
the lateral malleolus on the outside of the shoe to prevent impact with the opposite
foot while walking. This maintains consistency with other work in the field [124].
The accelerometer was set in the default state of ±2.0g with the on board digital
filter disabled to enable a short prototyping cycle and rapid validation. Implement-
ing then validating range and filters was only necessary after concept validation.
Data shown in Figure 3.2 demonstrates output from the accelerometer sensor veri-
fying that the data acquisition system capability. For the purpose of validating the
accelerometer operation ranges were left in the default state of ±2.0g with the on
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Figure 3.2: Sample in shoe accelerometer data demonstrating data capture of three orthogonal chan-
nels over wireless connection during perambulation. Note that the Y acceleration (vertical
acceleration in this instance) is cropped due to inadequate range in the default condition.

board digital filter disabled allowing rapid. Acceleration along the Y axis (vertical
in this implementation) is cropped at −2.0g requiring the range to be increased to a
minimum of ±4.0g. This sensor test data was taken walking on a flat level surface
at a volunteer selected speed for the purpose of sensor data collection validation.
The accelerometer was set with the Z - Y plane parallel to the floor with +Y point-
ing in the direction of travel on the right foot and against the direction of travel for
the left foot.

Validation of the correct accelerometer output was established by exposing the
accelerometer to +1.0g, 0g and −1.0g. This was achieved by fixing the accelerom-
eter to a cubic block and placing it on each face in turn. A plot of the output data
can be seen in Figure 3.3, note acceleration Z is deliberately offset by +2.0g. This is
discussed in greater detail in section 5.3.1.

3.6 Rotation Rate

Rotation rate will be measured at the same point between ankle and the ball of
the foot as acceleration that will provide a reliable datum for the foot and protect
the device from accidental impact. The measurement range will be a minimum of
±400◦ s−1, Lau and Tong measured this as the maxim rate of rotation, resolution
will be 0.5◦ s−1, accuracy will be +/ − 5◦ s−1 [84]. Morio [125] records plantar/-
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Figure 3.3: Accelerometer validation. Accelerometer fixed to a cube and rotated over all faces. ±1.0g
on each face verifies correct accelerometer operation. The plot of acceleration in the Z axis
is offset by +2g for clarity.

dorsiflexion of ±10 deg. This is in line with the motions recorded during system
testing. All three rotational degrees of freedom will be measured.

Data shown in Figure 3.4 demonstrates output from the MPU6050 gyroscopic
sensors, demonstrating stable angular acceleration output. Rotation rates were left
in the default state of ±250◦ s−1 respectively with the digital filters disabled for
simplicity of sensor validation. In Figure 3.5 rotational rate data in Yaw is clipped
requiring the range of ±250◦ s−1 to be increased to a minimum of ±500◦ s−1 for use
in the composite device. Filters will be set at half the data sampling rate to ensure
the Nyquist sampling theorem is satisfied.

Validation of the correct gyrometer output was established by rotating the gy-
rometer through 90 deg around each axis in turn. This was achieved by fixing the
accelerometer to a cubic block and placing it on each face in turn and integrating
the result with respect to time. A plot of the output data can be seen in Figure 3.4.
This is discussed in greater detail in section 5.3.2.
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Figure 3.4: Gyrometer validation. Gyrometer fixed to a cube and rotated over all faces. Integration
of output with respect to time yields the angle rotated. Note pitch angle failure.

3.7 Pressure

Pressure will be measured under the 1st and 5th metatarsal heads, the great toe and
the calcaneus protrusion, a total of four sensors. These sites have been selected as
being the primary load bearing sites and known high risk locations for ulceration
[14, 126]. The measurement range will be 0 – 0.3 MPa. Resolution will be ±0.5%,
accuracy will be ±5% which covers all peak pressures measured by Caselli in a
cohort of 20 healthy people [38].

Pressure is measured as a force on a sensor which is assumed to have uniform
loading over the sensing area. To measure pressure gradient over an area a number
of separate sensors are required with spacial resolution being a function of sensor
density which in turn is a function of sensor size. To do this under the sole of the
foot multiple small sensors are utilised, assuming minimal pressure gradient across
an individual sensor. Commercial sensor systems utilised in this field to measure
PP, PPP, PPG and PTI utilise a sensor pitch of 5.1mm in both X and Y directions,
equating to 954 sensels per foot on the standard insole [112]. Though accurate, the
high sensor density requires greater signal conditioning and processing require-
ments when compared to a smaller number of force sensors measuring peak force.
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Figure 3.5: Sample gyrometer data to demonstrate system data acquisition capability using the au-
thor as a test subject. This data is only used as part of the sensor prototyping. It is also
noted that the data is cropped as the default sensor range is inadequate for the desired
measuring task.

3.8 Force measurement

Few investigators have utilised force as a measurement, so selection of the mea-
surement range is derived from the pressure measurement above. The force is cal-
culated from the pressure and desired sensor size. Utilising a �25.0mm sensor at
300kPa would require a 0 -145 N calibration range (F = P · A). Resolution will be
±0.25N and accuracy of ±2.5N.

Initial validation of the force, temperature and forefoot flex was undertaken
with a proto-board circuit, see Figure 3.6, to validate the multiplexed sensor se-
lection. Sensors where driven at −0.257V with output multiplexed into an invert-
ing operational amplifier with Rf = 120kΩ in line with the manufacturers recom-
mended drive circuit, see Figure 3.7. No filtering was used at this stage with all
data being output in 10bit (0-1023) format. Sensor calibration is discussed in sec-
tion 5.3.4.

Force sensors, Tekscan A401 [127], were placed under the calcaneus tuberosity,
metatarsal heads and the pad of the great toe, see Figure 3.6 as discussed in section
2.2.3, which are sites known to be susceptible to increased loading due to diabetic
pathology. This acted as a surrogate for pressure that minimises complexity, power
and data requirements. Peak force may also better inform the investigator of the
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loads passed to the skeletal system.

Figure 3.6: Analogue circuit prototype board, for the investigation of force, temperature and forefoot
flexure

Force sensing resistors are designed to measure force rather than pressure. Only
force should be quoted if the area exposed to the force is unknown. Figure 3.8
demonstrates why this is important. In this experiment a force sensor, an A301
from TekScan, was exposed to a range of loads, using both a �5.0mm and a �8.0mm

load puck. Measuring sensor output with consistent force but varying surface ar-
eas/pressure as shown in Figure 3.8 demonstrates the sensor to be a force sensor.

Sensor output can be seen in Figure 3.9 where sensors mounted as described
above measure in shoe forces generated by perambulation. All force sensors pro-
vide clear signals, though resolution could be usefully increased. Force sensing was
chosen as the appropriate in shoe metric in lieu of pressure due to the simplicity of
interfacing and certainty of measurement as discussed in section 2.2.3.

3.9 Forefoot flex

Flex will be measured over the ball of the foot in the sagital plane. Measurement
range will be from 0 − 90◦ Resolution will be ±0.25◦ accuracy will be ±2.5◦. Cur-
rently there is no evidence of this being measured utilising in shoe sensors. Where
foot flex is observed it is done by eye or occasionally video.

The Spectra Symbol flex sensor was investigated as a means of monitoring the
forefoot flex. This sensor is 0.5mm thick with a nominal resistance of ≈ 10kΩ±30%
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Figure 3.7: Force sensor recommended drive circuit. Maximum recommended current = 2.5mA

Figure 3.8: Load area comparison, demonstrating that the load cell (Flexforce A301) works as a true
force cell not pressure. Measured using recommended circuit.

when flat and> 2 x flat resistance at a 180◦ pinch bend. Resistances were measured
over bend angles of 0, 30, 60, 90◦with formers of radiusR = 29.0, 25.35, 21.75, 16.06mm.
An adjustable gauge was manufactured see Figure 3.10 and setting repeatability
verified with a vernier protractor at better than ±1.0◦.

Initial testing revealed that the sensors were sensitive to changes in both bend
radius and the position of the bend along the sensor. The effects of these were in-
vestigated individually and in concert. The sensor manual stated that the tolerance
for the inter-sensor variability was ±30%.
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Figure 3.9: Prototype force sensor output for heal, great toe, first and fifth metatarsals of the left foot
while walking at 5.0 km h−1.

The single bend point (offset 54.0mm), single radius (R25.35mm) test shows
good repeatability of ±2.0 deg over seven cycles see Figure 3.11. This is within the
±2.5 deg required of the sensor.

As the ball of the foot may well change stiffness over the course of the day, the
effect of changing the bend radius was also investigated. Testing sensor response at
a single point with varying radii gives an error of ±5.0 deg as shown in Figure 3.12.
The flex centre of forefoot may change due to pathology compounded by in shoe
movement so it was also necessary to quantify the error due to movement of the
area of flex. Schepers et al. estimate heal centre of pressure varies by ±6.0mm (n
= 10) between individuals. As can be seen in Figure 3.13 the sensor output is not
consistent along its length with ±10◦ variation within 19mm. Due to these reasons
this sensor was note utilised in the final device.

This type of sensor has proven to be too inaccurate for further consideration as
part of this sensor set. However this remains an important source of data for foot
geometry and should be included if a relliabel sensor could be sourced. Alterna-
tively this angle could be inferred from other data where the hind foot angle could
be measured from accelerometery with first metatarsal/ great toe force being used
to confirm forefoot compliance with the ground.
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Figure 3.10: Flex sensor guage, with the theoretical corner set at 54mm from the base of the sensor
with a radius 25.35mm former.

Figure 3.11: Flex sensor repeatability. Sensor cycled over a single radius at the same point flex point
over 0, 30, 60, 90, 60, 30, 0◦. Error ±2.0◦
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Figure 3.12: Flex sensor variation due to bend radius. Error ±5.0 deg . test n = 1.

Figure 3.13: Flex sensor variation due to variable flexure point. Moving the point of flexure for a
given bend radius generates a large error in the order of ±10 deg. This is unsuitable for
monitoring foot flexure.
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3.10 Skin temperature

Skin temperature will be measured under the great toe, the metatarsal heads [126]
and calcaneus tuberosity. As the primary sites of infection in the diabetic foot
these are useful target sites to gather validation data. The measurement range will
be from 20 − 40◦C, resolution 0.1◦C, accuracy ±1.0◦C to ensure discrimination of
∆2.2◦C. Measurements will be repeated at a period of no greater than 10 seconds.
Temperature is expected to change slowly and as such presents no particular con-
straint on the choice of sensor. In shoe 15 − 45◦C Covill et al [128] shows that the
in shoe temperature is expected to be 4 − 5◦C above ambient at 15◦C ambient and
0.3−1.2◦C above ambient at 35◦C for a healthy foot. As stated above Armstrong [20]
also noted that ∆T was also an effective indicator of the pathology with Charcot
neuro-arthropathy having a distinct characteristic ∆T of 8.3◦ F. The sensor upper
limit will be set at 40◦C to accommodate this.

Skin temperature monitoring utilised a thermistor type 104 JT 025 from Semitec.
This was driven by the same circuit as the force sensors in 2.2.3 to validate sensor
operation. Figure 3.14 demonstrates a stable output though resolution could be
usefully increased. Thermistor temperature measurement was demonstrated to be
a suitable technique for monitoring podiatric skin temperature. Afoot discrimina-
tion of a ∆T = 2.2◦C. Armstrong et.al. [19] utilised the same device on both feet
so output must be repeatable within these bounds though absolute temperature is
not as important for a relative measurement. The protocol for sensor calibration is
discussed in section 5.3.5.

3.11 Heart rate

Heart rate will be mountable on the third or fourth toe or the ball of the foot to
measure ischemia. The measurement range will be 50 − 150bpm, resolution will
be ±1bpm, accuracy will be ±1bpm. Discussions with other investigators have
alluded to difficulty in getting reliable measurements of heart rate and SPO2 for
the sole of the foot in a dynamic environment.

The ‘Amped pulse sensor’ chosen for testing utilised a light reflection principle
where green light is directed at the tissue under test, while reflected light is mea-
sured with a high sensitivity photo diode. This technology is utilised where tissue
is to be monitored from a single direction or the bulk of a transmission sensor is not
acceptable. The photo diode output is low pass filtered to at 338 Hz and sampled
at 500 Hz while DC drift was removed with an auto scaling feature utilising the
max/min values of the previous 10 heart beats with signal dynamically re-scaled
to aid pulse detection. Output was via digital to analogue converter (DAC) 0−5V

centred around the mean output of 2.5 V(ADC512). Output from the device is a
time variant DC voltage, this is measured and processed by an external micro con-
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Figure 3.14: Protoype skin temperature sensor validation

troller, Arduino Nano in this instance. Output from the device is passed directly to
the Arduino.

Tests undertaken comparing this device to a propriety Contec pulse-oxy-meter
model:CMS50DL on opposing index fingers over a one minute test cycle agreed in
all cases within ±1bpm n = 10 tests, single volunteer.

Fitting the sensor to a shoe and testing in static and ambulatory modes revealed
a susceptibility to movement artefacts as shown in Figure 3.16. The device ac-
curately recorded heart rate in a static mode. However, the large increase in the
magnitude of the signal and the similarity in signal frequency prohibited effective
separation of the signals. As the signals could not be relied upon this sensor was
eliminated from the sensor selection.

3.12 Oxygen saturation (SpO2)

Ideally SPO2 would be measured on the third or fourth toe or the ball of the foot
to investigate ischemia in an area known to be a high ulceration risk. The measure-
ment range would be 80 − 100%, resolution would be ±0.5%, accuracy would be
±1.0% [129]. The reflectance technology used is the same as for heart rate and as
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Figure 3.15: In shoe pulse measurement

Figure 3.16: Static and ambulatory heart rate utilising light reflection technique. Heart rate is not
reliably discernible from ambulatory data.

such suffers from the same movement artefacts and was consequently eliminated
from the sensor suite.
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3.13 Bioimpedance

Bioimpedance will be measured over the ball of the foot to measure changes in the
tissue status at a single site where ulceration is likely to occur in the diabetic foot.
The measurement frequencies will be 100kHz 1MHz in 100kHz steps. Accuracy
will be ±1kHz. Phase measurement range will be 0 − 10◦, resolution will be 0.01◦,
accuracy will be 0.1◦, gain will range from 1:100 to 100:1 resolution will be 0.1%,
accuracy will be 1%. Capacitive coupling will eliminate the need for coupling gels
and the possibility of tissue polarisation, improving comfort and safety.

