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Abstract

Diabetic foot complication is one of the leading cause of non-traumatic lower extremity am-
putations. Due to diabetic complications such as neuropathy, diabetic patients do not feel any
pain in their feet. Due to this they are often unaware of any ulcer or wound formed on their
feet. This along with impaired healing of the wounds often escalates into lower extremity am-
putation affecting patient’s socio-economic well-being.

This graduation assignment aims to avoid occurrence of diabetic foot ulcers by monitoring
different parameters of the foot and using it for predicting possible occurrence of ulcer. Devel-
oping and then evaluating hardware and software for this purpose comes under the scope of
this master assignment. Designing such a system will help in taking early preventive measures
for the feet to avoid occurrence of ulcer thereby avoiding further complications.
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1 Introduction

Diabetes is one of the commonly known and found disease all around the world with no per-
manent cure found yet. It is estimated that by 2025 more than 65 million people in Europe will
suffer from diabetes (Lepédntalo et al., 2011) whereas global estimation is around 300 million
(Zimmet et al., 2001). Diabetic foot is condition caused due to effects of diabetes and often
leads to amputations and in some cases even to death. Hence, it is important to detect diabetic
foot condition at an early stage to avoid the foot complications.

1.1 Diabetic Foot

Diabetic foot is an umbrella term used to describe medical condition such as ulcer, ischemia,
infection or other complications of the lower limb caused due to diabetes and its effects. The
most common problem found in diabetic foot is advanced ulceration of the foot which often
requires surgical intervention and in many cases amputation. The cause of this problem can
be narrowed down to three conditions: neuropathy, impaired healing and peripheral vascular
disease (PVD).

Neuropathy adversely affects the ability to sense pain, causing diabetic patients to become
completely unaware of the damage caused to the foot. In addition to this, wound healing is
slowed down or even stalled due to the effects of diabetes. In some cases, patients also suffer
from peripheral vascular disease which affects blood supply available to the lower extremities
of the body. These three combined conditions lead to situations where patient realises the
damage done to foot very late, resulting loosing part of their lower limb.

1.2 Incidence and Implications

Incidence of Diabetic Foot Ulceration (DFU) around the world is very common and is major
cause of amputations. Around 85% of amputations in diabetic conditions are caused due to
diabetic foot ulcer. About 46% of hospitalization cases for foot ulcer in US are from diabetic
condition which comprises only 4% of the overall population (Reiber et al., 1998). Moreover,
every 30 seconds someone looses their lower limb as an effect of diabetic foot complication
(Boulton et al., 2005).

This adversely affects both social and economic conditions of the individual. The costs in-
curred due to diabetic foot depend on several factors such as medication costs, surgical inter-
ventions, footwear and in-patient costs. In study by Boulton et al., authors claim that around
20% of all the expenditure on diabetes is spent on diabetic feet. This expenditure ranges from
US $993 to US $17519 (1998 equivalent) depending on the severity Boulton et al. (2005). Sur-
vival rates after amputation do not paint an optimistic picture either. Perioperative mortality
rates after amputations are 9% in Netherlands where as survival rate 3 years after amputation
are just 59% in Sweden and 50% in Italy (Jeffcoate and Harding, 2003).

1.3 Problem Statement/Research Objective

All of this data points towards importance of detecting ulceration at the early stages. If the
occurrence of ulceration is prevented, then it will altogether eliminate conditions that follow
it, preventing the social and financial burden it carries. There have been substantial amount
of research done around this problem. There are studies which focus on pressure, defining
limits for safe and unsafe pressure values, temperature and its relevance to ulceration sites and
so on. Based on these studies, there are applications which try to monitor these parameters
to determine ulceration prone areas. However these studies mostly monitor these parameters
using pressure mats or custom made footwear. These designs put limitations on amount of
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time the foot parameters can be monitored. Also, patients are more aware of these recordings
as they have to wear specific set of shoes or walk bare-feet on specific mat. Being aware of
these reading can also result in false readings as patients try to compensate their gait due to
their awareness.

This assignments tries to address these problems by trying to answer the following question:
To what extent, is it possible to continuously monitor foot ulcer indicators in an efficient, accu-
rate, and user- friendly manner through embedding sensing and communication technologies
in daily worn socks?

This is achieved by finding solutions for following set of questions:

1.4

Which foot parameters can be used to predict incidence of DFU?

What are functional and non-functional requirements of monitoring these parameters us-
ing a smart sock?

What are the software and hardware requirements and design decisions for continuous
monitoring and detection of foot ulcer using a smart sock?

How accurately and efficiently the designed smart sock can measure the foot ulcer indica-
tors?

How user-friendly and comfortable is the designed smart sock?

Design Requirements

Functional Requirements

1.

2.

5.

6.

The developed sock should be able to monitor required foot parameters continuously.

Sock should be designed to be worn in day to day life. Design should be clean and should
not affect or change the normal bio-mechanics of the foot causing errors in the readings.

. Sensors data must be reproducible and repeatable

. Sufficient battery life must be ensured to take continuous readings for long duration.

Errors in sensor readings must be within specified limits.

System should be able to perform data logging.

Non-functional Requirements

1.

4.

1.5

Safety: The sock is designed for patients with neuropathy, which means they have very
little or no sensation of pain. Thus it should be made sure that, the sock is not causing
any damage to the foot skin while attempting to measure the same.

. Weight: Weight of the sock should not cause any effect on walking or foot health.

. Sock design should be size independent.

Sock should be washable and reusable within certain restrictions.

Thesis Outline

The organisation of this thesis is done as follows:

Chapter 2 provides the background information necessary to understand the types and
causes of diabetes. Subsequently, the underlying causes behind diabetic foot are ex-
plained. The chapter finally concludes with discussion of the complications of wound
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CHAPTER 1. INTRODUCTION 3

healing in diabetic patients. Thus, providing the motivation behind early detection of
diabetic foot ulcer.

Chapter 3 presents the different indicators for detection of diabetic foot ulcer viz. tem-
perature, pressure and pH. The literature where these parameters have been used for
diabetic foot ulcer detection is examined and a decision of choice of parameters is pre-
sented and discussed.

Chapter 4 lists the existing commercial systems such as In-shoe systems, platform sys-
tems and sock systems which address the diabetic foot ulcer detection problem. A indus-
trial survey focused only on socks is also presented along with motivation for selecting a
smart sock design.

Chapter 5 presents the design space exploration performed for selecting different hard-
ware components for the sock. The different sensors available for measurement of pres-
sure and temperature are discussed and compared. The motivation behind choosing a
certain type of sensor for pressure and temperature is presented. Additionally, the de-
sign decision for choosing accelerometer is discussed and heart-rate monitoring process
is examined. Following this, the sensor calibration and conditioning performed for the
pressure and temperature sensors is presented. The chapter concludes with the discus-
sion of design choices behind selection of communication protocol and the microcon-
troller unit.

Chapter 6 provides the information about the design decisions taken during software
design of the smart sock. The chapter begins with providing the background informa-
tion about bluetooth low energy. This is followed by in-depth discussion of the design
of Bluetooth firmware running on CC2640R2F Bluetooth MCU and Android application
that compliments hardware design of the smart sock.

Chapter 7 provides the design details for two versions of the smart sock design. Initially,
the motivation behind the chosen sensor placement arrangement is presented along
with the accelerometer placement. This is followed by a discussion of the complete setup
of the two sock designs. Finally, the various technical difficulties faced during sock de-
veloped are presented.

Chapter 8 is focused on the results obtained after evaluating the 2 sock versions when
subject to different tests (pressure test, accelerometer test and temperature test). This
is followed by evaluation of different shoes using the developed smart sock. The results
obtain after power profiling the smart sock are presented. The chapter concludes with
discussion of washability and usability tests performed on the sock.

Chapter 9 presents the conclusion for this research work where the main research ques-
tion and sub questions formulated in Chapter 1 are addressed and answered.

Finally, Chapter 10 describes the future work possible in this research work.
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2 Brief Introduction to Diabetes and Diabetic Foot

When we normally use the term ’'Diabetes’, we refer to Diabetes Mellitus (DM) since it is
more prevalent than other type (Diabetes Insipidus). Although diabetes in itself is not a life-
threatening disease, its long term effects can be severe. There is no cure found for yet. This
means best what patients can do is to manage their blood sugar levels and keep it within
bounds. This exposes them to risk of encountering diabetic complication throughout their
life. Therefore,it is rudimentary that we should understand the way diabetes affects our body.

This chapter provides brief information about types and causes of diabetes, followed by dia-
betic foot condition and reasons of disrupted wound healing process in diabetic patients.

2.1 Diabetes: Types and Causes (Pathophysiology)

Blood sugar (glucose) level in our body is controlled by pancreas. Pancreas is responsible for
secreting two hormones called insulin and glucagon which collectively control the sugar level
in the blood. When blood sugar level is high, insulin is released in blood which directs cells to
absorb and store the excess blood sugar in form of glycogen. When sugar level is low, glucagon
hormone is released which directs cells to convert back glycogen into its original form (glucose)
and release it in blood. The a and § cells present in pancreas are responsible for maintaining
the sugar levels at normal value. Figure 2.1 shows the blood glucose control mechanism for
normal and diabetic conditions.

A Normal physiology

f— Decreased glucose )—1

Beta cells Drecreased insulin e—— Alpha cells == ncreased glucagon

Beta cells Increased insulin ——————— Alpha cells — Decreased glucagon

|
—j |
Increased glucose |

f—{ Decreased glucose ﬁ i
|

e||5 — s No decrease in insuline———— Alpha cells—- No increase in glucagon

ells ——— Noincrease in insulin—————— Alpha cells —=Increased glucagon

L—‘ |nc[e;[§ed BlL,IEOEE —J

Figure 2.1: Role of @ and S cells in blood glucose level control and its impairment in diabetes. Adopted
from Bayenst et.al. (Baynest, 2015)
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Diabetes is caused due to impairment of the f cells in the pancreas which are responsible for
insulin secretion. This results in excessive amount of glucose level in the blood which, in long
term, affects the functioning of body in different ways.

Types

Diabetes Mellitus can be classified into different types based on the circumstances which
caused the diabetic condition. Out of these, Type I and Type II are most commonly found.
Type I diabetes is hereditary and diagnosed at birth. It is caused due to autoimmune destruc-
tion of B cells (Association et al., 2017) resulting in absolute insulin deficiency (Zimmet et al.,
2001). Type II is caused due to insulin resistance or abnormal insulin secretion or both, and,
it encompasses about 80-90% of the diabetic population. Other types of diabetes are rare and
form very minuscule population. The classification along with extent of insulin impairment is
depicted in Figure 2.2.