Figure 3.17: Bioimpedance sensor prototype on solder-less breadboard

A prototype capacitive (non contact) impedance sensor was built and tested
for this application. The device was constructed by hand utilising copper film
strips 10.0 x 40.0mm spaced 26, 24 and 17mm apart, laminated between two 75µm

polypropylene films as shown in Figure 3.17
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Capacitance

C = K × Eo ×
A

D

K = 2.26

Eo = 8.85419 × 10−12
F

m

A = 400mm2

D = 0.075mm

C = 107pF

Eo = permittivity of free space

K = relative dielectric permittivity

The prototype was driven from a signal generator connected to the outer electrodes
of the electrode array with the ground electrode being 26mm from the adjacent elec-
trode. The signal was monitored between the ground electrode and each of the in-
ner electrodes in the array, while drive signal was similarly monitored between the
ground and driven electrode.

A sensitivity test was undertaken to investigate the devices’ ability to determine
changes in healthy tissue. Comparison of impedances measured laterally and lon-
gitudinally over the palm of the hand as presented in Figure 3.18 clearly demon-
strate a response to the anisotropic nature of the hand. The palm of the hand was
used in prototyping the bioimpedance sensor for convenience and as a courtesy to
other lab users. Attenuation is of the same order. However, there is a clear 15.18◦

phase shift. This result does not prove the devices’ ability to detect abnormalities
in the tissue as there is a paucity of data regarding the necessary bioimpedance
parameters necessary to investigate such a problem.

The principle of measurement was further developed so that it could be utilised
in an embedded device. To enable the frequency generation and comparison of
bioimpedance signal up to 1.0MHz utilising an 8bit 16MHz Arduino processor a
bespoke circuit was devised. An Analogue Devices AD9850 was utilised to gen-
erate a 14bit0 − 2.0V signal voltage, amplified to 0 − 4.0V to supply the sensor.
This and the return signal voltage was analysed by an Analogue devices AD8302
phase gain detector. This device transmits the phase and gain as two independent
0 − 1.8V outputs, alongside a precision 1.8V reference voltage.

Safety of applied current - bioimpedance

The current passing through the circuit is important for user safety. Therefore the
safe (AC) exogenic current limit of 100µA should not be exceeded. The analysis
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(a) Bioimpedance at 150kHz - lateral palmer axis

(b) Bioimpedance at 150kHz - distal proximal axis

Figure 3.18: Changes in palmer bioimpedance due to orientation
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will ignore the body‘s contribution to impedance, assuming that the body has no
impedance allows the calculation of the maximal current that the device can emit,
thus erring on the side of safety. The circuit comprises two 107 pF capacitors in se-
ries driven at ±5.0V at frequencies given below. Grimness and Martinsen show the
range 100−1000kHz to have good dynamic range for conductance and susceptance
when investigating dermal tissue[130].

Xc =
1

2πfC

f = frequencyHz

fmin = 100kHz

fmax = 1MHz

Xc(100kHz) = 14.9kΩ

Xc(1MHz) = 1.49kΩ

Allowing for two capacitors in series

I100kHz =
V

R
=

5.0V

2 × 14.9kΩ
= 168µA

I1MHz =
V

R
=

5.0V

2 × 1.49kΩ
= 1.68mA

3.14 GSR

GSR would be measured proximal from the 5th metatarsal in an area of high sweat
gland density, utilising the circuit defined in Figure 2.11. Though GSR can be used
on any part of the body this thesis is interested in measuring the ANS/sudomotor
activity in the foot. The measurement range will be 100kΩ - 10MΩ with a resolution
of ±2%, an accuracy of ±5% of measured value. Sensor validation is discussed in
section 5.3.6.

Figure 3.19 demonstrates the GSR response to physiological excitation. In this
experiment GSR was monitored while a sharp inhalation of breath was taken and
held for 45s and released. Both events induce an increase in sweating and a reduc-
tion in resistance. The underlying trend is a gradual release of sweat over time with
typically smooth curves.

Figure 3.20 shows the GSR response to psychological excitation. GSR was mon-
itored while the volunteer watched an extreme sport video. The response is more
dynamic than that shown Figure 3.19 which is to be expected with a fear based
response. Both figures demonstrate that a clear response is measurable with the
devices as built.
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Figure 3.19: GSR measuring ANS response to rapid inhale and exhale. It is postulated that the rapid
inhale causes sweating on the palms of the hand and soles of the feet as part of the
fight or flight response to enable higher friction for running or climbing. Reduced sweat
response is a known side effect of ANS neuropathy resulting from diabetes.

Figure 3.20: GSR measuring autonomic nervous system response to induced fear, utilising an ex-
treme sports video
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Safety of applied current - GSR

The current passing through the circuit is important for user safety. Therefore the
safe exogenic (DC) current limit of 10µA should not be exceeded. Assuming that
the body contributes no resistance to the circuit allows the calculation of the maxi-
mum current that can be applied.

I =
V

R
=

5.0V

820kΩ
= 6.1µA

3.14.1 Design of data acquisition circuit

To integrate the sensors into a coherent data set, the design and manufacture of a
signal conditioning circuit was necessary. This circuit provides six discrete func-
tions.

1. Provide power to each section of the device at the correct voltage and current
capability.

2. Connect digital sensors to the processor (I2C).

3. Provide correct excitation to the analogue sensors.

4. Condition the return analogue signal and present it to the processor so that it
can be read.

5. Apply calibration algorithm to the measured data.

6. Transmit the data to a host computer for collection.

A printed circuit board (PCB) was designed, see Figure 3.21, that would sup-
port a modular build with sensors being added over time see Appendix B Figure
B.1 for circuit diagram. Power was supplied via proprietary rechargeable 5V1.6A h

batteries normally used to charge mobile phones. These were used to power the
Arduino on board voltage regulator and off-board amplifiers as required. Dual rail
voltages for the op amps were generated utilising off board DC - DC converters
to minimise the number of batteries and weight. This also enables charging from
any desktop computer or USB charger for operational convenience. These will be
mounted externally to the device and connected via a standard USB-A connector
and also provides an easily interchangeable power source with good voltage con-
trol and easily managed recharging.

When choosing a sensor it is important to bear in mind the connection protocol
as there are myriad protocols available to system designers. These range from ana-
logue in either current, typically 4 − 20mA or voltage with 10 − 100mV, 0 − 1.8V,
0 − 5V or 0 − 10V, being a few of the outputs available. Similarly there are myriad
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Figure 3.21: The second version of the data-aquasition PCB

digital interface protocols available with serial, parallel,I2C, canbus, serial periph-
eral interface (SPI), pulse width modulation (PWM) to name a few. By designing
the device using common interfaces for multiple sensors project risk and devel-
opment time can be reduced while reliability is increased. Analogue sensors are
usually cheaper to purchase than a digital equivalent but require more complex
interfacing and often requiring calibration as the excitation and measurement cir-
cuits are external to the sensor, whereas digital sensors have this built in prior to the
conversion to digital output and are often calibrated at source (though this must be
validated periodically). Where a bus system is employed, multiple sensors can be
added in a single chain without change to the host electronics much like a USB on
a desk or laptop computer.

The sensors chosen for acceleration, rotation, humidity and in-shoe/ environ-
mental measurements have been specified with anI2C interface for speed, simplic-
ity and cost. This will also allow for future expansion on the same interface if
required. These sensors are factory calibrated within tight tolerances and are avail-
able at reasonable cost.

The bioimpedance measurement is based on Analogue Devices chip AD8302
ARUZ is a 0− 1.8V output for both gain and phase angle with on-board 1.8V refer-
ence voltage. The Arduino has the ability to use this reference voltage as the upper
limit on the ADC thus enables the Arduino to utilise the full 10bit ADC over this
voltage range. However, as the voltage to be measured by the ADC must never
exceed the reference voltage. This means that all other analogue sensors need to be
restricted to this range as well, or the ADC must be re-set to internal 5.0V reference
immediately after a bioimpedance measurement is completed.
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Figure 3.22: Embedded data acquisition device

The remaining sensors that measure force, skin temperature and GSR are re-
sistive in nature and will be used as the input current control of an active circuit
for maximum range and control. This provides simple voltage measurement at the
processor interface.

The bioimpedance analyser requires a sinusoidal input for excitation which is
provided by the Analogue Devices AD9850 direct digital synthesis chip [131].This
is programmed via a serial link and provides a frequency range of 1Hz to 40MHz in
a single device. These are readily available as fully configured development boards,
simply requiring a power source and a host processor to provide the command
signal.

Data is to be transmitted to the host computer via Bluetooth as it simply re-
quires connecting to the serial port of the host processor. It is cheap, reliable and is
available in most desktop/laptop computer systems. This allows the elimination
of the wire tether to the host computer which would present a trip hazard and the
discrete mounting of the data acquisition circuit under a trouser leg.

3.15 Combining sensor modalities, GSR, acceleration, en-
vironmental temperature and humidity

In the development board shown in Figure 3.22 there were five sensing modalities
installed. These are:

1. Acceleration in (X,Y,Z) via I2C interface.
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2. Rotation rate (Roll,Pitch and Yaw) via I2C interface.

3. In shoe environmental humidity via I2C interface.

4. In shoe environmental temperature via I2C interface.

5. GSR. via the analogue interface

Figure 3.23: Right foot sensor array

The GSR data presented was measured at the 1st and 5th metatarsal heads to
measure changes in the ball of the foot. The prototype circuit utilised 5V over a
voltage divider circuit for the duration of the test, it is proposed to change this
to ≈ 250mV to minimise the polarisation at the electrodes and the generation of
local milieu while reducing load on the battery. An alternative to this would be
to reduce the time that the tissue is exposed to the current/voltage source and to
reverse polarity for each measurement cycle. It may be necessary to use different
parts of the foot to gain better resolution or access tissue that is more sensitive to
ANS perturbations.

The sensors were mounted in a pair of Regatta Harris sandals. This platform
provides easy access to the sensing platform which can be removed and replaced
at will, while presenting adequate features with which to locate the insole for re-
liable and reproducible sensor positioning. The sensors have been mounted on a
proprietary 3.5mm foam insole spacer. This affords a suitable level of positioning
accuracy, and adequate material thickness to position sensors without causing lo-
cal pressure points. This platform is not ideal as there is a significant airflow to the
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sole of the foot which will be incompatible with an enclosed shoe. However, this
gives greatly improved access to the sensors and a repeatable platform for testing
this concept.

3.15.1 Prototype sensor system output

The data shown in Figure 3.24 demonstrates multi sensor output from the GSR,
acceleration, gyroscope, humidity and temperature sensors at frequency of 83Hz

verifying that the data acquisition system was capable of suitable temporal resolu-
tion. Data clipping can be seen as it was not possible to set the accelerometer and
gyrometer ranges at the time of testing.
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Figure 3.24: Sample acceleration gyroscope and humidity data
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3.16 Summary

In this chapter a prototype circuit has been tested alongside a range of sensors.
Table 3.1 details the sensing requirement to be implemented in the experimental
sensor set. While Table 3.2 details the sensors selected against these criteria. A
conceptual sensor layout is shown in Figure 3.25 to show how sensors may be in-
tegrated in later chapters.

Of the sensing modalities discussed above there are a number that are not prac-
tical to measure in the in-shoe environment using the methods we have investi-
gated. These are heart rate, SPO2 and flex. It was decided to utilise force as a
surrogate for pressure to reduce the interfacing load and to investigate it as an al-
ternative to pressure.

The sensing modalities that have been successfully tested are:

• Environmental temperature.

• Environmental humidity.

• In shoe temperature.

• In shoe humidity.

• Acceleration.

• Rotation.

• Force.

• Skin temperature.

• GSR

• Bioimpedance.
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Figure 3.25: Multi-sensor preliminary sensor layout.
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Chapter 4

GSR study

4.1 Introduction

This chapter demonstrates the development and implementation of a sensing modal-
ity. The same work flow and principles were used in other sensor design and im-
plementation. GSR is a worthwhile subject for discussion as it measures the sweat
response of the tissue under test. This response is controlled by the ANS which
can be affected by DPN. Reduction and potentially cessation of perspiration in the
diabetic foot is a known side effect of diabetes and is measured routinely with the
Ezscan [39, 40] and Neuropad [16] tests. However these tests are currently only
available in the laboratory or clinic environment so inclusion in the proposed sen-
sor suit will ultimately enable the gathering of longitudinal data that will enhance
knowledge

It has been suggested that the comparison of phenomena over different sites
on the body is likely to provide insight into pathologic status. This is an accepted
principle when measuring temperature and blood flow but [77, 78] has not been
demonstrated with GSR, though Purna has demonstrated some level of hand to
foot variability [132]. To this end a study was undertaken to investigate how GSR
events are reproduced over the body. Five investigations were undertaken:

Comparing GSR between the fingers and foot in individuals believed to be
healthy will give baseline data with which to elucidate expected ‘normal’ ranges
prior to examining known diabetic patients. Comparisons of GSR in opposing feet
to be used as an exemplar of coherence deviation measurements that would be ob-
servable by the proposed sensor suit acting as a ‘normal’ reference data set, show-
ing the difference between local tissue state/function. Direct comparison of left
foot/ right GSR data will be shown to examine differences in the timing of events
and magnitude. GSR Data will be presented utilising caffeine as a disturbing agent
for the autonomic nervous system. Other methods of analysis will be discussed.