Stages Normoglycemia Hyperglycemia
Types Normal Glucose Regulation | Impaired Glucose Tolerance : Diabetes Mellitus
or H
Impaired Fasting Glucose | Notinsulin Insulinrequiring Insulin requiring
(Prediabetes) : requiring for control for survival
R A >

Type 1*
Type 2 -
Other Specific Types** _
Gestational Diabetes** -

Figure 2.2: Classification of Diabetes Mellitus. Adopted from Association et al. (2013)

Symptoms

In most of the cases diabetes develops gradually which makes getting an early diagnosis a dif-
ficult task. However, one or more of following symptoms can be generally seen at the onset of
diabetes which can alert patients to take prompt action:

* Increased thirst and urination

* Increased hunger

¢ Fatigue

* Blurred vision

* Numbness or tingling sensation in the feet and/or hands
* Non-healing wounds

* Unexplained weight loss

2.2 Diabetic Foot

The umbrella term ‘Diabetic Foot* is used to describe any pathology of lower limb such as ul-
cers, ischemia, infections and other complications that are consequence of diabetes and its
long term effects. DM can affect functioning of lower limb in multiple (and often simultane-
ous) ways. Most of these can be grouped as neurological or peripheral vascular effects. Figure
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CHAPTER 2. BRIEF INTRODUCTION TO DIABETES AND DIABETIC FOOT

2.3 illustrates different pathways leading to diabetic foot ulceration. This section provides brief
introduction to these pathways for better understanding of underlying causes of the diabetic
foot ulceration.

DIABETES MELLITUS

e-’/ Trauma \

Neuropathy — Vascular Disease

| | | ! MACRO\!’J\SCULAR
MOTOR SENSORY AUTONOMIC MICROVASCULAR N

I T STRUCTURAL

STRUCTURAL
Weakness Anhidrosis Capillary BM Atherosclerosis
Atraphy Loes of Dry Skin Thlckamn
Pmm“_i"e ¥ Oeclusive

Deformity Sensation g FUNCTIONAL Narrawing

AV Shunting

Abnarmal Strass

High Plantar Pressure

Callus Formation

wlv Sympathetic Tone
{Altered Blood Flow Regulation)

! Charcot

Structural Deformity
Cheiroarthropathy

Ischamia

!

+ Nutrient Capillary
Blood Flow

7/

ISCHEMIA

l

‘ DIABETIC FOOT ULCERATION

f Y Anemia
I\Iutrltlonal Deficiencies

Impaired
Y, Response
to INFECTION

AMPUTATION

Figure 2.3: Different possible pathways for diabetic ulcer formation and amputation (adopted from
(Frykberg et al., 2006)).

2.2.1 Neuropathy

Neuropathy affects the sensation of pain experienced by diabetic patients and also disrupts
temperature discrimination and automatic functions. Due to reduced sensibility of sensory
systems to stimulus such as touch, temperature and vibrations, patients become unaware of
early signs of foot ulcers as well as foot deformity (Ahmad, 2016). In most of the cases longest
motor fibers are affected first. This results into damage of sensory and motor functions of lower
leg and hands, called as stocking and glove distribution (Bandyk, 2018). Motor neuropathy
alters bio-mechanics and foot anatomy causing limited joint mobility and altered loading of
the foot (Lepéntalo et al., 2011). Dislocation of tarsal bones produces a bowed, “rocker-bottom”
appearance of the foot which is susceptible to high pressure ulceration.

2.2.2 Peripheral Vascular Disease (PVD)

Blood supply to the foot is provided by three blood vessels : posterior tibial artery, anterior
tibial artery and peroneal artery. Diabetes can affect one or more of these arteries. For every
1% increase in HbAlc !, there is corresponding 25-28% increased risk of PVD(Selvin et al.,
2004). Patients with diabetes frequently develop micro-arterial dysfunction that begins early in
life which limits capillary blood capacity. This loss of capillary capacity reduces body’s ability

1The hemoglobin Alc (HbAlc) test provides average level of blood sugar over past 2 to 3 months. It’s also called
glycated hemoglobin test and glycohemoglobin.
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Figure 2.4: Example of callus formation under high pressure points. Adapted from (Alavi et al., 2014)

to provide oxygen and other nutrients to tissue and hence healing and restoration of tissue
is impaired. This can also result in ischemia or neuro-ischemia (in presence of neuropathy)
which renders foot more susceptible to ulcer formation. In general skin perfusion can be used
as an indicator of good lower extremity microcirculation (Alavi et al., 2014).

2.2.3 Charcot Foot

The Charcot foot presents itself as a late complication of peripheral motor neuropathy. DM is
the most common cause of Charcot deformity in the Western world and should be considered
in any patient who presents a warm swollen foot, with or without ulceration (Alavi et al., 2014).
Due to absence of pain as result of sensory neuropathy, continuous weight bearing may lead to
destruction and distortion of the joints (Levy and Valabhji, 2008). This dislocation and distor-
tion of joints without any significant trauma are characteristics of Charcot foot. It might present
symptoms such as deformity, swelling, increased foot temperature and redness. Charcot foot
results in rocker bottom deformity which makes foot prone to ulceration due to uneven weight
distribution.

2.2.4 Infection

Infection generally does not present itself as a cause of foot ulcer, however, presence of neu-
ropathy and PVD makes foot susceptible for infections. In the presence of damaged or poorly
perfused skin and soft tissues, rapid bacteria penetration going deep to fascia can occur, pro-
ducing a foot-threatening infection and sepsis (Bandyk, 2018). These deep infections are mani-
fested either as osteomyelitis® or a soft tissue infection spreading along the tendons in the com-
promised foot (Lepédntalo et al., 2011). Such deep infection results in immediate requirement
of amputation in 25-50% of cases. In chronic wounds, microorganisms aggregate together and
grow within communities where they encase themselves within extracellular polymeric sub-
stances (Alavi et al., 2014). Such encased microorganism communities are called as biofilms
and exhibit resistance to chemical, antimicrobial and immunological measurements. This in-
creases complications as antimicrobial medications are ineffective in penetrating the biofilms
and disinfecting the wound sites causing further delay in healing. Such cases require surgical
intervention increasing cost and complexity of the treatment.

20steomyelitis is infection of the bone

Vishwajit Kulkarni University of Twente



CHAPTER 2. BRIEF INTRODUCTION TO DIABETES AND DIABETIC FOOT 9

2.3 Why ulcers don’t heal in diabetes?

Wound healing in a healthy individual is a complex biological process involving well orches-
trated integration of processes such as cell migration, cell proliferation and extracellular matrix
deposition (ECM) (Falanga, 2005). In addition to the factor of health condition, degree of injury
and certain diseases can affect rate of healing. Normal wound healing can be broadly divided
into four phases namely coagulation, inflammation, proliferation and remodelling as shown in
Figure 2.5. These phases are not distinct and often overlap throughout the healing process.

WOUND HEALING
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Figure 2.5: Tllustration of Wound healing process in healthy individual. (adopted from (John Maynard,
2015))

However clinical and experimental evidence suggests that diabetic ulcer does not follow nor-
mal healing order and certain stages get prolonged or become stagnant. Effects of diabetes like
neuropathy and poor blood circulation are the causes of this impaired healing process.

These conditions affect wound healing in following ways:

* POOR CIRCULATION
High blood sugar (glucose) levels alters the thickness or consistency of the blood. Be-
cause of this blood vessels get affected and become more stiff as well as narrow thereby
reducing extent of blood-circulation (perfusion) to the cells. This results in condition
where cell present in wound area do not get required supply of oxygen and other nutri-
ents which are essential for healing process.

* NEUROPATHY
Neuropathy affects joint mobility and deprives patients from the ability to sense pain
at the limb extremities. Because of this, patients are often unaware of the existence of
wound which delays the time of preventive medications and bandages. In addition to
this, limited joint mobility and uneven foot pressure distribution worsens the damage
level of the wound site and can also lead to new ulcer formation.
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¢ IMMUNE SYSTEM DEFICIENCY
Diabetic patients can suffer from immune system deficiency as cause or effect of dia-
betes. Such condition affects number of immune cells and their ability to take preventive
actions against foreign elements.

2.4 Summary

Diabetes is a disease with no cure and affects our body function in different ways. These long
term effects such as neuropathy and PVD often lead to situation where patients are unaware
of the changes in anatomy and have lost sensation of the pain exposing them to risk of ulcera-
tion. However, there are few indicators found in literature that can help in predicting high risk
ulceration sites. Next chapter delves into these indicators and how they can be used to predict
ulcers.
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3 Diabetic Foot Ulcer Indicators

In this chapter, we will look at different foot parameters which can be used to predict diabetic
foot ulcer episode. An investigation into current literature points towards three parameters
than can be used to ulcer prediction. These parameters are : temperature, pressure and pH.
These parameters are analysed and discussed on the basis of evidence found in literature.

3.1 Temperature

For non-invasive remote monitoring of diabetic foot, temperature measurements can be used
as a base parameter. Human skin plays a pivotal role in thermo-regulation of the body. Tem-
perature of human body is the result of thermal balance between thermal energy supplied by
core and energy lost to the environment via conduction, convection, radiation and evaporation
(Fierheller and Sibbald, 2010). Studies of dermal thermometry have suggested that variations
in temperature > 4°F (> 2.2°C ) could be helpful in skin surveillance (Armstrong et al., 2007).
This rise in temperature can be detected up to one week before actual foot ulceration occurs
(Liu et al., 2013). However there is no reference range available as body temperature can vary
widely from person to person and even within different body parts of the same individual.

This difficulty can be overcome by comparing one part of the body with it’s symmetrical
counter part since under normal circumstances they are considered to be comparable (Fier-
heller and Sibbald, 2010; Jones, 1998). Clinical studies on the home monitoring of plantar foot
temperature have shown that frequent temperature assessment, and, treatment in the case of
temperature differences greater than 2.2°C between same regions of both foot, can prevent di-
abetic foot complications (Liu et al., 2015). In the studies performed by Armstrong et al. (2007),
authors found that, temperature difference between ulcerated foot regions was 4.8 times higher
than that of region without ulceration. This difference depicted in Figure 3.1 was found almost
a week prior to ulceration.

§

n —

Ulcerated Unuleerated

Figure 3.1: Temperature difference between two legs one week before ulceration (adopted from (Arm-
strong et al., 2007)).

Skin temperature is relatively easy to measure and few studies have taken advantage of this
by letting patients keep log of their foot temperature as part of self-check. One such study
performed by Lavery et al. (2007) highlighted positive impact of temperature measurements.
The study was performed on the controlled group of 173 individuals divided into three groups.
The group that was directed to measure temperature and report if difference in temperature
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is more than 2°C displayed only 8.5% risk as compared to = 30% risk in other groups. These
findings strongly support use of temperature for diabetic ulcer prediction.

3.2 Pressure

Diabetic foot ulcers mostly manifest as combined effect of neuropathy, peripheral vascular dis-
ease, bone and tissue deformity which results in repetitive pressure on certain areas of the feet.
Hence, inclusion of pressure sensors in a device for diabetic ulcer prediction is an intuitive
choice. There is significant literature available thatlooks into the increased foot pressure and its
correlation with ulcer formation. In a paper presented by Duckworth et al. (1985), authors in-
spected the pressure measurements using static and dynamic measurement techniques. Static
techniques measure pressure when person is standing still where as dynamic measurements
are done when person is moving (e.g. walking). It is well established that abnormally high
pressure points are common with severe neuropathic conditions or in patients with prior ulcer
history(Duckworth et al., 1985) and this is supported by numerous studies found in the litera-
ture (Lavery et al., 2003; Caselli et al., 2002; Bernard et al., 2009; dos Reis et al., 2010).

Lavery et al. (2003) assessed a cohort of 1666 patients to measure effectiveness of plantar foot
pressure in predicting patients with high risk of ulceration. The findings of their study are de-
picted in Figure 3.2. This study effectively shows that persistent high pressure areas of the foot
directly relate with high risk of ulceration. Their study showed that elevated pressure doubles
risk of ulceration. Generally pressure greater than 6 kg/cm? is considered as high pressure site
with risk of ulceration. However different studies use different value as threshold. In addition to
this difference of measurement setups, methods and units makes choosing universal threshold
difficult.
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(a) Peak pressure with respect to foot risk category. (b) Effect of forefoot deformity on plantar pressure.
Increasing foot risk is directly reflected in increase of It can be seen that increased number of deformities
plantar foot pressure. strongly co-relates with increased planter pressure.

Figure 3.2: Relation between pressure, foot risk and foot deformity (adopted from Lavery et al. (2003))

Caselli et al. (2002) overcome this issue by taking ratio of forefoot to rear-foot pressure (F/R) of
the same foot. This approach offers some advantages: since it is a ratio, it is absolute value that
is independent of measurement unit. Also since both pressure measurements are taken from
the same foot, external factors involved are common making it fairly independent of external
factors. Their study has shown that F/R value of 2 or more can predict ulceration risk with the
same specificity as a peak pressure of 6 kg/cm?.

Waaijman et al. (2014) measured pressure inside the shoe along with bare feet pressure mea-
surements. This was done due to fact that bio-mechanics of the foot changes when footwear
is put on. The pressure at foot-insole interface will be modified because of shape and material
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of the insole (Duckworth et al., 1985). For such footwear, it must be made sure that in-shoe
peak plantar pressure is kept less than 200 kPa (Waaijman et al., 2014). Such measurements
can also get affected due to the errors induced due to conscious or unconscious off-loading of
foot by subjects due to awareness about the test (Duckworth et al., 1985) and such factors must
be taken into account while designing the footwear.

These various studies point towards use of pressure changes and abnormal pressure values
recorded from different region of the foot as a ulceration risk factor, Hence pressure can be
used as primary indicator for possible ulceration.

3.3 pH

Human skin acts as a barrier between internal body environment and external micro-
organisms and environmental changes. The normal value of pH of skin in healthy adults and
children is slightly acidic and ranges between 4.2 - 5.6 (Ono et al., 2015). In contrast to this,
body’s internal environment maintains near neutral pH. This difference creates sharp gradi-
ent of about 2-3 pH units between skin surface and underlying epidermis and dermis (Ali and
Yosipovitch, 2013). However there is not enough literature found which uses pH as indicator
for DFU. Ali and Yosipovitch (2013) remark in their paper that ‘In spite of mounting evidence
that skin pH plays vital role in skin function, application of acid mantle concept in clinical care

has lagged behind..
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Figure 3.3: a) Changes in pH milieu for acute wounds. b) Changes in pH milieu for chronic wounds.
(adopted from (Ono et al., 2015))

There is some literature available which focuses on detecting change in pH values of the wound
which indicate presence of infection. Healing wound goes to different phases and each phase
shows different value of pH as shown in Figure 3.3. Nominal value of healing wound is within
range of 5.5 - 6.5 (Mostafalu et al., 2018) whereas infectious wounds show pH values typically
greater than 9. This difference is used to design smart bandages which release drug based on
pH reading as demonstrated in (Mostafalu et al., 2018).
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Thesis

Lack of sufficient literature does not encourage using pH as primary indicator for ulceration.
Moreover use of soap, shower gel and even tap water can affect skin pH significantly (Lambers
etal., 2006). But pH measurement can be used as secondary parameter along with temperature
and pressure to aid detecting ulceration.

3.4 Summary

The literature found about diabetic ulcer indicators strongly advocate use of pressure
and temperature as primary indicators for ulceration.

Persistent temperature changes can be observed since one week before ulceration.

Both static and dynamic pressure can be used to measure pressure distribution of the
foot under different conditions.

Forefoot to rearfoot ratio (F/R) can also be used to predict ulceration.

Use of pH change as indicator of ulceration lacks sufficient support by literature to be
considered as primary indicator. However it can be used as secondary parameter or ad-
ditional information to gain better insights.

Next chapter presents brief overview about the different wearbales designed for diabetic ulcer
prediction using these parameters.
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4 State of the Art

Last chapter looked into different foot parameters that can be monitored for prediction of dia-
betic foot ulcer. This chapter presents a short review of literature as well as commercial prod-
ucts based on the utilization of these parameters.

4.1 Commercial Systems

2.

Figure 4.1: Designs of three insole systems: (from left to right) Pedar, Medilogic and Tekscan. (Adopted
from Price et al. (2016)

Although there are several parameters available for prediction of diabetic ulcer, majority of
commercial systems focuses on pressure measurement. Price et al. (2016) present comparison
and evaluation of three commercial insole systems available in the market. These insole sys-
tems are shown in Figure 4.1. Table 4.1 summarises comparison between these three systems
based on different features.

Feature ‘ Pedar Medilogic Tekscan

Sensor model Pedar-X SohleFlex Sport F Scan 3000E Sport
System cost (current quote) £12,600 £10,500 £14,000

Sensor technology Capacitive Resistive Resistive

Sensor density 0.57-0.78 per cm?® | 0.79 per cm? 3.9 per cm?
Maximum sampling rate 100 Hz 300 Hz 169 Hz
Measurement range 20-600 kPa 6-640 kPa 345-862 kPa
Insole thickness (at sensor re- | 2.2 mm 1.6 mm 0.2 mm

gion)

Table 4.1: Comparison of three insole systems. (Adopted from Price et al. (2016))

It can be seen that cost for all three of the insoles are very high. The reason for this high cost
is due to high sensor density, high sampling frequency and comprehensive software provided
for analysis. However such systems are focused on research and lab use. Home monitoring
has less restrains in terms of all the features provided in the table such as sensor density and
sampling rate but the cost of the system must be reasonable. Nevertheless these commercial
systems are accurate and are used in many studies as reference for performance comparison.

4.2 Relevant Work in Literature

Similar to commercial systems, most of the literature is targeted towards pressure measure-
ment. These literature refer to platform systems as standard measurement devices used in lab-
oratories. This section first provides brief information about such platform systems followed
by review of different in-shoe systems.
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Platform Systems

Platform systems offer simple measuring systems that in which sensors are arranged in matrix
format on flat surface. Most of the platform systems focus on pressure measurements. These
surfaces can be rigid, flexible like mat or fixed into the flooring. Such set-ups are only suitable
in research laboratories and rigorous tests across different surfaces reflecting real life scenarios
are difficult to conduct (Tan et al., 2015). Since this is a special set up, patient needs time to
familiarize with the setup to reproduce the natural gait. Also these systems are bulky and usage
is restricted to non continuous indoor measurements. Figure 4.2 shows two example pressure
measurement system by Zebris Medical and Novel respectively.

(a) Platform system by Zebris (b) Platform system by Novel (USA)
Medical GmBH

Figure 4.2: Examples of platform based pressure measurement systems.

In Shoe Systems

Due to limitations imposed by platform systems, more and more literature targeting in-shoe
systems is being published. This section reviews few of such studies found in literature.

Tan et al. (2015) presented insole system made up from carbon embedded peizo-resistive ma-
terial sandwiched between two layers of conducting electrodes. The horizontal electrode layer
consists of 15 elements whereas vertical electrode layer consists 5 elements resulting in total 75
sensing nodes. The data is sampled at 13Hz sampling frequency and transmitted to PC wire-
lessly via Arduino+Bluetooth setup . Although this system has 75 sensing nodes, it is mentioned
in the paper that system was capable of reading only one datum at a time causing significant
data discrepancy in the readings due to time difference between first and last reading. Authors
used time interpolation at all nodes to obtain more accurate depiction of data. The study also
does not provide any picture of final complete setup for comparison.

Figure 4.3: WalkinSense pressure measurement system. (Healy et al. (2012))

Vishwajit Kulkarni University of Twente



CHAPTER 4. STATE OF THE ART 17

Healy et al. (2012) presented a research in which authors claimed their custom developed sys-
tem is better than commercially available systems. The system shown in Figure 4.3 called
‘WalkinSense‘ consists of eight pressure sensors and data acquisition system. Authors com-
pared this system with commercial F-Scan system by Tekscan®. However, study has reported
some inconsistencies in readings and advised further investigation with large sample size.

A fabric sensing array based insole design is presented in study by Shu et al. (2010). The fabric
sensor technology presented is based on carbon black based silicon which is developed by au-
thor’s research group. This sensor can be used to measure pressures from 10 Pa upto 800kPa.
Insole design consists six of such fabric sensing array sensors and wireless transmission circuit
shown in Figure 4.4a. The sensor outputs are used without any signal conditioning provid-
ing 100 Hz sampling frequency with 2kPa resoultion and +5% accuracy. Interestingly authors
also tried to calculate amount of weight supported by the sensor positions by taking average of
pressure and area.

(a) Insole systems developed by (b) SmartSox system based
Shu et al. (2010) on Fiber Brag Grating (Najafi
etal. (2017)).

Figure 4.4: Different pressure measurement systems in literature

Najafi et al. (2017) presented sock to measure temperature, pressure and toe angle for diabetic
foot risk. Novelty in this sock design lies in the use of optical fiber sensors for all the measure-
ments. The sock design uses very thin (<0.3 mm) fiber optical sensors based on Fiber Bragg
Gratings (FBGs) at five locations. The measurement can be achieved by changing properties of
fiber such that change in parameter to be monitor modulates intensity, phase, polarisation or
transit time of the light. The system is shown in Figure 4.4b. Use of FBG based system provided
many advantages such as electrical insulation, chemical resistance, elimination of frequent
calibration and temperature independence. However long wires attached to the systems limit
mobility and home or outdoor usage. Moreover experiments conducted in this study showed
difference in temperature and pressure values between sock and reference system demanding
more research in the sensor technology.

Perrier et al. (2014) proposed design of smart socks system using piezo-resistive and conduc-
tive fabric to measure pressure at eight different locations. Noteworthy thing about the paper
is their focus on finding patient specific information. Since pressure measurements are depen-
dent on the foot anatomy and hence they can vary from person to person. The work presented
in the paper targets to extract patient specific internal foot strain and stress using finite ele-
ment analysis method. They also designed a sock system including battery, MCU and Blue-
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tooth module. However this study does not provide any information about characterization of
the fabric sensors or the overall sock system.

Lin and Seet (2016) present battery free design of sock for plantar pressure measurements. This
system can be solely powered by radio frequency (RF) energy harvested from RFID tag. The
sock consists of four piezoelectric force sensor made out of fabric, however the response of the
sensor is highly non-linear : resistance drops from 2.5k to 0.5k in just 300 kPa applied pres-
sure and reaches to = 0.2k at 1000 kPa. Furthermore due to limited battery capacity of RFID
reader, only 40-80 readings can be obtained. But some of the noteworthy ideas such as energy
harvesting, flexible PCB and removable interconnects are presented in this paper.

Hegde and Sazonov (2015) proposed design of wireless versatile insole monitoring system
shown in Figure 4.5a in their study. Developed system comprises of three pressure sensors,
accelerometer and gyroscope, ready-made Bluetooth module and battery. Their focus is on in-
troducing new capabilities into the insole systems such as seamless wireless charging and over
the air update capability.