The following topics will be discussed in greater detail in this chapter

1. GSR sensor data demonstrating the synchronous timing of ANS between
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right foot to first and second finger of the right hand.

2. GSR sensor data demonstrating the synchronous timing of ANS events be-
tween opposing feet.

3. Data will be presented showing the effect of caffeine on the ANS while com-
paring GSR on the soles of opposing feet.

4. It will be demonstrated that GSR data can be gathered through a sock, with-
out direct contact to the sole of the foot.

5. Finally intra-site GSR measurement of fingers, finger - foot, foot to foot and
finger - pulse will be addressed alongside necessary changes in design and
data acquisition rate.

4.2 Dual channel GSR, right foot to right hand

Figure 4.1: Foot to hand GSR measurement device

To investigate how timings of events may differ over the body GSR was syn-
chronously measured at two different parts of the body utilising the foot to hand
measurement device shown in Figure 4.1, namely the right foot and hand. The cir-
cuit used to measure GSR in the hand utilised a 180kΩ biasing resistor while that
circuit for the foot utilised a 820kΩ resistor to optimise outputs for the expected
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ranges. The ranges were established during earlier testing on this project. The vol-
unteer was seated with contact being made to the right foot with the sandal shown
in Figure 4.1. Electrodes were placed under the pads of the first and second fingers
of the right hand with GSR recorded for 200 seconds with a manual termination
of the test. A time series data set is presented in Figure 4.2 inset, which clearly
shows that events that happen in both fingers and the sole of the foot are correlated
temporally. Data was taken from a cohort of 14 healthy volunteers 7 male 7 female
with an age range of 24-62. The wide cohort is used to generate a broad data set for
non diabetic individuals. This will be used as baseline data for comparison with a
diabetic population.

Sample data from a single volunteer is shown in Figures 4.2, 4.3, 4.4 and 4.5 that
will be used to illustrate observable features in the data.

Figure 4.2: GSR coherence foot to finger signal. Male volunteer 45 years old BMI 27.4. The main
figure shows finger to foot GSR coherence while the inset figure shows the same data
as a time series plot for finger and sole GSR. With an R2 = 0.83 this demonstrates high
coherence between measurement sites.
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• The red and blue plots are the finger and foot GSRs respectively with the
green trace being the inter site coherence. From the time series data we esti-
mate that the short term changes relative to the average respective baseline
resistances are proportional to each other in terms of relative magnitude and
timing ∆Rfoot/Rfoot = ∆Rfinger/Rfinger. The coherence measurement, of
R2 = 0.82 shows this to be a valid assumption for this data. If asymmetric
ANS disease was present this would be expected to reduce the coherence, but
due to the paucity of studies it is not currently possible to predict the level this
effect.

• It should also be noted that there is a large swing in the resistance/amount
of sweat at 18.5 and 127.8 seconds in this plot together with the mirroring of
macro and micro trends suggesting that both sites are responding to the same
control phenomena. These two larger changes in resistance are likely to be
simply a function of homoeostasis rather than pathology as it is commonly
seen in the majority of samples.

• It is possible to conclude that there is high coherence in the events observed.
Coherence is a measure of how well one system is related to, or predicts
the action of another, or conforms to a mathematical model that predicts its
behaviour. A simple measure of this is the coefficient of determination (R2

value) which calculates the deviation from a trend line trough the data with 0
being no correlation and 1.0 being perfect correlation. The signals measured
in Figure 4.2 have high coherence with R2 = 0.83. Isolating the physiologi-
cally significant frequencies of interest from Figure 4.2 with a band pass filter
(0.01−1.6Hz) signals in Figure 4.3 also shows high coherence with R2 = 0.76

for physiologically significant frequency bands of 0.01 − 2.0Hz [133][134].

Investigating event timings is possible for the data presented in Figure 4.4. In-
tra site latency of 0.15 to 0.4 (s) between hand and foot that have been observed
but need to be verified by further investigation, Pruna expects a lag of 0.66-0.67
seconds for an induced response [132]. In the sample shown it should be noted
that the finger lags the peak in GSR seen in the foot but leads the trough. This is
in contradiction to Pruna where the hand lead the foot response [132]. The timing
variations are small but greater than the resolution of the measured phenomena.
However, it would be prudent to improve the temporal resolution before drawing
any conclusions from such data. This also needs to be tested on the intra foot GSR
device. It is expected that DPN would effect the signal strength and latency. Pruna
noted a marked reduction in the magnitude of change for a single diabetic neu-
ropathic patient compared to his control, but also noted exaggerated sympathetic
activity even while resting [132]. The use of a high pass filter and peak/trough de-
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Figure 4.3: Finger to foot coherence with band pass filter set at 0.01 Hz to 1.6 Hz. The R2 = of0.76
shows the signals are strongly coherent. The inset figure is time series data for the two
measurement sites while the main figure is the coherence plot for the data sites.

tection algorithms will greatly aid the quantification of this phenomena as shown
in Figure 4.4. Band pass filtering of the data as seen in Figure 4.5 presents coher-
ent data as tending towards a diagonal with non coherent data, tending towards a
horizontal or vertical.

Short term trends appear to be mirrored in both signals during stable ambient
conditions Figures 4.3 and 4.4 though long-term trends may differ to some degree.
This is possibly the result of haemostatic control of the body, but it is unclear why
the body would elect to utilise occasional course control steps where regular fine
control steps are also present. To investigate specific high frequency (HF)s of in-
terest the use of a high pass filter between 0.02 − 0.01Hz cut off is utilised to re-
move DC/low frequency (LF) drift revealing the underlying signals in line with
Stefanovska’s frequency analysis defineing frequencies of interest [133]. The fil-
tered signal reveals significant frequencies from both the finger and foot that are
likely to be related to heart rate, breathing and metabolism. Qualitatively there ap-
pears to be good temporal coherence in the signals seen to date, which supports
the findings of Pruna[132]. Those living with diabetes are at risk from dry skin
and breakdown of the epidermis leading to infection. GSR is accepted as a mea-
sure of ANS activity which is often affected by the onset of diabetes, causing dry
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Figure 4.4: GSR latency finger to foot demonstrating the delay in signal from the foot being delayed
when compared to the finger. This has been postulated to be caused by the difference in
signalling path lengths from the signal origination point to the foot and hand [132].

and cracked skin. It is expected that those living with diabetes will have a higher
skin resistance than others of a similar age and gender without diabetes, indeed
a reduction of GSR signal has been observed in neuropathic patients by others.
Surprisingly It has not been possible to find data comparing opposing feet to in-
vestigate whether a neuropathic foot can be monitored by this method or whether
the DPN of the ANS is asymmetric or symmetric in opposing feet . Such a study
would provide a contribution to the body of knowledge.

4.3 Dual channel GSR comparison of opposing feet

Comparing GSR at the finger to the sole of the foot, though interesting is not prac-
tical as a long term measurement as placing the necessary contacts on the fingers
would present undue impediment to daily life. In the intended application of mon-
itoring feet, utilising the next step is to measure the intra-foot GSR. For this a cus-
tom sensor was built that had identical measuring circuits, with constantly applied
5V DC across 820kΩ biasing resistors and calibrated against a +/- 1% decade resis-
tor comparator to +/- 2%.

The intra sole GSR was tested utilising the intra pedal GSR measurement de-
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Figure 4.5: GSR finger to foot coherence for 12 volunteers band pass filtered at 0.01 - 1.6Hz.
R2

Average = 0.65

vice, Figure 4.6, with a data example shown in Figure 4.7 demonstrating a high level
of coherence at R20.81 − 0.85. Testing was undertaken on tissue without known
pathology in which a high coherence is anticipated. Applying a band pass filter,
removes LF drift and HF artefacts as seen in Figure 4.7. A 0.01Hz high pass filter
was chosen to remove DC/LF drift with a 1.9Hz low pass filter to remove signal
faster than the heart beat. Consequently it is also expected that lateral GSR com-
parisons will be able to measure ANS degradation. It will be necessary to test a
larger cohort as currently this has only been tested on four individuals due to time
pressures. It will be important to include a measure of skin and environmental
temperature, alongside humidity to eliminate cooling of the limb as perturbation.
Nonetheless, it is valuable to explore this here as there is no data available in the
literature.

4.4 Multiple data sets

The data analysis methods for single tests have been examined in the first part of
this chapter utilising a single volunteer. Here we will investigate multiple data sets
utilising GSR.

A cohort of 12 volunteers utilising the time series data Figure 4.8 values ranged
between R2 = 0.11 − 0.99 and positive correlation was achieved with a single ex-
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Figure 4.6: Intra pedal GSR measurement device

ception. It should be noted that the volunteer with the negative correlation also had
the lowest coherence, has a family history of diabetes and the highest BMI in the
study. The data for Figure 4.8 demonstrates that large ranges in the GSR response
can be expected with finger GSR ranging from 70kΩ - 831kΩ and sole GSR 171
kΩ - 1.8MΩ with the ratio of resistance between fingers and sole varying between
1:1.01 1:6.0. Band pass filtering the data as seen in Figure 4.5 at 0.01 - 1.6Hziso-
lates the biologically significant signals expected to be seen in the data according
to Stefanovska [133]. An average of FFT’s of the data sets shows that the only fre-
quency of significance is centred around 1.37Hz. As this data was taken in a static
condition this is likely to be the average heart rate of the cohort.

76



Figure 4.7: GSR Coherence between left and right feet, bandpass filter 0.01-1.9 Hz

4.4.1 GSR through socks

Hong et.al observed GSR being measured over clothes by using a 5 kHz AC source
[135]. Measuring the GSR or any other phenomena through clothes is preferable
to direct contact in in-shoe devices as socks can then be worn, improving foot hy-
giene. To this end a series of tests were undertaken to investigate the viability of
using the as built GSR sensors through socks. The device used a DC source and
consequently relies on a purely resistive pathway. A sock of man made fibre that is
dry is an insulator. However, any sweat will reduce the resistance until an equilib-
rium is reached between sweat input and evaporation. It is likely that this method
will also indicate when socks are changed or re-used on a daily basis as fouling of
the material, from sweat and dead skin, will hold extra moisture and reduce the
resistance from the sock. Poor foot hygiene is a particular problem for those with
DF as it increases the risk of infection for any skin trauma and with the dry cracked
skin prevalent with those suffering with DF. It may also be difficult for some suf-
fering with diabetes to maintain good foot hygiene due to lack of mobility.

It is shown in Figure 4.9 that high intra-foot GSR correlation is observable
where GSR is measured over socks. By consulting the data for Figures 4.10-4.13
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Figure 4.8: GSR finger to foot coherence 12 volunteers unfiltered data. R2
Average = 0.66

Figure 4.9: GSR daily coherence variation with socks
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it can be seen that over the 6 hour period of testing that the GSR has reduced by
a factor of 3, the reduction in resistance is expected as the humidity in the sandal
increases above the ambient, due to restricted circulation. This causes an increase
in moisture retained by the fabric of the sock and consequently increases dermal
hydration. The concentration of salts will also increase as water vapour is released
increasing the concentrations of sodium and chlorine ions. Figure 4.9 presents the
intra foot coherence data for each of the previous figures as box and whisker plots.
As is standard practice the median coherence value of each test set is represented
by the red horizontal marker within the box, the upper and lower bounds of the box
represent the upper and lower inter quartile range (IQR) . The whiskers represent
bounds at ±1.5IQR with data outside these bounds depicted as a ′+′.

By contrast caffeine causes a reduction in coherence in the bilateral GSR data as
demonstrated in Figure 4.14. Shapkin sites changes in the GSR response under the
influence of caffeine [136] investigating increases in magnitude and delays in phase
as evidence of the physiological effect.

Rossel et.al. reported impedances in the range of 10k − 3.5MΩcm2 which cor-
relates well with the resistances seen in this study [137]. Pruna [138] demonstrates
foot to hand latencies of up to 2 seconds and Handler et al state latencies of 1– 3
seconds for excitation to electro dermal response [139]. Schapkin states that caf-
feine increases the time of response measured as both GSR and electromyography
(EMG) [136]. However, no reference to the effect of caffeine on intra-foot/hand to
foot GSR latencies is currently available.

There are however notable differences between the sensors in direct contact
with the skin and those separated form the skin by a sock. The data presented in
Figure 4.10 - 4.13 was taken from a single volunteer at 10:50 am, 13:30 pm, 14:41pm,
16:45pm on the same day. Data was taken at intervals during the day without
removing the footwear. Examining the frequency spectrum shows considerable
attenuation of frequency response but an increase in power over the observed fre-
quency range where Low Pass filtering is utilised. It is also noted that there is a
marked reduction in resistance over time. Neither effect is surprising as the tex-
tile acts as a reservoir holding moisture and increasing local humidity. This causes
signal damping as sweat is retained rather than evaporating, causing an increase
in local moisture and a corresponding sustained reduction of resistance as seen in
the embedded coherence plots. Utilising a band pass filter of 0.002 − 1.9Hz over
the whole data set as seen in Figures 4.15 and 4.16 significant power can be seen in
three frequencies centred around 0.58, 1.0 and 1.43Hz are clearly defined.
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Figure 4.10: GSR conduction through socks. First test at 10:50 am. R2 values are higher than previ-
ously seen due to the lack of evaporation creating a more consistent environment. The
FFT presented is an average of all FFt’s for all the data, though less pronounced than
individual data sets, frequencies of interest can still be identified.

Figure 4.11: GSR through socks - 2
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Figure 4.12: GSR through socks - 3

Figure 4.13: GSR through socks - 4
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Figure 4.14: GSR effect of caffeine

4.5 Coherence deviation with and without caffeine as an
ANS stimulant

Coherence measurement between feet has produced R2 values of 0.9 to .99 with a
few exceptions in the nominally healthy cohort of 14 individuals. Plotting the devi-
ation from a norm is a useful method of characterising stochastic data and this was
used to investigate the ranges of GSR coherence values in the data. Data already
collected for GSR was compared to GSR with caffeine as an exciter. This data has 15
sets of GSR data of 200 seconds for each of two days, a large coffee was drunk and a
further 4 GSR data sets taken. These data depicted in Figure 4.14 should be treated
with caution as it did not reach statistical significance. However, the variation in
GSR coherence seen after coffee is different enough to the data taken without caf-
feine to suggest that this analysis technique is worth further investigation. Caffeine
is a known exciter of the ANS but little is known about how this effects GSR and
particularly inter-site GSR the data presented here demonstrates that the effect is
clearly measurable with very low coherence in the lower two quartiles.
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Figure 4.15: GSR through socks all data, BP filter 0.002 - 1.9 Hz. Four sets of 10 data sets taken at
10:50 am, 13:30 pm, 14:41pm, 16:45pm on the same day. R2

Average = 0.78
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Figure 4.16: GSR through socks all data FFT, BP filter 0.002 - 1.9 Hz. FFT for Four sets of 10 data sets
taken at 10:50 am, 13:30 pm, 14:41pm, 16:45pm on the same day.

4.6 Summary

In this section a typical process of sensor development has been demonstrated that
was replicated for other sensor modalities. The development of test protocols, data
conditioning and data analysis are shown together with the presentation of sensor
data. Other sensor modalities were developed using similar processes during this
project.

The following effects have been demonstrated:

• Coherence of GSR between the fingers and sole of the foot.

• Intra foot GSR coherence.

• The effect of caffeine on GSR coherence.

• GSR through socks.

• Heart rate measurement

The effect of caffeine on GSR coherence and the measurement of GSR through
socks is novel.
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Chapter 5

Platform build, experimental
design and validation testing

5.1 Introduction

In this section we consider the configuration and validation of the experimental
platform followed by the experimental design. Data and analysis from 3 volun-
teers is given to demonstrate the working system. The device incorporates metrics
including temperature, humidity, applied force, acceleration, rotation rate, GSR
and capacitively coupled bioimpedance as a means of measuring inflammation be-
lieved or likely to be useful in the detection or prediction of ulceration as a means
of establishing a baseline multivariate data set [19, 21, 55, 140]. The sensors and in-
strumentation were mounted on each foot with data transmitted via Bluetooth to a
Raspberry Pi single board computer (SBC) acting as data acquisition controller and
user interface. The implementation of wireless technology enables the devices’ use
in many environments such as the laboratory, home, clinic, gymnasium or sports
field without the incumbent trip hazard associated with wired sensors. The device
is not limited to the observation of diabetic feet but holds promise for the monitor-
ing of other conditions, non medical investigations such as sport optimisation or
sensor testing.

The data acquisition system comprises five separate components with either
wired or wireless interfaces dependent on function and physical location. Fig-
ure 5.1 shows the use of the Raspberry Pi operating as the master controller to cap-
ture both in-shoe, environmental and bioimpedance measurement devices while
table 5.1 presents the chosen sensors. This design has been published in a special
Raspberry Pi edition of electronics.

5.2 System modules
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5.2.1 Master controller

Master control, see Figure 5.1 – module 1, Raspberry Pi 2 model B V1.1 SBC per-
forms data acquisition, control, formatting and recording. The Raspberry Pi was
chosen due to the low cost, availability, connectivity and the native python support.
It is also notable that bluetooth integration on the Raspberry Pi was considerably
more reliable than either an Apple or PC. Both the Apple or PC failed to reliably
switch between bluetooth channels at the frequency required. Utilising the Rasp-
berry Pi allowed the rapid development and deployment of the data acquisition
system in a cost effective package.

Ambulatory data was gathered from the environmental monitor first, see fig-
ure 5.1– module 2, followed by the left foot, module 3, and then right foot, module
4, in shoe monitors with a single CSR 4.0 Bluetooth device being utilised to com-
municate with the in shoe sensors. With biological frequencies of interest being
below 1.5Hz (heart rate while walking) [133] we utilised a sampling frequency of
20Hz to enable the gathering of larger data sets with the available hardware. With
all biological frequencies of interest and step frequencies being less than 2.0 hertz

sampling at 20 hertz allows limited over sampling of data without excessive data
storage overhead. The frequency chosen is hence considered to be a pragmatic
choice. Inputs were low pass filtered at 10Hz to obey the Nyquist sampling theo-
rem, hence preventing aliasing while retaining valida data for the chosen sampling
frequency. Utilising this sample frequency any signal of less than 10Hz can be
accurately reproduced.

Bioimpedance data was gathered directly from the bioimpedance sensor, mod-
ule 5, at 20 Hz.

5.2.2 Environmental monitor

The environmental monitor, see Figure 5.1 – module 2, controlled event timing
for all data collected while providing environmental temperature and humidity
monitoring for the test environment. Temperature and humidity were monitored
by an HYT271 sensor locally controlled by a dedicated Arduino Nano with USB
connection to the controller.

5.2.3 Humidity and temperature validation for in shoe and external
environmental monitoring

The HYT271 combined humidity and temperature probe was chosen for in shoe
and external environmental monitoring for the small package size and I2C con-
nection. This was provided with a −40 to+125◦C and 0−100%RH with a claimed
calibration of ±1.8%RH and ±0.2◦C.

Temperature validation was undertaken in a proportional integral derivative
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Figure 5.1: Ambulatory and bioimpedance data-capture schematic

control (PID) controlled oven in which sensors were compared to a calibrated Pico
Technology PT104. An off the shelf PID controller was selected to provide stable
temperature at the set points and gains where automatically set by the unit. Sensors
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Sensing modality Part # Manufacturer Interface Range Units Calib.
or valid.

Accelerometer MPU6050 Invensense I2C ± 16 g Valid.
Rotation MPU6050 Invensense I2C ± 2000 ◦s Valid.
Humidity HYT271 Hygrochip I2C 0–99 % RH Valid.
Temp. environ HYT271 Hygrochip I2C -40 – 125 ◦C Valid.
GSR — Self built Analogue 0 – 5000 kΩ Valid.
Bioimpedance AD9850 Analog – Analogue 0 – 1023 AU Valid.

AD8302 Devices Analogue 0 – 1023 AU Valid.
Force A401-25 Flexiforce Analogue 0-140 N Calib.
Temp. skin 104JT-25 ATC-Semitec Analogue 20 – 40 ◦C Calib.

Table 5.1: Sensor table

Figure 5.2: Humidity test cell. Calibrated Hygrowin temperature and hygrometer, HYT271 con-
nected to the prototype board for output monitoring by P.C. Saturated aqueous NaCl
solution producing 73.5% humidity.

were tested at ambient temperature, ≈ 30 and ≈ 38 ◦C with a ± 0.5 ◦C error being
accepted.

Humidity validation was undertaken using a small humidity chamber in which
sensor output was compared to a calibrated Rotronic HygroWin HC2-Win-USB
humidity probe. Sensors were tested in ambient conditions, 2% and 73.5%RH with
a ±2.0% error being accepted. Desiccated colloidal silica gel and saturated NaCl
water solution were used to generate the respective reference conditions as shown
in Figure 5.2. A failure rate of 10% was experienced on parts supplied.
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5.2.4 In shoe data acquisition circuit

The left and right data acquisition circuits, see Figure 5.1 – modules 3 and 4, – are
controlled by dedicated Arduino Nano processors with blue tooth connection to
the master controller. A custom PCB was designed to provide connectivity and
signal conditioning for the sensors with the sensor modalities noted in Figure 5.1
and table 5.1. The I2C sensors for temperature, humidity, acceleration and rotation
were wired to a micro USB connector for robustness also allowing the flexibility
to re-configure the sensors if required. The accelerometer and gyrometer unit was
mounted adjacent to the lateral talocrural (ankle) joint so as to reduce the risk of
being struck by the opposing foot.

Data acquisition, as previously stated, was controlled by the Raspberry Pi SBC
that requested the environmental data from ’module 2’ environmental monitor.
The environmental monitor was configured to transmit data at 20Hz providing
a data acquisition clock cycle of the same frequency. Once this was received the
left, then right, in shoe data was requested in turn. Each in shoe data system (mod-
ule 3 and 4) transmitted the data from the previous data collection cycle as a single
concatenated data string prior, to gathering the subsequent data set. Each data set
included time stamp, environmental monitor output, module time stamp and ac-
celerometery data. To this either 5 seconds of bioimpedance data was added or 55s

of skin temperature, force, GSR, in shoe humidity and temperature. This strategy
maximised the data collection rate.

5.2.5 Foot mounted sensor array

The bioimpedance, force, skin temperature and GSR sensors were designed as a
FPC as shown in Figure 5.4 with the circuit produced by electroless copper plating
on Polyethylene Terephthalate (PET) film. This enabled the fitting of sensors in-
side the shoe maintaining comfort of fit and flexibility while minimising cost. The
completed sensor assemblies where laminated to protect the sensors and tracks in
proprietary polypropylene laminating pouches. The sensors for force, skin temper-
ature and GSR were also built in a multi-strand wire configuration for flexibility of
sensor positioning shown in Figure 5.5 alowing greater flexibility when positioning
sensors and durability.

Early testing of the FPC devices revealed a lack of durability in the technology.
Three methods of connecting the sensors to the FPC were attempted and all failed.
The first method utilised low temperature solder Nordson SOLDERSN42T3NC-D500A
as recommended by the FPC manufacturer (Conductive Inkjet Technology) and the
second utilised ITW Chemtronics CW2400 conductive epoxy. These systems caused
the connection to fail as local stiffening of the FPC at the joint promoted track fail-
ure as shown in Figure 5.6. The third method utilised an anisotropic conductive
tape 3M 9703-33X25 which failed when the bond pealed apart. This failure did
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Figure 5.3: Sensor circuit
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Figure 5.4: FPC populated

not cause track failure and would ’self heal’ in use see Figure 5.7 enabling the sen-
sor to regain a working state when the joint was re-compressed, though the sen-
sors would always remain unreliable. The FPC circuits had a failure rate of 47.6%

against a 21.9% for the wired sensors.

5.3 Sensor interface circuit design and assessment

Devices that were pre-calibrated at manufacture were validated to ensure confor-
mance to expected performance criteria. Those that were not required calibration
(see table 5.1) for further details. The following section provides an over view of
the procedures used.

5.3.1 Acceleration

The acceleration sensing range was set at ±16g, utilising a 16 bit resolution a 0.000488g

measurement resolution was achieved. The digital low pass filter was set at 10 Hz
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Figure 5.5: Wired sensor set

Figure 5.6: FPC track failure

utilising the libraries developed by Haq [141] .

Acceleration validation was performed by presenting each axis of the sensor to
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Figure 5.7: FPC failure - stiff sensor contacts cause delamination of the tracks from the substrate. The
presented failure mode is typical of both conductive epoxy and soldered connection of
the sensors to the substrate both sensors, were exposed to 27◦C.

accelerations of +1g, 0g and −1g utilising the reference block shown in Figure 5.9 as
demonstrated in section 3.5 errors of ±0.05g were accepted. Th block provides ref-
erence angles through which to rotate the sensor device. Each axis should achieve
+1g, 0g and -1g during this test cycle. However the investigator may need to allow
for mounting errors on the accelerometer chip where the accelerometer axes has a
fixed offset from the PCB on which it is mounted.

Validation of the on-board low pass filter was verified by changing the filter cut
off frequency while exciting the accelerometer with a mechanically coupled 44 Hz
input frequency and verifying that appropriate attenuation in signal was achieved
see Figure 5.10 and Figure 5.11. Ideally a variable frequency vibration source would
have been utilised and filter attenuation measured against a known input. As it
was not possible to arrange the use of test equipment at short notice the method
described above demonstrates that the filter was operational.

N.B. sample frequency was increased to 200Hz to ensure Nyquist limits where
observed during this test.

5.3.2 Rotation rate

The rotation rate sensing range was set at ±2000◦s, utilising a 16 bit resolution a
0.031◦s measurement resolution was achieved. The digital low pass filter was set
at 10 Hz utilising the libraries developed by Haq [141].

Rotation validation was performed by rotating each axis of the sensor through
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Figure 5.8: Sensors fitted directly to the foot

90◦. Integrating the rotation data with respect to time and comparing this with the
known rotation angle validated rotation with ±2 ◦ error accepted as demonstrated
in section 3.6. This was accomplished using the same device utilised in section
5.3.1. Precise timing of the rotations is not required and axes offsets can be ignored
in this validation.

Validation of the on-board low pass filter was verified by changing the filter cut
off frequency while exciting the accelerometer with a mechanically coupled 44 Hz
input frequency and verifying that appropriate attenuation in signal was achieved
in the same manner used for acceleration.

N.B. sample frequency was increased to 200Hz to ensure Nyquist limits where
observed during this test.

5.3.3 Analogue sensor drive circuit

All analogue sensors were driven by the same constant voltage source set at −0.25V

as shown in Figure 5.12.
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Figure 5.9: Accelerometer reference block

Figure 5.10: Low pass filter validation of the MPU 6050 accelerometer and gyrometer utilising a sin-
gle frequency oscillator and MPU 6050 on a compliant mounting.
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Figure 5.11: Accelerometer filter test. Excitation frequency 44Hz, note increasing attenuation with
decreasing filter cut off frequency.

Figure 5.12: Analogue drive circuit. Force, skin temperature and GSR was driven by a −0.25V
source.

5.3.4 Force

Force sensing was undertaken with Flexiforce A401 sensors utilising the manufac-
turers suggested circuit with a −0.25V sensor excitation voltage. Low pass filtering
was implemented after amplification of signal as seen in Figure 5.13. A 5Hz low
pass filter was implemented to remove noise from the signal. This enables the
measurement of movement artefacts due to walking and biological signals to be
visualised while removing higher frequency electrical noise.