Power source, a wireless transmission unit,

and a pressure measurement unit

s21U01302(3 dalsHRWS

(a) Wireless insole (b) PSRC based pressure measuremt systems by Saito
design by Hegde and etal. (2011)
Sazonov (2015)

Figure 4.5: Different foot measurement systems found in literature.

Saito et al. (2011) used pressure sensitive conductive rubber (PSCR) sensors to measure the
plantar pressure. Seven of these PSCRs were placed on the insole along with data acquisition
system as shown in Figure 4.5b. This system weighs 160 grams, with costs around 1000 dollars
and sampling frequency of 20 Hz.

Reyzelman et al. (2018) present observational study on effects of using temperature monitoring
at home. The authors present the designed sock with neurofabric temperature sensors with
0.2°C of accuracy of readings taken. The readings are taken at six different foot locations at
time interval of 10 seconds. The sock is washable and connects to cellphone using Bluetooth.
This is the only research found in literature that solely focuses on developing hardware targeted
at temperature readings.

Finally, study by Coates et al. (2016) is the most exhaustive system found in the literature tar-
geted towards multi-modal skin sensing for diabetic foot. Authors use acclerometer, humidity,
force, temperature, galvanic skin response and bio-impedance to characterize skin condition.
This system shown in Figure uses Arduino and Raspberry pi interface for data acquisition at
20Hz frequency.
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(a) Temperature sensing socks by Reyzelman et al. (2018) (b) Mulit-modal skin sensing
shoe design by Coates et al.
(2016)

Figure 4.6: Different foot measurement systems found in literature.

The recent trend of the research is shifting towards design of socks based systems from design
of shoe based system. Although these sock or shoe systems have low spatial resolution as com-
pared to commercial insole or platform systems, they offer several advantages as well. These
systems are practical as sock can be used in conjunction with or without different footwear
giving more freedom to the user. However most of the studies presented on sock design try to
use custom fabric sensor which has in-adequate pressure range or very few sensor locations.
Moreover, very few studies have been found that try to embed pressure, sensor and other sen-
sors together in the sock. This research tries to fill this void by designing such sock system using
commercially available sensor technology.

4.3 Market research for socks

Once decision on sock design is finalized, a short survey about commercially available socks
for diabetic ulcer prediction is conducted to find out characteristics of such systems. Results of
this survey are summarised below:

1. Texisense used their patented fabric technology to develop a washable pressure sensing
sock called 'Texisocks'™. However these socks are not for sale and can be only used in
collaboration with the company.

2. Alpha-fit, a Germany based company has developed a 3D pressure sense mesh socks in
2012. However this sock is not available in market for sale yet.

3. Sensoria is US based fitness company. The smart sock system is aimed to provide in-
formation about running including step counting, speed, calories, altitude and distance
tracking and overall score. This sock deploys three pressures sensors at the plantar side
of the foot and costs $200 for complete system.

4. Siren is the only commercially available socks targeted towards diabetic patients. Fully
washable Siren socks monitors foot temperature changes to predict diabetic ulcer and
available commercially as subscription based service. These socks can be only obtained
as prescription from doctor and official pricing is not available on the website. The liter-
ature study by Reyzelman et al. (2018) is done using these socks.

4.3.1 Research Novelty

As per foot parameters identified in the previous chapter, it has been found that there are very
few sock designs targeted towards diabetic foot monitoring parameters. Sock design is pre-
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ferred to shoe or insole design as it can cover more use-case scenarios both indoor and out-
doors.

Waaijman et al. (2014) have demonstrated the use of temperature for ulcer prediction but their
sock does not monitor any other parameter. Najafi et al. (2017) have designed sock that mon-
itors foot pressure and temperature using Fiber Bragg Grating however, the sock design is not
comfortable and continuous monitoring is not possible.

Although there are few examples of commercial socks, only Siren and Alpha-Fit socks are capa-
ble of detecting abnormal changes in temperature or pressure respectively. These socks just tar-
get one parameter each. Moreover, none of these products give any information about number
of sensors, spatial resolution, measurement range and accuracy of the system. Furthermore,
out of these socks only Siren Socks are available in the US on doctor’s prescription.

There is a lack of sock design targeting combination of diabetic foot predictors outlined in pre-
vious chapter. This shows that there is room for a novel sock design using temperature, pressure
and possibly other parameters for DFU prediction.

4.4 Summary

e Commercially available systems for pressure measurements are expensive and do not
provide any information apart from pressure.

* Recent research trend shows inclination towards sock-based wearable systems however,
there is a research gap for use of multiple parameters in sock system.

* Few such socks are commercially available. These systems only target one parameter and
does not provide any information about the measurement system.

* Hence, sock based wearable design incorporating multiple diabetic foot indicators has
better prospects and offers several advantages of platform or shoe-based systems.
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5 Hardware Design Exploration

In previous chapter we looked at state of the art solutions for diabetic ulcer prediction, and
based on the observations and limitations, design decision of sock development is made. To
develop smart-sock prototype it is essential to obtain requirements for hardware and software
design. This chapter deals with overall design decisions in hardware design followed by cali-
bration and conditioning of the selected sensors.

5.1 Requirements

Hardware design requirements are decided on the basis of scientific as well as practical aspects
of the sock design. These requirements are summarised as below:

* Sensors should be able to measure in required range of values for temperature and pres-
sure readings.

* Sensors data must be reproducible and repeatable.

e Errors in readings must be within limits.

* Resolution requirements must be met.

 Sensors must be flexible enough to be embedded in sock.

* Sensors should not cause any hindrance to the normal movement of the leg.
* Sensor should not inflict any kind of force or damage to the feet.

* QOverall circuit must consume low power for long operation hours on battery.

e Size of the circuit must be as small as possible.

5.2 Choice of Sensors

In addition to the requirements mentioned in previous section, there are also specific require-
ments depending on the parameter to be measured. There are different type of sensor tech-
nologies available that can be used to measure a single parameter. Hence it is important to
analyse these sensor technologies and select the best suitable sensors for required application.
This section provides information about the requirements, sensing technologies and best suit-
able technology for temperature and pressure sensors.

5.2.1 Pressure Sensor Selection
Requirements:

* Range: 0-1000 kPa (Razak et al., 2012).

» Sensing area: large area underestimates peak pressure where as too small area leads to
inaccurate estimate of peak pressure. Sensor area should be minimum 5*5 mm to be a
stand-alone sensor (Razak et al., 2012).

* Linear response leading to simple Conditioning circuit.
» Sensors must be flexible enough to be embedded in sock.

e Suitable for low power operation

Before diving into sensor selection, a short survey of different force/pressure sensing technolo-
gies is performed. These technologies are listed below:
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Capacitive Force Sensors

Capacitance is function of surface area of the capacitor, thickness of dielectric and properties of
dielectric. A capacitive force sensor can be made by making one of these properties a function
of applied force. Typically, capacitive force sensors change the thickness of dielectric. Two con-
ductive planes are separated by dielectric to form a capacitor. When force is applied distance
between two plates is reduced thereby increasing capacitance. This change in capacitance can
then be translated to applied force using conditioning circuits. Gongalves et al. (2018) provide
comparison of different textile capacitive sensors production techniques.

Optical Force Sensors

Optical sensor measure change in light intensity passing through the fiber as result of the ex-
erted force (Gongalves et al., 2018). Such systems use Fiber Bragg Grating (FBG) technique
shown in Figure 5.1. These systems consist of Light emitting diode (LED) on one end which
transmits light through the thin fiber, and a photo-diode to detect the light on the other end.
Movement, displacement or force changes the amplitude of received signal at the photo-diode.
Optical sensors have an advantage to be electrically non conductive (isolated). Such fiber sys-
tems can be built in diameters in range of microns reducing size of the sensor. However they
are fragile and require complex conditioning circuits.

b) |

d)

t

-
=

Figure 5.1: An Example of working principle of optical force sensor. Any movement due to load (a-b)
or shear force (c-d) affects the intensity of received light at the detector. (adopted from (Lincoln et al.,
2012))

Force Sensitive Sensors

Force Sensitive Resisters ( FSR ) are in essence piezo-resistive devices whose resistance linearly
decreases as the force applied on them increases. FSRs shown in Figure 5.2 consists of semi-
conductive ink layer contained between two thin substrates. The piezo resistive layer lies in be-
tween two conductive areas. When unloaded this layer exhibits very high resistance in orders
of Mega-ohm (MQ). As the force gets applied, resistance of the layer changes and resultant
voltage or current changes can be observed between two conductor leads. Since conductive
and piezo-resistive layers can be made very thin, FSRs are thin and flexible. Furthermore, they
are simple passive elements with linear response and require very simple conditioning circuit.
There are different FSR modules available in different shapes, sensing areas and sensing capa-
bilities. These characteristics make then suitable in many medical applications.

Considering all sensing technologies, a search was performed to find commercially available
sensors. FSRs are selected for further process as they offer :

* Thin and flexibe design (0.2mm thickness).
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Figure 5.2: Basic construction of Shunt and Thru mode force sensing resistors. The resistance of pres-
sure sensitive layer changes according to applied pressure. (Taken from Tekscan (2019))

* ability to measure required range of pressure values (upto 4448N).
* Easy to integrate.

* Linear output with simple conditioning circuit.

e Suitable for low power design.

» Such sensors are widely used and characterised in different studies in literature marking
their suitability for foot pressure measurement.

5.2.2 Temperature Sensor Selection
Requirements

¢ Accuracy: £0.5°C
* Temperature Range: 25 —45°C
* Flexible

e Suitable for low power operation.

Thermocouples

A thermocouple is an electrical device which is constructed by joining two dissimilar conduct-
ing metals. When two dissimilar metals at different temperatures are connected together, they
form an electrical junction. A small voltage is generated across this electrical junction which
is a function of the temperature. This is called Seebeck effect. Thermocouples utilize the See-
beck effect by using one reference junction (cold junction) and one measuring junction (hot
junction) and then observing the generated thermo-electric voltage to calculate temperature
at measuring junction. This process is illustrated in Figure 5.3. There are many different types
of thermocouples available based on combination of conductors used. These different com-
binations provide different temperature measurement ranges. The "K" type thermocouple is
most widely used. It is made up of Nickel Chromium / Nickel Aluminium and can measure
temperatures from —180°C r0 1300°C. Since, generated thermo-electric voltage is very small,
a precise low noise amplification stage is required. However, they have disadvantages such
as reduced accuracy, noise susceptibility, and undesired junction formation between PCB and
thermocouple.
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Figure 5.3: Working principle of thermocouple. (adopted from (Jon Gabay, 2013))

Resistor Temperature Detector

As temperature changes, resistance of material changes. Resistor Temperature Detectors
(RTDs) utilize this phenomenon to measure temperature changes. The RTDs are usually made
up of platinum, copper and nickel. They exhibit high degree of linearity which means change
in resistance is directly proportional to change in temperature. If a known current is passed
through the RTDs, measured voltage can provide current value of resistance which in turn can
be used to calculate temperature. There are two,three and four wire configuration available
where four wire configuration provides best accuracy of all. RTDs are highly precise and re-
peatable however they respond to changes slowly.

Semiconductor ICs

Semiconductor based temperature sensor ICs come in two different types: local temperature
sensor and remote digital temperature sensor. Local temperature sensors are ICs that measure
their own die temperature by using the physical properties of a transistor. Local temperature
sensors can be obtained in analog or digital output. These sensors are used to sense the tem-
perature on printed circuit boards or the ambient air around it (Jason Gums, 2018). Remote
digital temperature sensors measure the temperature of an external transistor. Working princi-
ple of remote digital temperature sensor is similar to local temperature sensors. Only difference
is that the actual position of sensor is away from the chip rather than inside the chip. Nowa-
days, many microprocessors and FPGAs also come with bipolar sensing transistor to measure
die temperature of the IC (Jason Gums, 2018).

Thermistors

Thermistors work on same principle as RTDs but the construction is different. Each thermistor
has temperature co-efficient associated with it indicating degree of change in resistance with
change in temperature. There are two types of thermistors: Positive Temperature Coefficient
(PTC )Thermistors and Negative Temperature Coefficient (NTC )Thermistors. Resistance of
PTC thermistors increases as temperature increases and NTC exhibit opposite behaviour. NTC
thermistors are most common and made from oxides of cobalt,nickel,iron or manganese.

Thermistors have quick response, are reliable, robust and cost less thus making them popular
for general use. Figure 5.4 shows typical resistance versus temperature variation of thermistor.
Although this change in resistor is non-linear, it can be made linear by using simple signal
conditioning circuit.
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Figure 5.4: Example of non-linear Resistance Vs Temperature characteristics of NTC thermistor.

5.3 Accelerometer Selection

Pressure alone can not be used to detect or predict abnormal foot condition. The abnormal
distribution of the pressure can be because of certain posture or physical activity. Hence some
additional information is required to accurately analyse pressure readings obtained from the
sensors. Accelerometer is used for precisely this purpose.

There are many studies found in literature that solely use accelerometer for gait patterns. Such
studies require precise accelerometer with high precision. However since accelerometer will
be used as supporting data for pressure readings, restrictions are not very strict.

Keeping this in mind a short survey of accelerometers is conducted. Accelerometer module
based on MMAB8451 is selected as it provides following features:

* 14 bit resolution.

e Output data rates (ODR) from 1.56 Hz to 800 Hz.
* +2g/ +4g/+8g selectable dynamic range.

* Low power operation (1.95-3.6 V supply voltage)

« 12C digital output interface.

5.4 Heart-Rate Monitoring

Foot Perfusion test is performed as part of clinical tests for diabetic patients. This test is per-
formed to evaluate the effective blood circulation of the foot. To monitor blood perfusion, de-
cision to add Heart-Rate Monitor is taken. Heart rate monitors can provide information about
pulse and oxygen saturation (SpO2) of the blood which can help in extracting foot perfusion
information.

Optical heart rate sensor which are most commonly used in embedded solutions, work on
based on photoplethysmography (PPG) process. This method works by shining light into the
skin and then measuring the light scattered due to blood flow. When the blood flow changes
due to physiological changes such as blood pulse rate or change in blood volume, light shown
on the skin also changes in predictable manner. This information can be used to extract infor-
mation about blood flow of the body such as pulse rate or oxygen saturation.
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Figure 5.5: Working principal of heart-rate sensor

For the testing of heart rate monitor feasibility, MAX30102, a low power heart-rate and SpO2
monitor was selected. Manufacturer of the sensor (Maxim Integrated) also provided sample
implementation of heart-rate algorithm to facilitate sensor integration and adoption.

There are two areas of the foot where pulse can be detected. Heart-Rate sensor is placed at both
sites to test the feasibility of the sensor integration. However it is found that sensor provided
inconsistent results. On further analysis two possible causes are discovered:

» Heart-Rate sensor is very sensitive to any movement of the sensor from the skin surface.
As it can be seen in Figure 5.5, if there is disturbance, it directly affect scattered and re-
ceived signal at the detector. This results in erroneous readings.

* Foot structure is filled with tendons and ligaments. Due to this it is difficult to locate the
arteries which intern affects the positioning of sensor .

* There are algorithms available which can use accerlrometer readings to compensate for
the movement of the sensor. However these algorithms are mostly used in commercial
systems and not available in open implementation.

These encountered issues make inclusion of heart-rate sensor infeasible. Hence it is not con-
sidered for integration in the sock design.

5.5 Sensor Conditioning and Calibration

Once sensor technology is selected and sensors are finalized it is important to characterize
these sensors before integrating into the system. This section provides information about cali-
bration of sensor and reasons for using conditioning circuit.

5.5.1 Pressure

As mentioned in previous section, force sensing resistor is used to measure the exerted force.
The Interlink FSR is first characterised using simple resistor divider circuit. As it will become
apparent, both the sensor and circuit are not able to meet the design requirement. The new
sensor along with the conditioning circuit is then characterized to plot calibration curve.

Simple Circuit

To analyse FSR (Interlink 402 ), a test is conducted with very simple resistor divider network.
FSR is connected to ground on one end and its other end is connected to 10kQ resistor which
is then connected to 3.3V supply. Analog reading is taken from the junction between FSR and
10kQ. As force exerted on FSR increases, its resistance decreases showing higher output voltage
readings. Block diagram of test setup is shown in Figure 5.6. To mimic exerting force of known
values, weight of known values is kept on the sensor using 3D printed test jig. ADC readings
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Figure 5.6: Block diagram of pressure sensor calibration setup.

were transmitted to PC over UART where a simple data acquisition program was developed
using LabView to log the data.

Weight Readings Avg ADC Readings | Avg ADC Readings | Pressure (kPa)
(grams) (Raw) (V)

1000 17 2736.7647 2.8990 19.35
2300 27 2751.0740 2.9149 44.50
3000 29 2952.7241 3.1289 58.05
4000 34 2980.7670 3.1583 77.40
5000 29 2996.7037 3.1750 96.75
6250 40 3019.5750 3.1991 120.93
7300 31 3022.4193 3.2020 141.25
8000 35 3024.0857 3.2038 154.80
9250 24 3024.6667 3.2044 178.99
12250 8 3033.2500 3.2134 237.04

Table 5.1: FSR Readings for resistor divider network setup

Results of ADC readings for different weights are summarised in Table 5.1. For each weight mul-
tiple readings are obtained and average of these readings is used to calculate pressure. Pressure
is calculated by first calculating force (Weight * 9.8 (gravity)) and this calculated force is then
divided by area of the sensor to obtain pressure. Plot of ADC reading vs Pressure characteristics
is depicted in Figure 5.7. It can be easily observed that the response of FSR is non-linear and
output saturates as we reach higher weights.

This behaviour can be traced back to following factors:

* Inadequate test-jig design which does not exert weight effectively and equally on sensor
surface.

 Simple circuit without any sensor conditioning.
e Limited force range of sensor.

Both of these limitations were addressed in new tests performed as explained in following sec-
tion.

Sensor Readings With Conditioning Circuit

Simple voltage divider network used for previous testing does not provide linear output. Fur-
thermore, range of FSR (Interlink 402) was not sufficient to sense required pressure range. To
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Figure 5.7: Plot of ADC Readings obtained for different pressure values exerted on the FSR.

overcome these limitations, new FSR sensor Flexiforce A301 from Tekscan is used. This sen-
sor can measure up-to 4448N force with sensing area of 9.5mm diameter. Furthermore, signal
conditioning circuit as shown in Figure 5.8 is also designed to drive FSR.

Figure 5.8: FSR conditioning circuit for low/battery powered devices.

The op-amp circuit shown in Figure is a simple inverting op-amp configuration with reference
voltage provided at non-inverting terminal. Due to virtual ground, both terminals of the op
amp will try to be at the same voltage. This means op-amp will try to make voltage at inverting
terminal equal to V. Since op-amp does not draw any input current, the voltage at inverting
terminal is essentially voltage across FSR. This allows to see feedback circuit as voltage divider
network.

This results in voltage at inverting input (and across FSR essentially) as:

REsr
Vesr = Vour * (5.1)

Rpsp+ Rfeedback

with simple manipulation following relation between input and output can be obtained:

Ryeedback
Vour = Vref * (1+ —Jeedback ) (5.2)
Rrsr
Equation 5.2 shows that output voltage is dependent upon two variables: Rrsg and Rfeedback-

According to sensor manufacturer’s (Tekscan) user guide, this value should be adjusted using
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100k potentiometer. The value of this feedback resistor is used to decide sensitivity and range
of the FSR. It is found that Reeeqpack resistor of 100kQ provides better sensitivity within range of
interest.

ADC Readings (V) vs Pressure (kPa)
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Figure 5.9: Calibration curve for FSR ADC Readings versus weight with Reeedback = 50kQ
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Figure 5.10: Calibration curve for FSR ADC Readings versus weight with Reeeqback = 100kQ

Once value of Ryeednack i fixed, input-output voltage is entirely function of Rpsg defined by
equation 5.2. In addition to this, use of op-amp also provides following advantages:

* High input impedance

e Low output impedance reducing loading effect.

* Better Signal to noise ratio

The problems in the simple sensor circuit (without signal conditioning) are addressed as fol-
lows:

* Anew FSR sensor with greater force sensing range is selected.

* Inverting op-amp configuration with reference voltage at non-inverting terminal is se-
lected as conditioning circuit according to guidelines provided in data-sheet (Figure 5.8).
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* Improved 3D printed test bed is designed to ensure uniform force distribution on the
sensor as well as to make sure sensor is held at fixed place during the experiment.

The new sensor and conditioning circuit is then subjected to similar tests to acquire readings
for different weights. As with the previous experiment, multiple ADC readings were logged and
average value is used for plotting the graph.

Two sets of readings were obtained for feedback resistor values of 50kQ2 and 100kQ2. The logged
data for Regedback = 50kQ2 is summarised in Table 5.2. Plot of ADC readings for different weights
is illustrated in Figure 5.9 (Reedback = 50kQ2) and Figure 5.10 (Rfeedback = 100kQ2).

Analysing both graphs provides following information:

* New FSR and conditioning circuit provide better force sensing range (>18kg (= 1400k P))
* FSR follows near linear response.

» Feedback resistor value of 100kQ2 provides better output range resolution (1083-1680)

than 50kQ resistor(1081-1349) for same pressure range.

Weight Readings Avg ADC Readings | Avg ADC Readings | Pressure (kPa)
(grams) (Raw) V)
500 30 1058.267 1.1196 68.72909
1000 32 1081.688 1.1442 137.4582
2000 105 1128.229 1.1941 274.9164
4000 44 1157.432 1.2248 549.8328
5000 40 1177.025 1.2454 687.2909
5500 35 1181.342 1.245 756.02
6000 49 1227.673 1.3 824.7491
7000 33 1201.667 1.2723 962.2073
8000 60 1243.083 1.3158 1099.666
10000 47 1304.042 1.3809 1374.582
12000 32 1348.25 1.4279 1649.498
14000 52 1357.788 1.4373 1924.415
16000 24 1349.667 1.4288 2199.331
18000 37 1411.027 1.4942 2474.247
Table 5.2: FSR Readings with Reeeqback = 50kQ
Weight Readings Avg ADC Readings | Avg ADC Readings | Pressure (kPa)
(grams) (Raw) V)
1000 15 1083.467 1.1461 137.4582
2000 35 1184.657 1.2534 274.9164
3000 32 1202.688 1.2434 412.3746
6000 25 1296.96 1.3733 824.7491
8000 51 1345.431 1.4243 1099.666
10000 20 1541.65 1.6324 1374.582
14000 26 1666.423 1.7655 1924.415
16000 37 1680.114 1.7789 2199.331
Table 5.3: FSR Readings with Rgeedback = 100kQ2
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5.5.2 Temperature

In this section, characterization of temperature sensor (Semitech 103JT) is explained. To im-
prove the performance, conditioning circuit is used and new setup is also evaluated to obtained
calibration curve.