Force trnsducers were calibrated utilising an Applied Measurements DBBSMM-
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50kg-002-000 calibrated for output in Newtons. Sensors were first clamped at 170N
for 5 minutes to precondition them in accordance with manufacturers instructions.
Five cycles of loading with 0, 10, 20, 50, 90, 140, 90, 50, 20, 10, 0N were manually
applied to the sensors. Sensor output was quadratically matched to the applied
force as a means of calibration with R2 values of higher than 0.995 obtained in all
cases as seen in Figure 5.14.

Force low pass filter design

fc =
1

2πRC
=

1

2π · 32kΩ · 1µF
= 4.97Hz

Definitive force - resistance data is not provided for these devices. The quadratic
equation from the calibration data is used to validate the resolution.

f(N) = −0.0003X2 + 0.454X + 0.8005

Evaluating this at the lowest resolution, ADC = 0 to ADC = 1, results in a
resolution of 0.45N increasing to 0.219N at ADC = 400. Resolution

Figure 5.13: Force sensor circuit

From the data presented in Figure 5.14 it can be seen that the device as de-
signed is using less than half the available ADC output. A typical plot of force is
seen in Figure 5.28. Analysis of maximum force recorded for each sensor in the
combined volunteer data reveals that the peak force recorded in over 30 data sets,
15 volunteers 4 walking exercises, was 163N with the 95th percentile being 83.8N.
This would indicate that the range of force sensing could be reduced to increase
resolution at the cost of a small amount of out of range data.

5.3.5 Temperature - skin

The skin temperature monitoring circuit Figure 5.15 was designed to utilise 104 JT
thermistors as sensors with a −0.25V sensor excitation voltage and provide low
pass filtering of the resultant signal. An inverting amplifier was used to invert
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Figure 5.14: Force calibration

the negative input voltage. A 5Hz low pass filter was implemented to remove
noise from the signal. This enables the measurement of movement artefacts due to
walking and biological signals to be visualised while removing higher frequency
electrical noise.

Temperature transducers were calibrated in a PID controlled oven, monitored
by Pico Technology PT104 and probes calibrated by the supplier. Temperature was
sequentially stabilised at room temperature(≈ 22) and ≈ 24,≈ 28,≈ 33,≈ 37 ◦C.
Sensor output was quadratically matched to the test temperatures as a means of
calibration with R2 values of higher than 0.995 obtained in all cases see Figure 5.16.

Temperature low pass filter design

fc =
1

2πRC
=

1

2π · 32kΩ · 1.0µF
= 4.97Hz

The thermistor data sheet states the resistance at 30◦C it is 78.88kΩ and at 40◦C

is 50.03kΩ.

From:
Gain =

Vout
Vin

= −
Rf

RT

calculate the output voltages:

Vout = −Vin ×
Rf

RT

which results in 2.38V & 3.75V respectively. This equates to int 496 and int 782 as
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the ADC output or a resolution of ≈ 0.035◦C

Figure 5.15: Temperature monitoring circuit inverting operational amplifier and filter.

Figure 5.16: Temperature calibration data

5.3.6 GSR

The design of the GSR circuit Figure 5.17 was revised to enable the use of the re-
duced sensor drive voltage and provide low pass filtering of the resultant signal.
An inverting amplifier was used to invert the negative input voltage. Though not
ideal, as the output is non linear, this would provide adequate resolution to observe
gross trends. A 2.0 hertz low pass filter was implemented to remove noise from the
signal. This allows for elevated heart rate, with heart rate being the highest biolog-
ical frequency of interest [133], while on the treadmill while reducing noise. This
enables the measurement of movement artefacts due to walking and biological sig-
nals to be visualised while removing higher frequency electrical noise.
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Filter design

fT =
1

2πRC
=

1

2π · 8.2kΩ · 10µF
= 1.9Hz

GSR was validated against reference resistances of 100 – 1000kΩ calibrated to
±1%, a ±10% error was accepted. By convention electrical conductivity (S/m)
would be used for GSR but as the cell factor was unknowable due to the changing
morphology of the skin as a response to exercise and/or disease state, resistance
was utilised. Redesigning the electrodes for use in the combined sensor suit re-
sulted in a reduction of contact area from 325.0mm2 to 83.0mm2. The cell resistance
for a given resistivity is given by :

Cell resistance

R = ρ · L
A

A = Area of electrode

L = distance between electrodes

As can be seen from the equation above a reduction in electrode area increases
resistance. For the changes made during redesign measured resistance will increase
by a factor of 3.87 compared to the reference data in chapter 4. This was discovered
post hoc.

Defining an amplification constant to reduce processor load

Gain =
Vout
Vin

= −
Rf

Rskin

Rskin +RIlimit = − Vin
Vout

×Rf

However Vout is measured as the product of the ADC measured input and the
reference voltage.

Vout =
ADC
1023

× Vref

Rskin +RIlimit =

−Vin
Vref

× 1023 ×Rf

ADC

GSRs = Rf × 1023 × −Vin
Vref

Defining GSRs in terms of the ADC output provides a computationally efficient
means of calculating skin resistance.
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Rskin =
GSRs

ADC
− 51kΩ

Figure 5.17: GSR circuit. This circuit can be configured for either GSR or temperature measurement
by defining appropriate outputs from the sensor array.

5.3.7 Bioimpedance circuit and sensor

The bioimpedance, block diagram Figure 5.18 and circuit Figure 5.19 comprising
a direct digital synthesis (DDS) device to generate the desired signal, signal condi-
tioning circuit with bandpass filtering and signal amplification, a capacitive printed
sensor and a phase/gain analyser was built into the in shoe monitoring circuit. The
DDS was an AD9850 from analogue devices controlled by serial communication.
The device was purchased ready mounted to a development board with a preci-
sion 125MHz reference crystal with a stated output for the device of 0 − 40MHz

with a resolution of 0.0291Hz. An analogue devices AD8302 phase gain analyser
was utilised to analyse the relationship between drive and signal. Gain of ±30dB

is output as 0 − 1.8V measured over 10bit ADC for a resolution of 0.059dB. Phase
of 0◦to180◦ is output as 0 − 1.8V measured over 10bit ADC for a resolution of
0.176◦. A phase of 180◦to0◦ would be output over the same range, this is not dis-
tinguishable from a phase of 0to180 deg as an output. As the device is measuring
impedance comprising resistive and capacitive elements and in line with existing
literature output is expected to lag rather than lead the input signal.

The output from the AD9850 DDS was amplified by a factor of 2 utilising a
non inverting operational amplifier LMV844MA. Frequency response was tested
at 100 − 1000kHz at 100kHz intervals. Figure 5.21 shows the AD9850 DDS out-
put signal/ amplifier input was consistent over the frequency range tested. The
output of the LMV844MA amplifier was not consistent over the frequency range.
At frequencies over 300kHz output tended towards a triangular wave form with
an associated attenuation in output voltage to 0dB at 1000kHz. This is in variance
to the datasheet for the LMV844MA which claims a gain of 10dB at 1000kHz is
possible.

Signal conditioning was implemented using an LT6204D operational amplifier
for the phase gain detector, see Figure 5.19. Drive and return signal paths were
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Figure 5.18: Bioimpedance block diagram defining major blocks and sub processes.

identical in design. All stages were configured as buffers. The first buffer acted as
input to a 2:1 attenuator. This configuration was chosen allowing the possibility to
remove attenuation in the return signal path to increase relative signal strength if
required. The attenuated signal was fed into the second buffer before passing into
the low pass filter with a cut off frequency of 1.9MHz. The filtered signal passed
through the third buffer prior to passing through the high pass filter set at 1.44kHz.
A final 2:1 attenuator was utilised after the final buffer to enable gain adjustment if
necessary after further testing. Inputs to the phase gain analyser were capacitively
coupled using 100pF capacitors on all inputs.

The bioimpedance sensor was designed as a disposable unit, see Figure 5.20.
The electrodes were printed on 125µm Polyethylene Terephthalate (PET) film fol-
lowed by electro-less copper plating of the final conductors. The sensor was then
laminated between 75µm polypropylene films prior to being trimmed to size. Phys-
ical size was reduced from the prototype to aid the fitting of other sensors.
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Figure 5.20: Bioimpedance sensor

Figure 5.21: Test of bioimpedance frequency generation AD9850 and LMV844 amplifier circuit.

Capacitance

C = K × Eo ×
A

D

K = 2.26

Eo = 8.85419 × 10−12
F

m

A = 175mm2

D = 0.075mm

C = 47pF
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Current

As the circuit has changed from that used during early testing the applied current
should be re-examined. The safe A.C. exogenic current limit of 100µA should not
be exceeded. The analysis will ignore the bodies contribution to impedance and
investigate the worst case. The circuit comprises two 107pF capacitors in series
driven at ±1.0V at frequencies given below.

Xc =
1

2πfC

f = frequencyHz

fmin = 100kHz

fmax = 1MHz

Xc(100kHz) = 33.9kΩ

Xc(1MHz) = 3.39kΩ

Allowing for two capacitors in series

I100kHz =
V

R
=

1.0V

2 × 33.9kΩ
= 14.7µA

I1MHz =
V

R
=

1.0V

2 × 3.39kΩ
= 147µA

The capacitively coupled bioimpedance circuit integrated into the in shoe data
acquisition circuit was utilised for stand alone bioimpedance testing. Capacitive
coupling was chosen as it ensures that DC is eliminated and consequently no unre-
solved polarisation of the tissues occurs and removes the need for conductive gels
or invasive contact mechanisms. The software was reconfigured to output only
bioimpedance data and control the sample frequency to 20Hz. Sensitivity tests
where undertaken to investigate the devices ability to differentiate between the
states of no load, dead tissue and living tissue the results of which are presented
in Figure 5.22 and the ability to detect changes in the concentration of capacitively
coupled conductive solutions, presented in Figure 5.23.

Analysis of the spice model — Appendix B.3 revealed that the voltage attenu-
ation between input and output circuits varies between -7.97 to -6.41 dB over the
frequency range 100 - 1000kHz. The phase shift is 32.33 at 100kHz decreasing to
4.15 at 1000kHz according to the equation θ = 994016f−0.896(kHz). Spice analysis
output — Appendix B.4
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Figure 5.22: Bioimpedance comparison sensor tissue comparison. The impedance sensor on a glass
surface signal was examined with no load on the sensor, with 250 g or raw (Tesco pre-
mium) chicken breast and finally the palm of the authors hand. Clear changes in output
can be seen in the data presented with each state being clearly discernable form the next.
Noise in the living tissue is likely to be the result of blood flow.

Figure 5.23: Bioimpedance saline sensitivity test. Varying the concentration of saline in RO wa-
ter within a fixed cell polythene cell 95 × 60 × 30mm deep 110µm film. The device
demonstrates high sensitivity at low NaCl concentrations becoming less sensitive with
increased NaCl.
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Bioimpedance calibration

Bioimpedance excitation signal was validated against a Picoscope 2206A oscillo-
scope over the frequencies of 5, 10, 20, 100, 400, 700, 1000 kHz at a voltage of ±
2.0 V (peak-peak). Signal analysis was validated against a dual channel direct digi-
tal synthesis (DDS) signal generator (UDB1300), providing artificial excitation and
sensor signal, monitored with a Picoscope 2206A oscilloscope. The on board signal
output amplifier was temporarily disconnected. The excitation signal was set at ±
1.73V(peak-peak) with a sensor signal of ± 0.09V(peak-peak). For each frequency
of 5, 10, 20, 100, 400, 700, 1000 kHz the phase was changed through the range 0,
45, 90, 135, 180, 225, 270, 315, 360 degrees and output recorded. As can be seen in
Figure 5.24 the gain response is linear over phase and frequency at approximately
1% of full scale deflection over the range 100 – 1000 kHz. For frequencies lower
than 100 kHz the response is non linear in both phase and gain. This is a function
of the phase gain analyser input capacitors which would need to be resized to in-
vestigate lower frequencies. A similar effect can be seen in phase Figure 5.25 which
again occurs below 100 kHz. Output was left in 10bit format without calibration
to enable the collection of data over a broad range of frequencies. This approach
allows greater variation in measured frequency with frequency specific calibration
applied post hoc where required.

Figure 5.24: Bioimpedance calibration - effect of drive frequency and phase change on measured gain.
Gain measurement is constant, 990 – 1010 from 100 – 1000kHz, though an inflection in
the data is clearly visible showing the output to be non linear below this range.

The bioimpedance sensor was attached to the foot sensor map mounted on a
toughened glass plate for stability. Batteries were fitted to the sensor circuit which
was connected to the Master control via USB cable see Figure 5.1.
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Figure 5.25: Bioimpedance calibration - effect of drive frequency and phase change on measured
phase. Phase measurement is proportional to the phase from 100 – 1000kHz, below this
range a perturbation is seen that increases with decreasing signal frequency.