Simple Circuit

Temperature sensing is done using 103JT-050 Thermister from Semitec. 103]JT has thickness
of 500 microns, dynamic range of -50 to +125 °C and room temperature resistance (Rp5) of
10kQ +1%. Since range of interest is between 25-45 degrees, test was designed to focus on
obtaining temperature readings in this range.

Temperature calculations are done using Steinhart Equation (equation 5.3) which is widely ac-
cepted across industry and considered as best empirical mathematical expression for approxi-
mating non linear behaviour (Bonnie C. Baker, 2004).
T = 1
~ A+B=xIn(R) +Cx(In(R)3

(5.3)

Parameters A,B and C can be calculated using three known resistor values for three different
temperatures spaced at least 10 degrees apart. Since our range of interest of temperature is
within 30-50 degrees, we will calculate these parameters for this range by taking given resistor
readings at 30,40 and 50 degrees in the datasheet (Appendix B).

1
7= A+BxIn(R)+C * (In(R))> (5.4)
For T = 30° (303.25 Kelvin):

1 3
—— = A+ B *In(R3) + C * (In(Rap))

T30
= A+ B *1n(8301) + C * (In(8301))3
303.25
3.2976E—3 = A+ B x9.0241 + C * 734.8796 (5.5)

For T =40° (313.25 Kelvin):

1
— = A+ B * In(Ryp) + C * (In(Rap))®

T4
= A+Bx*In(811) + C * (In(5811))3
313.25
3.1923E—3 = A+ B %8.6675+ C * 651.1525 (5.6)

For T =50° (323.25 Kelvin):

1
— = A+ B *In(Rsp) + C * (In(Rsp))®

T's0
1
= A+ B * In(4147) + C * (In(4147))3
323.25
3.0935E—3 = A+ B %8.3301 + C * 578.0388 (5.7)

Solving three equations obtained (equation 5.5,5.6 & 5.7), we can get values for three unknowns
(A,B,C). The solved values are as follows:
A=0.8211E-3
B =0.2633E-3 (5.8)
C =1.3602E—-7
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Now we can calculate temperature (in kelvin) for any thermistor reading using equation 5.3 and
values of A,B,C obtained in equation (5.8) as follows:

1

T =
A+BxIn(R)+C* (In(R))3
1

T =
0.8211E-3+0.2633E -3 * In(R) + 1.3602E — 7 * (In(R))3

1000
T =
0.8211+0.2633 * [n(R) + 1.3602E — 4 * (In(R))3

(5.9)

Test Setup and procedure

Temperature Themistor Data Logging Log Reports
source Application

Digital
Thermometer
(Reference)

Figure 5.11: Block diagram of temperature sensor calibration setup

Figure 5.12: Test setup for temperature sensor calibration.

The basic setup used to perform these test is shown in Figure 5.12 and Figure 5.12. Test setup-
involves a hot plate with temperature control, a glass beaker with clean water and a digital
thermometer for reference temperature. For each reading water temperature is monitored to
be stable for at least 5 seconds. Once temperature is stable, ADC readings are recorded with
1Hz frequency. +0.1°C variation in water temperature is allowed while taking the readings. At
least 10 samples are collected per temperature setting.
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After all the readings are recorded, script is written in Scilab to take average of all the read-
ings for particular temperature, calculate sensor resistance from it and then calculate sensed
temperature using equation 5.9. The results of this process are shown in Table 5.4.

Tref | Total Raw ADC | ADC (V) Rsensor Tecalculated | Error(°C) | Error (%)

Read- | Reading

ings V)
322 | 14 1829430 1.829430 8083.40 30.85 1.34 4.1925
346 | 14 1904884 1.904884 7323.88 33.45 1.14 3.3237
36.4 | 17 1916691 1.916691 7217.17 33,86 2.53 6.9780
37.8 | 13 1982516 1.982516 6645.50 36.19 1.6 4.2592
38.3 | 23 1994430 1.994430 6546.07 36.62 1.67 4.3864
40 25 2062319 2.062319 6001.40 39.10 0.89 2.25
40.5 | 30 2073520 2.073520 5914.96 39.52 0.98 2.4197
41 23 2078390 2.072390 5877.67 39.70 1.29 3.1707
42.1 | 30 2099631 2.099361 5717.04 40.50 1.56 3.800
43.1 | 38 2139195 2.149195 5426.36 42.01 1.08 2.5290
44.1 | 25 2160940 2.160940 5271.13 42.86 1.24 2.8117
45 20 2186069 2.186069 5095.58 43.85 1.15 2.5555

Table 5.4: Temperature sensor calibration without conditioning circuit.

‘ Error ‘ °C ‘ % ‘
| Max | 254 | 6978 |
| Min | 09 | 225 |
| Avg | 1.3825 | 3.5564 |
|

Std. Deviation | 0.4415 | 1.322 |

Table 5.5: Statistics of calibration test without conditioning circuit.

Analysis of test

e It can be clearly observed from the Table 5.4 and Table 5.5 that average temperature dif-
ference of 1.38 °C exist between thermometer and the sensor.

e Maximum Error is 2.54°C.

* Since we want to measure temperature difference > 2°C, maximum error in temperature
difference will be 5.08 and average error will be 2.76 making this circuit unusable for
proposed design.

e Thermometer readings consistently show higher temperature than the sensor. This can
be contributed to following reasons.

— In Figure 5.12, it can be seen that tip of thermometer is well bellow the tip of the
Sensor.

- Temperature gradient exists in the water while heating the water. This can be
avoided by stirring the water.

- Experiment uses hot plate for heating water which is not very accurate and affected
by surrounding environment as opposed to controlled environment test.
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Calibration Curve for Temperature Sensor
(without conditioning circuit)
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Figure 5.13: Temperature calibration curve for temperature sensor without conditioning circuit.

With Conditioning

Since FSR and thermistors are essentially both variable resistors (with resistance dependent on
different physical parameters), conditioning circuit used for FSR conditioning can be also used
for NTC thermistor with some modifications. Considering this, conditioning circuit similar to
shown in Figure 5.8 and equation 5.2 can be used. Only thing that needs to be adjusted is value
of Rfeedback-

Sensor resistance of NTC thermistor in range of interest are in few kilo-ohms as compared to
Mega-ohm resistance of FSR thermistor. Hence, conditioning circuit of NTC thermistor needs
smaller Reeedback than FSR conditioning circuit. This value is set to 20kQ as it provides better
resolution in required temperature range (this is obtained from experimentation with Rfeedback
values).

The test is performed with this new conditioning circuit and similar test environment as pre-
vious test. This time thermometer tip and sensor were kept at similar height to mitigate errors
due to temperature gradient in water. Table 5.6 shows selected readings obtained while con-
ducting the experiment. Full set of readings can be found in Appendix A. Temperature verses
voltage readings plot is shown in Figure 5.14.

Tret | Sample| Raw ADC | ADC (V) Rsensor Tecalculated | Error Error (%)
Count | Reading (O]
25.1 | 22 1877.0909 1.98681 9903.4526 | 25.2960 -0.1960 0.7809
274 | 26 1988.8846 | 2.105252 9091.8400 | 27.5808 -0.1808 0.66
29.4 | 20 2101.65 2.224711 8397.7168 | 29.7300 -0.3300 1.1226
325 | 30 2262.0333 2.395224 7572.5093 32.5691 -0.0691 0.2128
35.1 | 16 2423.8125 | 2.566154 6893.4619 | 35.1880 -0.0880 0.2508
38.2 | 27 2623.4762 | 2.777913 6204.2209 38.1710 0.0290 0.075
40.2 | 24 2768.0417 | 2.931812 5783.9293 | 40.1852 0.0148 0.0368
41.1 | 31 2849.2258 | 3.01774 5573.1336 | 41.2604 -0.1604 0.3903
42.3 | 19 2945.9474 | 3.120008 5341.4460 | 42.4980 -0.1980 0.4682
445 | 14 3091.7143 3.274841 5025.1621 44.2921 0.2078 0.4671

Table 5.6: Selected test results for temperature sensor calibration using conditioning circuit. (For com-
plete Table refer Appendix A).

From the Table 5.6, Table 5.7 and Figure 5.4, it can be observed that:
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Error ‘ °C ‘ % ‘
Max | 0.207884624 | 1.122553086 |
-0.33003061 | 0.036807396 |

-0.13474282 | 0.453319748 |

Avg

|
|
‘ Min
|
|

Std. Deviation | 0.11085033 | 0.270649779 |

Table 5.7: Statistics of calibration test results using conditioning circuit.

e Sensor exhibits maximum error of only 1.12 % or just 0.2°C with average error of 0.13°C.

 Standard deviation of temperature readings is 0.11 showing high degree of stability of
readings.

e QOverall accuracy of sensor is well within required range of £0.5°C for temperature range
25°C to 45°C.

* Plot of voltage vs temperature shows near linear characteristics further illustrating posi-
tive effect of conditioning circuit.

 Lastly it is important to note that, there might be still errors due to relatively simple test
setup as well as errors in reference temperature readings (resolution : 0.1°C) .

results of simple temperature sensing circuit and conditioning circuit it is evident that condi-
tioning circuit provides highly linear response. Moreover, average error in conditioning circuit
is 0.13°C which means average error in temperature difference between two legs will be 0.26°C.
This error is well below the 2°C temperature difference requirement and hence this circuit can
be used for skin temperature measurement.

Calibration Curve for Temperature Sesor
(With Conditioning)
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Figure 5.14: Temperature calibration curve for temperature sensor with conditioning circuit.

5.6 Communication Protocol Selection

Transfer of logged data to the receiving end can be performed using wired as well as wireless
protocols. Wired protocols such as UART provide simple and reliable data transfer. However
these require physical connection between two ends which limits range of movement and can
greatly affect normal way of walking with risk of tripping over due to the connections.

Wireless protocols not only overcome these restrictions, but also provide better way to connect
to different type of end devices as Bluetooth and WiFi capabilities become more commonplace.
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Keeping this in mind, different wireless technologies suitable for data transfer are explored and
summarised below.

Zigbee

Zigbee is a wireless technology built for integrating sensor network applications into the In-
ternet of Things. This technology is highly inter-operable and is used to monitor and control
sensor network applications. Zigbee is the built on the universal IEEE 802.15.4 standard. It was
developed to address the requirement of a cost-effective and standards-based wireless net-
working solution which also supports low power consumption, low data-rates, and is highly
secure and reliable. Zigbee supports the self-healing mesh technology wherein a decentralized
network for nodes is available, which enables them to find alternate routes in case of failure of
one route. This also makes Zigbee a robust wireless technology.

ANT

Acronym ANT stands for "Advanced and Adaptive Network Technology". ANT target collection
and transfer of sensor data with high degree of inter-operability. Nodes in the ANT network
can act as transmitters, receivers, or transceivers to route traffic to other nodes. They can also
decide when to transmit based on the activity of neighbouring nodes. ANT+ is second gener-
ation of ANT: a ultra low power version targeting health and fitness devices. ANT+ is designed
for low bit-rate and low power sensor networks and works within short distances, typically less
than 5 feet. Since all ANT+ devices are inter-operable, gadgets from different devices operate
seamlessly with each other giving users freedom to design their own monitoring system.

Bluetooth

Bluetooth Low Energy (Bluetooth LE or BLE) is a wireless technology which caters to the needs
of a wide range of applications. BLE is aimed at providing a communication range similar to
previous versions of Bluetooth technologies but at reduced cost and power consumption. Cur-
rently in the industry, BLE SoCs supervised by Arm® Cortex®-M0, M3, M4, and M4F embed-
ded processors are almost exclusively based on 2.4 GHz radios. These embedded processors
are equipped with flash and RAM to aid stack firmware and application software storage and
operation. Manufacturers also provide Software Development Kits (SDKs) and reference de-
signs which makes it easier to work with BLE enabled SoCs.

WiFi

Wireless Fidelity (WiFi) is another standard-based wireless technology designed for large data
transfer using high speed throughput. It is based on IEEE 802.11. Wifi is not suitable for
low power operation. However, steps have been taken to improve the power consumption
with amendements such as IEEE Standard 802.11v and IEEE 802.11ah (Wi-Fi “HaLow”). Wi-
Fi “HalLow” was published in 2017 and operates in the 90 MHz ISM band. This leads to lower

energy consumption and extended range compared to versions of Wi-Fi operating in the 2.4
and 5 GHz bands.

NFC

Near Field Communication (NFC) is the wireless sensor technology designed for short range
communication. It operates in the 13.56 MHz ISM band where the transmit and receive loop
antennas act as the primary and secondary windings of a transformer. At short distances, the
magnetic field is stronger in comparison to the electric field and hence the former is used for
data transfer. NFC provides data-rates upto 424 Kbits/sec with a maximum range of 10 cm.
This makes NFC fall short in comparison to other wireless technologies presented previously.
At the same time, NFC provides with the advantage of using “passive” devices (payment cards),
which only become active in the presence of a closely located NFC powered device. NFC is
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widely deployed in contact-less payment services and as a pairing method for other wireless
technologies (such as BLE devices) since it is secure against man-in-the-middles attacks.

Comparison of Different Technologies

Parameter ‘ Bluetooth ‘ WiFi Zigbee ANT NFC

Range 100 150 100 30 10 cm
Throughput 1 Mbits/sec | 11 Mbits/sec | 250 kbits/sec | 20 kbits/s 424kbits/sec
Latency 2.5ms 1.5 ms 20ms Nil* NA

Power 30mA - 30mA - 50mA
Security AES-128 AES AES-128 AES none

Table 5.8: Comparison of different wireless technologies. (Adopted from (Al-Sarawi et al., 2017; Patrick
Mannion, 2017))

Selected Technology

After careful consideration of different technologies and the comparison provided in Table 5.8,
Bluetooth LE is chosen as preferred communication protocol. The reasons for opting Bluetooth
over other technologies are as follows:

* Good balance of throughput and power and range

¢ Low power

* Low latency

 Easy to integrate and interface with different end devices
e SDK, documentation and community support

5.7 MCU selection

After selection of Bluetooth as a preferred communication protocol, two options were avail-
able to integrate Bluetooth into the smart sock design: using Bluetooth enabled MCU or using
separate Bluetooth module along with MCU. Bluetooth enabled MCUs are selected, as in gen-
eral, they offer compact design with less additional components and better native library and
tool support. Some of the requirements and comparison criteria for MCU selection are listed
below:

Requirements

e On chip Bluetooth LE support.
e Compact Design with less additional components
* Support for SPI,I2C or other protocols for sensor integration

¢ Adequate number of GPIO pins

ADC with multiple channels and good resolution (8-10 bits).

* Large programmable flash.

Keeping these requirements in mind, a short survey was conducted to compare and contrast
different Bluetooth MCUs provided by popular manufacturers. The results of this survey are
shown in Table 5.9.

CC2640 is selected because of the following reasons:
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* Bluetooth 5 & 4.2 with Native SDK, examples and reference designs.

Dedicated low power core for sensor polling.

e 8 channel ADC with 12 bit resolution and up-to 31 GPIOs.

* Low Power operation (1.8-3.8 V) with very low standby current (0.94 pA)
* Better development resources and inexpensive development kit.

¢ Support for Over The Air (OTA) firmware update.

5.8 Summary

Based on the global requirements and component specific requirements, different sensors,
communication protocols and MCUs were compared. Following points summarise the hard-
ware design decisions.

* Sensor characterization is performed for pressure and temperature sensors.

* Since simple resistor divider circuits does not meet any design requirements, new condi-
tioning circuit are designed for pressure and temperature sensor.

» Use of conditioning circuit provides better accuracy, linearity and output range.

* Different wireless communication protocols are compared as they provide several advan-
tages over wired communication protocols. Bluetooth is selected as preferred wireless
communication protocol.

e Several Bluetooth MCUs are compared on basis of different parameters.
* Final sock design will feature following hardware components:

TekScan A301 FSR sensor to measure force/pressure.

Semitec 103]T NTC thermistor for temperature measurement.

MMAB8451 Accelerometer to aid static/dynamic pressure measurements

TI CC2640R2F Bluetooth chip for sensor polling and communication.
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Parameters CC2642R CC2640 BLUENRG-248 ATSAMBI11XR/ZR
Manufacturer TI TI ST Microchip
Bluetooth Version 5.0 4.2 5.0 5.0
Other Protocols UART,SSLI2C,12S  UART,SSI,I2C,12S UART, 12C,SPI UART, SPI, I12C
GPIO 31 10/14/15/31 14/15/26/27
ADC channels / 8/12 8/12 NA/10 4/11
resolution(bits)

Programmable 352KB 128KB 256KB 256KB

Flash

Clock 48-MHz Up to 48-MHz 16/32 MHz 26 MHz
Crypo-engines AEC/ECC/RSA/SHA2 AES-128,SHA-256
Voltage range 1.8Vto3.8V 1.8Vto3.8V 1.7 to 3.6V 23-43V
Active mode RX 6.9 mA 5.9 mA 5.26 mA
Active mode Tx 9.6 mA (5dBm) 9.1 mA (5dBm) 10.9 mA (4dBm) 4.18 mA (peak)
Active mode MCU 3.4 mA 3.4mA 3.3mA -

Standby 0.94pA 1pA 1nA 2.03pA

Cost (single) 5.49euro 4.09euro 3.14euro 7.11 euro
Development-Kit  39.99USD 29.99USD 61.31euro -

Compliance

EN 300, 328 (Eu-
rope) and other

ETSI EN 300, 328
(Europe), EN 300
440 Class 2 (Eu-
rope)

Other specifics

Low power sen-

sor controller
for sampling,
buffering and

processing ana-
log and digital
sensor data. Bat-
tery and temp
monitor.

Table 5.9: Comparison of different Bluetooth enabled microcontrollers
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6 Software Design Exploration

Previous chapter provided information about design decisions leading to hardware selection
and calibration of selected sensors. This chapter looks into design of Bluetooth firmware run-
ning on CC2640R2F Bluetooth MCU, and Android application that compliment hardware de-
sign.

6.1 Brief overview of Bluetooth Low Energy

Bluetooth Low Energy (BLE) is a low power wireless communication technology which uti-
lizes the 2.4 GHZ ISM band and targets battery powered devices. Bluetooth Core Specifica-
tion Version 5.1 allows for two systems of wireless technology: Basic Rate (BR: BR/EDR for Ba-
sic Rate/Enhanced Data Rate) and Bluetooth Low Energy. The Bluetooth Low Energy system
is designed to transmit small packets of data, while consuming significantly less power than
BR/EDR devices.

Bluetooth LE offers several advantages such as low power operation, low cost modules and
great market penetration of the BLE services. However low data rate, limited range and neces-
sity of gateway to connect to internet can be seen as the limitation of the technology (Moham-
mad Afaneh, 2016).

Bluetooth Low Energy Architecture

Applications APPS

Generic Access Profile

[ Generic Attribute Profile }

Attribute Protocol | Security Manager HOST

Logical Link Control and Adaptation
Protocol

- Host Controller Interface —

Link Layer ‘ [Direct Test Mode}

CONTROLLER
Physical Layer

Figure 6.1: Bluetooth Low Energy Architecture. (Adopted from Mohammad Afaneh (2016))

Typical architecture of Bluetooth is shown in Figure 6.1. The Bluetooth architecture consists of
different layers and these layers are grouped together according to the functionality. Usually
Bluetooth chip manufacturers provide SDKs which completely take care of layers below Secu-
rity Manger so that developers can focus on few defining layers such as GAP and GATT layer of
the protocol. To define the sock firmware, these GAP and GATT profiles need to be defined.
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Brief description of these profiles is given below:

Generic Access Profile (GAP)

Generic Access Profile is a basic framework that allows different devices to discover each other,
establish connections, broadcast data and establish security services. This framework must be
followed by every Bluetooth capable device and forms the foundation for Bluetooth services.

GAP defines several roles that device can assume. These roles are as follows:

e Central: Central role refers to link-layer master. Central role device is the one who listens
to advertisement packets of other devices, initiates connection and allows devices to join
the network. Due to asymmetry in link layer roles, connection initiation (central device’s
task) requires more computational energy than peripheral device and hence such role is
given to devices with better CPU and memory resources (smartphones,computers etc).

* Peripheral: Peripheral refers to link-layer slave. Peripheral device start advertising to
make Central device aware of its existence. Since peripheral role requires less complexity
complexity, its power and resource requirements are low, making this role more suitable
for sensor nodes.

* Observer: Observers only listen to data contained in the broadcast packets from inter-
ested devices. Observer do not advertise or initiate connections. Their role can be seen
similar to link-layer scanners.

* Broadcaster: Broadcaster devices broadcast data into their advertisement packets. This
data can be sensor readings or other information. Broadcaster does not accept or initiate
any connection requests.

It is important to note that GAP roles depend on context of communication and single device
can operate in different roles simultaneously in different connections.

Generic Attribute Profile - GATT

Generic Attribute Profile (GATT) exposes services and format of the services offered by the
end device. It also provides information about the procedures to access this data Mohammad
Afaneh (2016). GATT uses Attribute Protocol defined in Bluetooth standard as its base protocol
for transferring the data. According to this, the data is organized hierarchically into Services,
characteristics and descriptors as shown in Figure 6.2.

This organization of GATT protocol is explained as follows:

» Attribute defines generic structure of data and it is used to describe any type of data
exposed by GATT service. In fact, services and characteristics are also type of attribute.

* Services Services are relevant attributes (and characteristics) grouped on the basis of
functionality. For example location service can contain different characteristics provid-
ing precise location information. Conceptually Services can be seen similar to class in
object oriented language with each data variable as characteristics.

* Characteristics Characteristics are the data containers which provide piece of informa-
tion about services exposed to the client. Characteristics is always a part of some service
and can not exists on its own. Client Characteristic Descriptors (CCCD) also allow client
to subscribe for updates in characteristic values.