5.4 Sensor evaluation

To fit the sensors in the correct anatomical positions a sensor map was generated for
each of the volunteers feet on PET film. Sensor positions were established for the
calcaneus, 1st metatarsal, 5th metatarsal and the pad of the great toe by palpation
and transferred to the map using soft coloured wax. The calcaneus force sensor was
positioned so as to detect heal strike while all other force sensors were positioned
under the local load centre. Temperature was sensed adjacent to the force sensor
on the calcaneus, 1st metatarsal and great toe while GSR was fitted behind the
5th metatarsal with bioimpedance sited between the 1st and 5th metatarsals over a
sensed area 22mm wide x 55mm long. The sensors were mounted on zinc oxide tape
as shown in Figure 5.26 prior to aligning the foot to the map and taping the sensors
into position as seen in Figure 5.8. Shoes were then fitted to the volunteer and the
appropriate (left/right) data acquisition circuit installed over the dorsal surface of
the foot. The footwear chosen for the task were walking sandals which provide a
secure fit while maintaining access to the insole for fitting sensors with multiple
access points for wiring. Having fitted the footwear the system was allowed to
stabilise for a period of 5 minutes, during which time the volunteer was seated and
data was recorded to demonstrate that the system was operational.
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Figure 5.26: Sensor layout over the foot profile. Force and temperature sensors are positioned over
the calcaneus (heal), great toe, 1st metatarsal (joint at the base of the great toe), 5th
metatarsal (joint at the base of the small toe). GSR can be seen below the 5th metatarsal
force sensor with bioimpedance placed mid foot

5.5 Test protocol

5.5.1 Laboratory setup

All testing was undertaken in the same laboratory setup in an office environment
with temperature kept above 21 ◦C. No air conditioning or humidity control was
available. A JLL S300 digital treadmill was used to control walking speed with the
platform horizontal. A Tanita segmental body impedance scale BC-545N was used
to characterise volunteers’ body types. Resting blood pressure was obtained with
a Kodea KD202F automatic blood pressure cuff with heart rate and SPO2 obtained
using a Contec Pulse Oxymeter CMS50DL. Occlusion of blood supply to the leg
was effected with an A&D Medical UM101 sphygmomanometer and Banmanome-
ter V-Loc pressure cuff manually inflated by hand pump. The study protocol was
approved by the University of Southampton ethics committee (ID: 8997) and con-
formed to the principles outlined in the Declaration of Helsinki. All participants
gave their informed consent to participate in the study. All data were stored in an
open format.

5.5.2 Test setup

Basic biometric data was gathered from each volunteer including: age, gender,
blood pressure, height and weight. The volunteer then walked on the treadmill
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Test Exercise Description
1 Stand 1 free standing
2 Sit 1 sitting in a rigid office chair
3 Walk 1 walk at 2.0k m/h on the treadmill
4 Walk 2 walk at 4.5 km/h on the treadmill
5 Stand 2 free standing
6 Walk 3 walk at a self-selected pace
7 Walk 4 walk at a self-selected pace
8 Stand 3 free standing
9 Sit 2 sitting in a rigid office chair

Table 5.2: Test table

in their own footwear for 4min to acclimatise prior to fitting the sensors and san-
dals. After fitting, the sensors were allowed to stabilise for a period of 5min with
the volunteer seated prior to testing.

5.5.3 In shoe testing

A sequence of 9 tests were undertaken to characterise the in-shoe conditions for the
events shown in Table 5.2. For each test 200 s of data was captured on the Raspberry
Pi master controller to ensure 3 x 60s data cycles were acquired per test.

5.5.4 Bioimpedance testing

Two bioimpedance tests were undertaken on each foot utilising a range of 100 –
1000 kHz at 100kHz increments. The first investigated the sensors ability to dif-
ferentiate between unloaded, lightly loaded and standing load on the sensor. For
this each volunteer placed a foot on the sensor 10 s into the test while seated, then
standing at 100 s with weight evenly distributed between both feet, the test con-
cluding at 200 s. The second test investigated the difference between occluded and
non occluded blood flow. We utilised this test to increase fluid load to the tissue
hence creating a perturbation in the balance of resistive and capacitive conduction
pathways. The volunteer was seated and a pressure cuff placed around the upper
thigh of the leg to be tested, data recording was started, with the foot placed on the
sensor after 10 s. The cuff was manually inflated to 20 mmHg above the volunteers
systolic pressure 70s after the start of data recording and maintained for 60 s before
rapid deflation. 500 s of data were collected during this test.

5.6 Results and Discussion

The following section presents illustrative results to demonstrate the system mea-
surement capability. From this data it is possible to elucidate the relationship be-
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tween events measured with different sensors or modalities for example vertical
acceleration in opposing feet or force and acceleration on the same foot. We also
investigate the use of our bioimpedance meter.

5.6.1 Vertical acceleration

Typical acceleration data is shown in Figure 5.27 asymmetry in the gate pattern.
The accelerations in the left foot are rapidly followed by similar accelerations in the
right foot with a lag before the accelerations repeat in the left foot. The accelerations
indicate discrete components of foot motion, indeed the transition from one state
to another. For a volunteer with even gait the timing and magnitude of any feature
pairs in the data on the L-R foot stride should match the R-L stride . The lack of
symmetry in the at presented indicates an irregular gait .

Figure 5.27: Comparison of vertical accelerations between the left and right feet while walking at 4.5
km h−1. Asymmetry in the gait cycle is shown.

5.6.2 Acceleration and force

The vertical acceleration and force data shown in Figure 5.28 clearly demonstrates
the timing of the heal strike as being coincident with the deceleration from ≈ −2.5

to −1.0g of the foot under test.
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Figure 5.28: Comparison of changes in vertical acceleration to timing of peak force at the calcaneus
(heal) while walking at 4.5m s−1. Heal strike is indicated by the large spike in the cal-
caneus force data. The vertical acceleration has three small but distinct peaks. These
are calcaneus strike, fifth metatarsal followed by first metatarsal-great toe. The large
deceleration, acceleration, deceleration is due to the foot swing cycle.

5.6.3 Humidity and GSR

Sweat and in shoe humidity are useful factors for monitoring podiatric skin health,
both dry and overly hydrated skin are prone to breakdown and infection. GSR is a
useful metric for monitoring the moisture content of the skin and aids the predic-
tion of future condition [142]. Humidity affects evaporation of sweat which may be
significant in some environments. Gait frequency can be observed in both signals
in Figure 5.29.

5.6.4 Bioimpedance

The data in Figure 5.30 shows the tissue response to 500 kHz capacitively coupled to
the sole of the foot and is given for indication. This demonstrates that it is feasible
to measure changes in output due to the no-load, light load and high load states
with the capacitively coupled impedance measurement device presented.

5.6.5 Occluded blood flow

The occluded blood flow test was undertaken with a 1 minute occlusion which
provided adequate change in the measurable signal to demonstrate measurement
efficacy with minimal volunteer discomfort. As can be seen from Figure 5.31 the
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Figure 5.29: Comparison of GSR and humidity on the left foot while walking at 4.5m s−1. The peaks
in the resistance data are a function of reduced contact pressure on the electrodes when
the foot is raised during walking.

frequency of the signal has increased from 0.16 Hz prior to the occlusion to - 0.26
Hz post occlusion in the example given, with some change in the magnitude of the
phase measurement. From this and other testing we conclude that we are able to
observe a measurable effect in tissue in vivo.
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Figure 5.30: Bioimpedance sensor measuring unloaded – light load (foot resting on sensor, volun-
teer seated) – high load (volunteer standing). The data for gain show differences in the
frequency and magnitude of signal for all three load conditions confirming the sensors
ability to sense such changes.

Figure 5.31: Bioimpedance sole of foot pre-occlusion, occluded and post occluded blood flow. The
characteristic frequency for each condition was estimated by dividing the cycle count by
the corresponding ∆t.
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5.7 Summary

Previous devices have combined up to three measurement modalities. The device
presented measures eight bilaterally plus environmental temperature and humid-
ity. This gives the opportunity to evaluate interdependencies in the metrics used
and hence quantify the value of each measurement individually and in concert as
multifactorial sensing algorithms. Evaluation of the interrelationship of some fac-
tors has historically been difficult due to the inability to measure multifactorial data
in an unconstrained manner, this device alleviates that restriction.

With local force being measured in 4 locations and skin temperature in 3, along-
side the 6 other metrics discussed it is now possible to gather comprehensive data
from the in shoe environment. This development will give an enhanced under-
standing of the biomechanics and local environmental considerations that affect
the well-being of the foot.

With an increasing understanding of the problems associated with the diabetic
foot it will be necessary to modify the sensor arrays to suit specific investigations.
This device is an extensible and adaptable measurement system which can be mod-
ified to optimise the sensor choices and location as required. The presented device
demonstrated the measurement of multifactorial data utilising both analogue and
I2C interfaces in real time. These interfaces can be rapidly adapted to measure
other sensors required by individual investigators enabling the customisation of
the measurement array.

The presented system demonstrates the feasibility of measuring complex mul-
tifactorial data in the laboratory or gymnasium based on commodity hardware.
Though the use of a battery pack and touch screen would allow the Raspberry Pi to
be used in a mobile situation, further development could lead to either conversion
to BTLe (BT4) with data logging on other mobile devices or peer to peer, in shoe,
data logging for increased utility at a later date.

During testing it was noticed that the force sensor output was lower than the es-
timated loads. Although the loads of up to 110N were observed the 75th percentile
reading was 16N on the calcaneus and 10N in the forefoot. Rescaling these outputs
to a range of circa 0 Nto30 N would significantly increase the resolution for a small
loss of observed data.

After testing the final sensor set comprised the following sensors:

1. Temperature - laboratory

2. Humidity - laboratory

3. Acceleration in 3 axis - in shoe. All sensors validated as meeting manufactur-
ers specification.
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4. Rotation in 3 axis - in shoe. All sensors except Roll validated as meeting
manufacturers specification.

5. Humidity - in shoe. All sensors validated as meeting manufacturers specifi-
cation with 1 failure in a batch of 20.

6. Temperature - in shoe. All sensors validated as meeting manufacturers spec-
ification with 1 failure in a batch of 20.

7. Temperature skin - in shoe. All sensors achieved a coefficient of variation
(R2) value greater than 0.9

8. Force - in shoe. All sensors achieved a coefficient of variation (R2) value
greater than 0.99

9. GSR - in shoe. All sensors achieved a coefficient of variation (R2) value
greater than 0.96.

10. Bioimpedance - in shoe

11. Bioimpedance - stand alone

Chapter 6 will examine data taken from a cohort of 10 volunteers utilising the
sensor set defined here.
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Chapter 6

Multifactorial analysis

6.1 Introduction

This chapter utilises the device and test protocol defined in chapter 5 to examine
data from a cohort of 10 male non diabetic volunteers to form a baseline for testing
diabetic volunteers against the same protocol.

Results derived from both the in shoe testing and the platform based bioimpedance
tests will be analysed and the data examined. The in shoe test data will be cross cor-
related to investigate interdependencies and redundancy of measurement for data
gathered in a perambulatory environment. This will help identify new sensor com-
binations with which to monitor diabetic foot health. To accommodate variability
a fractional factorial experiment is utilised. This should be considered a pilot study
due to the number of parameters to be measured and the small size of the testing
cohort and time available.

6.2 Discontinuities in the in shoe data set

A novel device, by its nature, is prone to a range of known and unknown failure
modes while being developed and this device has been no different. This has lead
to some sensors such as ’Roll’ and ’in shoe Bioimpedance’ not providing usable
data while others have failed sporadically requiring unreliable data to be removed
prior to a correlation and significance analysis being performed across all available
measurement channels. This chapter will describe the processes utilised to define
good and bad data, the failure modes involved, methods of excluding this from the
dataset alongside data processing techniques prior to the final inter metric correla-
tions and significance tests. The challenges of managing data has been eloquently
covered by Banaee et al [143].

As is normal with real world data there are a number of discontinuities which
were needed to be addressed in the data analysis protocols for the data to be of use.
The causes of these discontinuities will be discussed below and as there are a num-
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ber of reasons for their existence, there are consequently a number of mitigations
necessary to address them.

It is normal practice to filter data, ensuring only frequencies of interest are in-
cluded. In this research both ’low’ and ’band pass’ filtering has been utilised to
refine the data, both of which present challenges for non contiguous data sets. Fil-
ters are influenced by both their input and end conditions with data broken into
multiple segments having particular challenges. In the data presented here, omit-
ted data was set to zero before filtering. Post filtering the data was cropped to
remove tail effects on the output data with cropped data replaced with place hold-
ers set at not a number (NAN). This prevents the unknown data becoming part of
the correlation calculation.

6.2.1 Data collection structure and protocol

The first discontinuity to be discussed was introduced to address a limitation in
the available data transition rate. Data was gathered from both in shoe sensors at
a rate of 20Hz over Bluetooth at 115200 Baud. This presented a functional limit
on the length of data strings that could be transmitted, which was less than the
proposed data string length. To ameliorate this limitation data was gathered as
two interlaced data sets totalling 60s. Firstly 5s of bioimpedance data was taken
consisting of: test time, environmental sensor status, test cell temperature, test cell
humidity, acceleration data, rotation data alongside phase and again data for each
bioimpedance test frequency. As bioimpedance data has not been recorded in such
a way previously, the decision was made to record 5 s of data to give 100 data sets.
This would give access to phenomena from 0.4−10Hz. Secondly 55 s of data was
taken replacing the phase and gain data with force, skin temperatures, GSR, in
shoe environmental temperature, humidity and status. This resulted in 5s and 55s

interlaced blocks of data.

6.2.2 Systemic failure of sensor

Two sensors in each measurement circuit failed to record any usable data during
testing, these being the ’roll’ and ’in shoe bioimpedance’ sensors. The former is
due to a failure in the inertial measuring unit (IMU), where data was transmitted,
though only a gradual drift was measured over time and is shown on the pitch
axis in Figure 3.4. This was experienced over different rotational axis on different
sensors. The IMU sensor location utilised the ’x’ axis in the vertical, meaning that
the sensor ’roll’ axis measured ’yaw’ of the foot. The decision was made that this
was the axis to eliminate as the ankle and therefore the foot does not rotate in this
axis. Ideally this choice would not be necessary as the data would be available.
The in shoe bioimpedance sensor failed due to an inadequate length of connector
lead disconnecting the sensor from the device during testing. This was not initially
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obvious from the data recorded or with examination of the devices during testing.
Consequently all in shoe bioimpedance data was discarded.

6.2.3 Connection failure

Connection failure was common to the analogue sensors which were prone to dis-
connection and damage to the FPC connector in use. Visual examination of the
sensor interface and data was undertaken at the end of each test module to ensure
effective connection. There was no discernible pattern to the failures. However
every volunteers‘ data has at least a single sensor failure measuring either temper-
ature, force or GSR. Sensor failure was detected during data analysis by setting
functional limits to the sensor output with spurious data being automatically high-
lighted.

6.2.4 Data acquisition errors

The final failure mode is a function of error handling in the wireless data transmis-
sion. The data storage device requests each sequential string of data from each shoe
via the Bluetooth link at predetermined intervals. If for any reason this fails, a blank
row of data is recorded and the process carries on to the other shoe or environ-
mental monitor. Data drop outs can be overcome/reduced in a production ready
system with the inclusion of transmission control protocol (TCP) and cyclic redun-
dancy check (CRC) technology to validate the data transfer in real time[144, 145].

Where any break in the data occurs the filter process assumes this data to be a
zero, performs the filter functions and replaces the zero data and the filter transients
with NAN. This process reduces the size of the dataset for later analysis and the
analysis process must account for this variability in the data.

6.3 Interpretation of the data

The following sections describe how the data is interpreted using correlation, sig-
nificance and statistical data analysis to remove spurious data due to the factors
previously described. The data will be further sub divided by test and ethnic group.

6.3.1 Correlation, significance and frequency analysis

Having filtered the data, a factor analysis was performed across all sensor data
streams to investigate correlation as a ’paired sample t test’ with each correlation
tested for significance with a single sided significance test. All correlations with
a corresponding p value exceeding 0.05 were excluded from further analysis, see
Table 6.1. The p value is a test of the significance of the data presented. Where a p
value of 0.05 is used to indicate a significant result there is a small (1 : 20) chance
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Table 6.1: Sample correlation and significance analysis utilising a subset of data to demonstrate the
analysis principles. Each data stream was compared against every other to investigate
correlation as a paired sample t test. The same data was examined for significance with
and sensor pairs with a significance greater than 0.05 being discarded.

that this result happened by chance. A p value of 0.05 or less is seen as a significant
result. A frequency analysis was utilised to validate the data against boundary con-
ditions, see Table 6.2. Each data stream in the frequency analysis was challenged
against predefined functional limits for each data stream, including minima, max-
ima, a threshold variable and maximum number of missing data entries as a means
of excluding spurious data.

6.4 Division of data by test and ethnicity

Only data from the ambulatory tests is presented here although data is also avail-
able for standing and seated tests. Testing was undertaken in two tranches, the first
was undertaken with male Chinese volunteers (n=4) and utilising the FPC sensors
mounted directly to the the sandal insole, while the second utilised male Caucasian
volunteers (n=10) with sensors mounted directly to the foot. The change to protocol
was due to early failures of the FPC sensors and difficulty maintaining consistent
alignment of the sensors and feet during the first study as discussed in section 5.2.5.
For these reasons only the Caucasian cohort data has been presented.
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Table 6.2: Sample frequency analysis utilising a subset of data to demonstrate the analysis princi-
ple. Frequency analysis enables the examination and validation of data against multiple
statistical metrics including range, maxima, minima and the number of missing data.

6.5 Volunteer demographics

The volunteer demographics are described statistically in Table 6.3 and Figure 6.1.
All volunteers were male, mean age 35.4 years ±SD 7.9 years and selected from a
non diabetic population. It was not possible to test a diabetic cohort for direct com-
parison due to time and ethical constraints. The data presented here is intended
to be used as a baseline for the same tests on a diabetic population. The testing
developed here demonstrates a new paradigm in test capability.

6.6 In shoe data

Analysis of the in shoe data demonstrate coherence between a number of sensor
pairs that are not reflected in the literature. This indicates that there is either a
mechanistic relationship between the data, as a function of external influences such
as design of shoe or measurement environment, or a systemic relationship, where
proprioception and feedback are important components in the relationship. Where
the latter is the case it is reasonable to suppose that this will be adversely affected
by sensory and control neuropathy.

Statistical data for coherence of significant sensor pairs is presented in Fig-
ure 6.2. In this analysis the only opposing sensors to give a high correlation are
the left and right in shoe environmental temperatures. This pairing is denoted
with reference letter A. Other sensor pairs have unmatched complimentary pair-
ings such as ’force in the 1st metatarsal left’ and the ’acceleration Y right’ being
compared. These are denoted with reference numbers 1 – 12 with the sensor previ-
ously described being number 5. The number of cases included in each sensor pair
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Table 6.3: Volunteer demographic statistics
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Figure 6.1: Volunteer demography. The units for each measured category are shown in brackets after
the category name.
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is summarised in table 6.5.

6.6.1 Environmental temperature

Environmental temperature in opposing feet (reference A) is configured to sample
temperature without contacting the foot, providing an accessible measurement of
the in shoe environmental temperature at the ball of the foot. This sensor config-
uration exhibited the highest median correlation of all sensor pairs at 0.969 with
40/40 sets of test data being valid. Although Maluf et al [146] have built a de-
vice for measuring in shoe temperature there is a paucity of data for this metric.
Currently in shoe environmental temperature is not mentioned in the literature,
though skin temperature is extensively examined. This is less challenging than
skin surface measurement as physical isolation from the skin is required allowing
the use of socks within the shoe. With such high correlation, small changes in the ∆

temperature and correlation factor are likely to be easily observable, making this a
useful metric for monitoring foot pathology. Changes in temperature are a known
analogue of both microvasculature degradation and infection.

6.6.2 In shoe skin temperatures

In shoe monitoring of skin temperature has revealed four intra site correlations,
items 1 – 4 in Figure 6.2 which are of interest, with the caveat that although the
median correlations are high, with two exceptions, the ranges are also high. The
open sandal test platform is believed to have exacerbated the variability and it is
expected that variability would be lower in an enclosed shoe. Items 1 & 2 show
a wide variation in results indicating that some volunteers were negatively corre-
lated while others were positive. This is likely to be due to movement induced
flushing of the in shoe environmental sensor with air. Manual observation indi-
cated that the gait of some volunteers promoted more foot to shoe motion than
others. This aside, the median temperature correlations were high in the calcaneus,
great toe and first metatarsal when compared to environmental temperature. This
is of interest as a change in these correlation ratios is likely to be an indicator of
localised cooling or heating in an unmonitored site. It is worth noting that the tem-
peratures of the great toe and first metatarsal, item 3 correlate with a slightly lower
range than the other metrics. Despite the broad body of knowledge concerning the
value of monitoring skin temperature in the diabetic foot there is as of yet noth-
ing published regarding in shoe temperatures for either diabetic or non diabetic
cohorts.
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Table 6.4: In shoe data statistics. The table shows the statistical metrics utilised to quantify the indi-
vidual sensor data sets for each test. These metrics enable the researcher to identify and
eliminate invalid data prior to analysis.
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Case Processing Summary
Cases

Valid Missing Total
N Percent N Percent N Percent

Temp - L AND Temp - R 40 100.00% 0 0.00% 40 100.00%
T calc - L AND Temp - L 27 67.50% 13 32.50% 40 100.00%
T calc - R AND Temp - R 31 77.50% 9 22.50% 40 100.00%
T GT - L AND Temp - L 29 72.50% 11 27.50% 40 100.00%
T GT - R AND Temp - R 32 80.00% 8 20.00% 40 100.00%
T 1st met - L AND T GT - L 26 65.00% 14 35.00% 40 100.00%
T 1st met - R AND T GT - R 32 80.00% 8 20.00% 40 100.00%
T 1st met - L AND Temp - L 35 87.50% 5 12.50% 40 100.00%
T 1st met - R AND Temp - R 39 97.50% 1 2.50% 40 100.00%
T 1st met - L AND T GT - R 31 77.50% 9 22.50% 40 100.00%
T 1st met - R AND T GT - L 27 67.50% 13 32.50% 40 100.00%
T 1st met - L AND Temp - R 36 90.00% 4 10.00% 40 100.00%
T 1st met - R AND Temp - L 37 92.50% 3 7.50% 40 100.00%
T GT - L AND Temp - R 30 75.00% 10 25.00% 40 100.00%
T GT - R AND Temp - L 32 80.00% 8 20.00% 40 100.00%
Temp - L AND Humidity - L 39 97.50% 1 2.50% 40 100.00%
Temp - R AND Humidity - R 38 95.00% 2 5.00% 40 100.00%
Humidity - Lab AND Temp - L 40 100.00% 0 0.00% 40 100.00%
Humidity - Lab AND Temp - R 40 100.00% 0 0.00% 40 100.00%
Humidity - L AND Temp - R 39 97.50% 1 2.50% 40 100.00%
Humidity - R AND Temp - L 37 92.50% 3 7.50% 40 100.00%
F 1st met - L AND F GT - L 28 70.00% 12 30.00% 40 100.00%
F 1st met - R AND F GT - R 32 80.00% 8 20.00% 40 100.00%
Accy Y - R AND Accy Z - R 40 100.00% 0 0.00% 40 100.00%
Accy Y - L AND Accl Z - L 39 97.50% 1 2.50% 40 100.00%
F 1st met - L AND Accy Y - R 37 92.50% 3 7.50% 40 100.00%
F 1st met - R AND Accy Y - L 36 90.00% 4 10.00% 40 100.00%
GSR - R lp AND GSR - R bp 27 67.50% 13 32.50% 40 100.00%
GSR - L lp AND GSR - L bp 13 32.50% 27 67.50% 40 100.00%

Table 6.5: In shoe test case processing summary
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6.6.3 Intra shoe temperatures

The use of an integrated measuring system has allowed the examination of intra
foot perambulatory temperatures to be measured for the first time, items 5, 6 & 7
in Figure 6.2. It is interesting to note that the highest correlations did not occur
between the same sites on the opposing feet but between the first metatarsal and
opposing great toe, the first metatarsal and the in shoe ambient temperature and
the great toe and ambient temperature of opposing feet. This may have merit for
monitoring diabetic foot disorder as a metric if closer correlations are achieved with
a non diabetic cohort in enclosed shoes.

6.6.4 Humidity and temperatures in shoe

High correlations were seen between the in shoe environmental temperature and
humidity, though again the ranges were large, items 8, 9 &10 in Figure 6.2. Hu-
midity measurement was shown to have a considerably faster response than the
temperature measurement during testing. This is important where rapid changes
in the ambient conditions are experienced, such as with cool dry air being drawn
into the shoe, past a warm moist foot while walking. As with temperature testing
above, tighter correlation ranges are expected in a closed shoe environment, though
this may happen due to the humidity sensor reaching saturation, so caution is ad-
vised in drawing conclusions. Saturation was noted in the data presented here with
an open sandal arrangement and this would be expected to be a bigger concern in a
closed shoe environment. However, that is not to say it should not be measured in
a neuropathic population, where a reduction in sweating is expected. This may be
an important metric as it is very sensitive. There is a paucity of literature dedicated
to in shoe environmental temperature and humidity with little other than Maluf et
al [146].

An interesting correlation exists between the laboratory humidity and the in
shoe environmental temperature, item 9. This is likely to be stronger in a sandal
than a closed shoe as the latter will restrict airflow and the ability of external air
to cool the foots‘ local environment. Mounting a discrete external environmental
sensor on shoes for use outside the lab that would not be affected by the proximity
of the wearer, would be challenging, so it is not envisaged that this would be worth
pursuing.

6.6.5 Motion of the foot and inter/intra foot monitoring

Foot motion has been investigated by Leardini [147] amongst others. The utilisa-
tion of high resolution solid-state inertial measuring units is a logical progression
of this and can easily be incorporated into footwear for long term monitoring of
gait. The correlation of forward and lateral motion reference 12, Accy Y being for-
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ward acceleration and Z being lateral in this implementation, indicates a consistent
well defined gait pattern. In the event that neuropathy develops in the sensory or
control nerves, changes to both the magnitude and strength of correlation are likely
and further investigation would be recommended.

The correlation between force exerted by the great toe and the first metatarsal of
the same foot is expected as both are involved in the generation of forward propul-
sion during the ’toe off’ phase of the gait cycle, item 11 in Figure 6.2. What is
surprising is the difference between left and right feet correlations. The right foot
shows a low spread of coherence while the left shows a significantly wider spread.
This appears to indicate that the right leg is dominant in the volunteers tested. It is
not felt that this is likely to be beneficial for monitoring the diabetic foot but may
have some utility in sport science.

The high correlation between force of the first metatarsal and acceleration along
the longitudinal axis of the opposing foot is of interest. This shows one foot rolling
forward onto the forefoot while the opposing foot accelerates forward. This cycle
is repeatable with a low spread of coherence but this cycle would be expected to
deteriorate with the onset of sensory or control neuropathy.

6.6.6 GSR

Item 12 in Figure 6.2 shows a relationship between the low pass (1.5Hz) and band
pass (0.1Hz − −1.5Hz) filtered GSR data. GSR is usually a highly dynamic re-
sponse but ANS pathology restricts the skins ability to sweat, causing an increase
in the overall resistance and a reduction in the dynamic response. From the data
presented here it would be advisable to further investigate coherence between these
two metrics in diabetic and non diabetic volunteers.

It is important to note that there are safety concerns where utilising this metric
in the diabetic volunteer. Polarisation of the tissue is especially dangerous in com-
promised tissue, where changes to the milieu could compromise the tissue viability.
Hence the measurement device must be designed to eliminate polarisation of the
tissue (fully reverse the current flow) and minimise the measurement time when a
volunteer is connected.

6.7 Bioimpedance measurement

A number of tests were undertaken to estimate the efficacy of using bioimpedance
for investigating soft tissue status in the foot. It was not possible to test this on
diabetic patients, though a number of tests were undertaken that indicate that it
is a suitably sensitive instrument to determine changes in tissue. Whether this is
sensitive enough to measure skin degradation with sufficient granularity to sense
early tissue degradation will require further work.
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The first investigation utilised an early prototype sensor to look at the changes
in phase and gain due to the orientation of anisotropic living tissue, the palm of
a hand. As shown previously in Figure 3.18, measuring impedance in the palmer
distal proximal axis gave a 15◦ phase shift and a 20% greater attenuation, hence
demonstrating good sensitivity.

The second investigation utilised the sensor described in Section 5.3.7, inves-
tigating the sensitivity to no load, dead tissue (chicken breast) and living tissue
(palm of a hand). As demonstrated in Figure 5.22 clear differentiation can be seen
between the different states.It is expected that for ulcerated tissue phase and mag-
nitude of the signal will tend towards that of the dead tissue used, though this was
not tested in this body of work. It is also noted that the living tissue returns a much
less regular signal and this is to be expected where living tissues and processes
cause changes in the balance of resistive and capacitive pathways.

The third investigation again utilised the sensor from 5.3.7, to measure changes
increasing salinity in an electrically isolated cell. This investigates the sensors abil-
ity to measure changing resistance in a fluid under test. Though the response was
non linear it was possible to measure the change in salinity using the device pre-
sented between RO water and physiological saline solution see Figure 5.23.In vol-
unteer testing the device differentiated between foot not on sensor, unloaded and
loaded foot contact together with gross changes in blood flow in the foot.

The device is capacitively coupled ensuring only AC voltages can be transmit-
ted to the tissue, consequently the device can not cause polarisation of the tissue.
Further investigation is required to examine tissue changes in the diabetic foot and
consequent changes in the bioimpedance against which this device could be vali-
dated.

6.8 Summary

Two main contributions are presented here, the first being a new set of metrics
with which to investigate the external influences on the diabetic foot. These are
summarised in Table 6.6. The high coherence sensor pairings will be the most pow-
erful. However, the low effort and technical difficulty of adding a temperature
sensor for the first metatarsal and great toe giving access to the remaining sensor
pairings make it advisable to include these sensors as well.

The second contribution is the bioimpedance sensor. Though this requires fur-
ther characterisation and investigation into the expected impedance ranges for in-
vestigating the diabetic foot, it is an entirely new method of investigating the con-
dition. It is expected that this device will measure the deep tissues giving early
warning of deep tissue inflammation.

The above are the subject of a paper in the peer reviewed journal electronics [5].
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The internal environmental temperature and humidity sensor is the most chal-
lenging device to site as it needs to be mounted so as to measure only the internal
conditions without being influenced by the mounting arrangement or foot contact.
It must also be mounted so as not to present a hazard to the user and remain clean.
The primary consideration for temperature and force sensors is maintaining con-
sistent alignment with the target areas of the foot. GSR simply needs to be kept in
contact with the foot ideally with direct contact. If used for more than short term
testing as conducted here measures should be taken to minimise the risk of tissue
polarisation.

Acceleration and rotation can be measured in a single high resolution 6 degree
of freedom device as used here and therefore the data is readily available and forms
a useful reference metric.

Coherence variation in GSR has been demonstrated for the first time.
All the above has been achieved with a novel extensible multimodal sensing

system.
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Figure 6.2: Sensor coherence for ambulatory data set pairs. Sensor pairings with medium or high
coherence included and significance of p ≤ 0.05. Pairing data sets in such a way enables
the identification of novel interdependencies.
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Chapter 7

Conclusions and further work

As stated in ’motivation for research’, section 1.1, this project has expanded the
scope for monitoring multiple sensing modalities concurrently that are suitable for
the DF as there is strong evidence that suggests monitoring environmental factors
applied to the plantar tissue, the tissues‘ reaction, together with known diagnostic
parameters will enable an enhanced level of understanding and a practical method
of predicting and detecting the early signs of tissue breakdown. Though excel-
lent work is being done to improve the management of diabetes through better
understanding of the pathological processes, with improvements being made in
the clinical management of the disease, it is not currently possible to prevent ul-
ceration and therefore ameliorate the associated health risks. Many studies link
applied pressure, shear, skin stiffness, dermal hydration, temperature, blood flow,
pulse strength, humidity and prior scar tissue to be some of the predictive indica-
tors in the development of new or recurrent diabetic foot ulcers. However, none
have yet provided reliable threshold levels of any individual parameter that can
be utilised to predict tissue breakdown, and even if available, would be difficult
to apply in the free-living environment, due to the lack of suitable continuously
wearable monitoring devices.

The GSR study in chapter 4 has demonstrated a technique that shows sensitiv-
ity in the measurement of ANS activity between feet, which should be expanded.
The technique of using the variability of coherence as a metric of ANS variability
currently shows some promise, though remains to be proven. The formal analysis
of the lead – lag phenomena still needs to be addressed but again this shows some
level of sensitivity that may be exploitable. .

The device shown in this research is a prototype multi sensor insole technology
which will need further development to be usable in the worn in shoe environment
on a daily basis. However this research has shown that novel data can be gathered
using this technology.

The investigation into using sensors printed or assembled on flexible printed
circuits has shown that there is further work required to develop a valid solution to
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flexible circuitry in the worn environment. Currently the circuitry and particularly
the interface to the sensors is prone to early failure. This is particularly problematic
in the harsh environment of the shoe where large stresses and strains are imparted
on the circuit.

It is not currently viable to use the sensor set in a daily worn device as the
sensor assembly/printing to a flexible circuit is still in an immature state. There
are a number of commercial and research bodies trying to address this at present.
however there is currently no robust solution.

With regard to the use of a multimodal approach to sensing in a wearable device
outlined in chapter 1 developed in chapter 5, and the analysis of the resultant data
in chapter 6 has yielded novel approaches to monitoring and understanding the
podiatric data. With the development of an ensemble device to measure data in
the free-living environment it will become possible to measure the fatigue cycles,
temperature, sweat, bioimpedance etc. of the diabetic foot offering new insight into
how differing levels of applied stress affect the plantar tissues.

The aim to investigate novel associations of sensing modalities is addressed in
data presented in Figure 6.2. It has been shown that there is correlation between
sensor pairings in the data that we examined. That is not to say that it is possible
to infer there is a causal relationship at this stage.

The examination of bioimpedance has shown there is a sensitivity to a number
of factors relating to skin health. It has been demonstrated that living tissue has a
markedly different signature to dead tissue or a no load state and all three states
can be differentiated under the testing undertaken. The device was also able to
differentiate different states in living tissue. These being low load on the foot when
seated — load on the foot while standing and with blood flow — without blood
flow. As blood flow in the extremities is known to be compromised in the DF it is
likely that the device as shown will be useful in the monitoring of DF. That said
further research is necessary using a diabetic cohort is necessary to validate this.

The investigation of GSR has demonstrated that this technology is capable of
monitoring perspiration in the soles of the feet. It has been demonstrate that intra
site perturbations are indeed measurable with the device as shown though extra
investigation will be necessary to validate this with a diabetic cohort.

A novel set of sensing modalities have been identified and investigated in this
work together with a new system architecture. These have been demonstrated as
a concept and a provisional implementation showing that useful data can be gath-
ered. Data has been gathered and appraised from a cohort of 10 volunteers from
which the final sensor set has been identified.
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7.1 Contribution to the body of knowledge

Prior to this thesis little was known about the use of multifactorial sensing in the
foot. This thesis starts to elucidate how multivariate data can be utilised to investi-
gate the podiatric health and suggests new metrics for doing so. This will be espe-
cially useful in the field of diabetic foot health. A new extensible device specifically
designed for the purpose is also offered that significantly reduces the challenges in
making the measurements.

1. Novel associations of sensors for monitoring the diabetic foot see Table 6.6.

2. The development of a novel bioimpedance measuring device.

3. The development of a novel wearable extensible multimodal sensing plat-
form as published in electronics [5].

4. Demonstrate DC through textile GSR measurement.

5. Demonstrate the effect of caffeine on GSR coherence for the first time.

The sensing system demonstrates sensing of environmental factors such as tem-
perature, humidity and time of day, alongside linear/rotational accelerations, skin
temperature, contact force, galvanic skin response and bio-impedance in a single
device. This toolset will give access to new data from the free-living environment
that will enable the investigation of the interplay of factors that cause tissue break-
down in the diabetic foot. This has not been possible before as the technology to
measure these parameters has been too bulky, until recently.

The use of Bio-Impedance for monitoring tissue state is novel in the diabetic
foot, though it has been used as a diagnostic tool for various forms of cancer, fluid
load in the body, dental carries, muscle percentage of body mass and fat percent-
age. This is expected to reveal many changes in the tissue state, both in healthy
and pathologically compromised tissue. This, coupled with the use of capacitive
coupling of the electrodes to the body to be tested, will be new to the field.

7.2 Further work

1. Investigate the influence of fatigue and recovery of tissue with a possible de-
sign of a no-decompression model. There is currently no guidance available
for how much work can be undertaken by tissues of the diabetic foot or how
long they need to recover after work. This is a complex issue as the input state
of the tissue needs to be established and a model for how much stress this can
tolerate is required, but a predictor of over exertion would be a useful. There
is evidence [148] that exercise improves the outcomes for those living with
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diabetes however this presents a small risk of damage the tissues of the foot
[149]. Any metric that can minimise this risk while empowering those living
with diabetes to engage in exercise will improve quality of life.

2. Investigate a surrogate haptic feedback system to overcome sensory DPN.
Where sensory neuropathy exists, developing a sensory feedback mechanism
to a surrogate site such as the buttocks or backs of the thighs could enable
those living with neuropathy to regain lost feedback signals in an intuative
manner. Morley suggested this in 2001 [110] and there is no evidence of fur-
ther work in this area. This is likely due to the historic difficulty in devising
discrete circuitry with which to implement this. There are now many cost
effective technologies with which to address this problem.

3. Investigate the viability of stimulating the ANS, and/or induce sweating to
better maintain desired moisture level in the foot. Wilkins [41] demonstrated
that Faradically coupled AC could induce sweating to the healthy tissue un-
der test. It is possible that this mechanism could be pressed into service to
increase skin hydration in the event that the sweat glands are still physically
functional but lacking neuronal control.

4. Develop a robust method of connecting sensors to FPC that is tolerant of the
in shoe environment. The in shoe environment is challenging for sensor de-
sign due to the high flex, strain, shear and humidity/moisture. Technologies
are available to manufacture thin film high flex circuits that are could be de-
ployed in wearable devices. However as noted by Park et al [150] there are
currently no suitable methods of connecting these new technologies to de-
vices that are robust for worn sensing devices. For a system such as this to be
viable as a worn device in a community care environment the sensor must be
simple, poka-yoke and reliable.

5. Increase the resolution of the Bioimpedance device circuit with a gain of 20
on the return signal and optimise the phase - range to ±30◦. Figures 5.22
and 5.23 demonstrate that only part of the 0 − 1023AU senosr range is being
utilised. Removing the resistor R8 in Figure 5.19 will reduce the return signal
attenuation by a factor of 2. Meanwhile changing R4 to 400 will increase the
drive signal attenuation to 4 : 1 from 2 : 1 thus a 4 : 1 overall increase in
the magnitude signal can be produced. To reduce the range and increase the
resolution of the measured phase, amplification of the phase output on the
phase gain analyser will be necessary..

6. Redesign the GSR to be a voltage divider with non inverting amplification
and active filter to reduce drive current and increase accuracy. Reducing the
exposure to applied current reduces the risks of polarisation in. Both reducing
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drive current and duration of exposure are valid means of achieving this aim.

7. Define GSR routine as a momentary excitation rather than permanently en-
ergised and reverse electrode polarity for each cycle to ensure minimal tissue
polarisation.

8. Adjust GSR range to suit electrode size or adjust electrode size to suit current
circuit. Rossel et al. reported impedances in the range of 10k−3.5MΩcm2. The
electrodes in the final design were undersized resulting in reduced resolution
at high resistances.

9. Replace sensor connector system to improve robustness. The FPC connector
system utilised in testing has proven to be inadequate as alignment is critical
and sensor retention force inadequate. This was exacerbated by the sensor
cable being too short for use while walking causing the cable to be pulled out
of the socket.

10. Rescaling these outputs to a range of circa 0 − 30N would significantly in-
crease the resolution for a small loss of observed data. Though the force sen-
sors provided usable output the range chosen was greater than required for
the task undertaken. Reducing the range would allow greater resolution of
measurement.

The use of the technology and techniques discussed in this thesis is not unique
to the task in hand as there are a number of obvious alternate applications. Moni-
toring of motion, flexure, temperature, accelerations, and environment could easily
be utilised in the fields of podiatry, sporting performance optimisation, monitoring
at risk populations such as military personnel, labourers and the elderly to name a
few.

With increased knowledge and development the device and analysis system
could prove to be a valuable aid to monitoring the effects of physical therapy and
rehabilitation in a wide range of fields [151]. It is often difficult to quantify the ben-
efit of rehabilitation, particularly towards the culmination of therapy, as improve-
ments are often subtle, with therapy often finishing where minimal improvement
is observable. Wearable technology offers the opportunity to gather finer resolu-
tion long-term data that pertains to the users living environment rather than the
abstract setting of the clinic.

This technology has potential as a means of monitoring both able and handi-
capped athletes. Where small enhancements in performance are hard to measure
with traditional metrics, a wearable configurable device can measure multiple fac-
tors specifically selected for a particular sport or athlete. The same applies to mon-
itoring personnel working in hostile environments.

137



With minor adaptation the motion sensing could be utilised in veterinary medicine
for gait analysis on quadrupeds enabling the quantification of gait change that can
be subjective [152] in the way it is currently observed. Similarly the measurement
of flexure is an important metric that is difficult to measure/quantify but can be
inferred from accelerometery. Though measurements of gait have been of the at-
tempted in horses over many years the devices used in this study would allow a
greater number of metrics to be utilised over a longer time-scale enabling a finer
granularity of measurement.
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Appendix - Ethics approval
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Figure A.1: Risk assesment
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Figure A.2: Ethics application
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Figure A.3: Participant information sheet
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Figure A.4: Contra-indication list
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Figure A.5: Consent form
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Figure A.6: Study questionare
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Appendix B

Appendix - Circuit design
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Figure B.1: Circuit V2 development system

148



Figure B.2: Circuit V6 test system
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Figure B.4: Bioimpedance spice plot
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