* Profiles Profiles are broader in definition as compared to services and characteristics.
Profiles define behaviour of client and server, services, connections and even security
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GATT server
Service
Characteristic
. Descriptor ,
Characteristic
, Descriptor ,
Service
Characteristic
. Descriptor ,

Figure 6.2: GATT protocol organization.

requirements. Profiles can be interpreted similar to application in Object Oriented lan-
guage which utilizes different classes (services) along with other things to define com-
plete behaviour.

The GAP and GATT profiles jointly describe the data exchange and connection characteristics
of the Bluetooth devices. With this knowledge in our hand, we will now look into design of
firmware running on smart-socks end device and android application that is used to log the
parameter data.

6.2 CC2640 MCU Firmware

After understanding basics of Bluetooth in previous section, this section provides information
about the Bluetooth MCU (CC2640R2F) and provides broad overview of the firmware design
flow.

The CC2640R2F is a wireless micro-controller (MCU) targeting Bluetooth 4.2® and Bluetooth
5® low-energy applications. It contains a 32-bit ARM® Cortex®-M3 core that runs at 48 MHz
as the main processor and a rich peripheral feature set which includes ultra-low power sensor
controller. The sensor controller is ideal for interfacing external sensors and for collecting ana-
log and digital data autonomously while the rest of the system is in sleep mode. CC2640R2F
also has RF Core that offloads BLE service handling from main CPU. Bluetooth low energy con-
troller and host libraries are embedded in ROM and run partly on this core. This architecture
improves overall system performance and reduces power consumption. This also frees up sig-
nificant amount of flash memory allowing more space for application.

Sock firmware is developed to take advantage of this three core structure of the MCU. Firmware
is developed around the Software Development Kit(SDK Version 3.20) and examples provided
by Texas Instruments for CC2640R2F BLE design. Sensor Controller Studio (version 2.4.0) is
used for programming the sensor controller core and Code Composer Studio (version 9.1.0) is
used to develop, debug and compile complete source code of the MCU.

Firmware developed for the sock is aimed to fulfill following characteristics:

* Continuous auto-updates of parameter values are sent to end device.

Embedded Systems Vishwajit Kulkarni



44 Thesis

SimpleLink CC26xx Wireless MCU 0

RF Core

cJTAG

Main CPU:

ARM
Cortex-M3

128-KB

Flash Digital PLL

3.KB DSP modem

cache

ARM

20-KB Cortex-M0

SRAM

General Peripherals / Modules Sensor Controller

¢ 4x 32-bit Timers

Sensor Controller Engine

UART 2% SSI (SPI, pw, T1)

12-bit ADC, 200 ks/s

Watchdog Timer

2x Comparator

10/14/15/31 GPIOs

TRNG

SPII°C Digital Sensor IF

AES Temp. / Batt. Monitor

Constant Current Source

32 ch. JDMA

Time-to-digital Converter

2-KB SRAM

Copyright ® 2016, Texas Instruments Incorporated

Figure 6.3: Functional block diagram of CC2640. (Image source: Texas Instruments)

* Sensor controller is used to poll sensors for reducing power consumption.
* Different sampling frequency is used for temperature and pressure sensors.

The brief firmware execution flow providing top level view of firmware design is explained be-
low:

Firmware Execution Flow

Figure 6.4 provides brief overview of the firmware design. Each step of the firmware flow is
explained in short as follows:

1. Upon power up hardware initialization is performed. This includes GPIO and board ini-
tialization, ADC initialization and I2C initialization. (UART initialization is performed if
UART-debug is enabled).

2. Sensor Controller is initialized and its clock frequency is set to custom defined value.
Sensor controller tasks (ADC sampling task and I12C task) are also initialized.

3. Bluetooth GAP and GATT services are initialized and registered.

4. Controller then starts advertising Bluetooth data. Advertisement is done indefinitely un-
til either connection request is received or controller is turned off.

5. Upon connection, sensor controller tasks are enable which starts sampling of pressure
and temperature readings as well as accelerometer data.

6. Sensor Controller samples the parameter data, alerts the main core for completion of
sampling and schedules next task execution.

7. These readings are processed based on parameter type and an update is sent to the an-
droid application.
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Power up

Hardware
Initialisation

Sensor
Controller Task
Initialisation

Bluetooth
services
Registration

Bluetooth
Advertisement

End device
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Read and
process Sensor
Values

Send Notification
to end device

Connection
active

Disable Sensor
Controller

Figure 6.4: Execution flow of CC2640 firmware.

8. Data sampling and updating the end device continues until connection is terminated.

9. Upon connection termination, sensor controller tasks are disabled and controller goes
back to advertisement state.

As explained earlier, Bluetooth has GAP profile for advertisement and different GATT profiles
exposed to the end user for data transfer. These profiles have to be customised based on the
application and the services provided by application. This is done based on firmware and end
device requirements. For example, android BLE implementation allows maximum 20 bytes to
be transferred per packet, so each parameter service is designed to fit within this data limit.

Figure 6.5 shows code snippets of different Bluetooth declarations. Figure 6.5a shows adver-
tisement data structure, Figure 6.5b shows declaration of different characteristics and their re-
spective UUID. Figure 6.5c shows structure of attribute Table which is used to expose all the
parameter services to end user and Figure 6.5d gives example of how temperature parameter
value is updated and notification update is attempted.
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// service UUID
#define SOCK_PARAMS_SERVICE_SERV_UUID @x2BB2
// Characteristic definition
#define S0CK_PARAMS_SERVICE_PRESSURE_ID 5]
#define SOCK_PARAMS_SERVICE_PRESSURE_UUID @xCeAl
#define SOCK_PARAMS SERVICE_PRESSURE_LEN 14
// Characteristic definition
#define SOCK_PARAMS_SERVICE_ACCELEROMETER_ID 1
#define SOCK_PARAMS SERVICE_ACCELEROMETER_UUID @xCBA2
#define SOCK_PARAMS_SERVICE_ACCELEROMETER_LEN 8

// GAP - Advertisement data (max

// best kept short to conserve powe
static uints_t advertData[] = {
@x02,// length of this data
GAP_ADTYPE_FLAGS,
DEFAULT_DISCOVERABLE_MODE | GAP_ADTYPE_FLAGS_BREDR_NOT_SUPPORTED,

!/ complete name

12,
GAP_ADTYPE_LOCAL_NAME_COMPLETE,
ST tme, Tat, L R, o, st ter, o, Ck, st

(a) Bluetooth advertisement data

static gattAttribute t sock params_serviceAttrTbl[] = {
// sock_params_service Service Declaration
{ { ATT_BT_UUID_SIZE, primaryServiceUUID },
GATT_PERMIT_READ,
@, (uintd_t *) &sock_params_serviceDecl },
// Press_temp Characteristic Declaration
{ { ATT_BT_UUID SIZE, characterUUID },
GATT_PERMIT_READ,
@, &sock_params_service_Pressure_Props },
// Press_temp Characteristic Value
{ { ATT_WUID SIZE, sock params_service Pressure_UUID },
GATT_PERMIT_READ,
@, sock_params_service_ Pressure_Val },
/ Press_temp CCCD
{ { ATT_BT_UUID_SIZE, clientCharCfgUUID },
GATT_PERMIT READ | GATT_PERMIT_WRITE,
@, (uintd *) &sock_params_service_Pressure_Config },
// Accelerometer Characteristic Declaration
{ { ATT_BT_UUID_SIZE, characterUUID },
GATT_PERMIT_READ,
@, &sock_params_service_AccelerometerProps },
// Accelerometer Characteristic Value
{ { ATT_WUID_SIZE, sock_params_service AccelerometerUUID },
GATT_PERMIT_READ,
8, sock_params_service AccelerometerVal },
// Accelerometer CCCD
{ { ATT_BT_UUID_SIZE, clientCharCfgUUID },
GATT_PERMIT_READ | GATT_PERMIT_WRITE,
@, (uintd *) &sock_params_service_AccelerometerConfig },

(c) Service attribute Table defining all available ser-
vices

Characteristic definition
#define SOCK_PARAMS SERVICE_HEARTRATE_ID 2
#define SOCK_PARAMS_SERVICE_HEARTRATE_UUID @xC@A3
#define SOCK_PARAMS_ SERVICE_HEARTRATE_LEN B8

Characteristic definition
#define SOCK_PARAMS_SERVICE_TEMP_ID 3
#define SOCK_PARAMS_SERVICE_TEMP_UUID @xCeAd
#define SOCK_PARAMS_SERVICE_TEMP_LEN 12

(b) Bluetooth Sock Services Unique Identifiers (UUID)

case SOCK_PARAMS_SERVICE_TEMP_TD:
if (len <= SOCK_PARAMS_SERVICE_TEMP_LEN)

/ copy data

memcpy(sock_params_service_Temp Val, wvalue, len);

Log_info2("SetParameter : s len: %d", (IArg ) "Temperature”,
(IArg ) len);

attrConfig = sock_params_service_Temp_Config;

/¢ Try to send notification
GATTServApp_ProcessCharCfg(
sock_params_service_Temp_Config,
(uintd_t *) &sock_params_service_Temp_Val, FALSE,
sock_params_serviceAttrThl,
GATT_NUM_ATTRS(sock_params_serviceAttrTbl),
ss_icall rsp task_id, sock params_service_ReadAttr(B);

}

else
ret = bleInvalidRange;

}
break;

(d) Sending notification for parameter update

Figure 6.5: Selected code snippets of CC2640R2F firmware.

6.3 Android Application

The android application development is carried out keeping two goals in mind: data logging
and data visualization. Android is chosen as end-device application platform since it offers
ease of connection, portability, ease of operation and mobility. Keeping this in mind, an app
called 'smart-socks’ is developed which is customized for temperature, pressure, accelerometer
data acquisition.

Application Characteristics

Development of the android app is carried out to fulfill following characteristics:
* The application only shows devices running smart-sock for ease of access.

* On connection, application registers itself for automatic parameter updates from the
sock.

* Real time timestamped data logs are created and stored in ".csv’ (comma seperated val-
ues) format for each data logging activity.
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* Different threads for data logging and GUI.
* Files can be found in separate folder called "Smart Socks" in internal storage.

* Data readings obtained from different parts of the foot are displayed in tabular form on
the device screen.

e For better visualization, pressure and temperature readings can be illustrated on the foot
outline at respective data acquisition position on device screen.

Works on devices with android version > 6.0 (Marshmallow)

Design flow

Application Launch

Check Location
Service Access

Process data
according to
parameter

Any Devices
found ?

Yes

Display Device

Access enabled? Info

Display and log data

‘Wail for connection
request from user

Connection
active?

Request location
access lo user

Connection
established?

Check storage

access Close log files

Change View to
display Sock
data

Deregister from

att services
Access enabled? g
Yes

Register for
parameter updates
from sock

Change View to
main window

Request storage
access to user

Create Log files

ELE Enabled?

can for devices with
name "Smart Sock”™

Data recieved?

Figure 6.6: Abstract flow diagram of smart sock android application
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Android app is developed using Android Studio IDE (version 3.5.1) with target android version
6.0 (Marshmallow) and above. As per the information on Android Studio, this application can
work on almost 63% devices based on OS version. Figure 6.6 provides abstract version of appli-
cation flow. Brief description of the application is as follows:

1. On application launch, access rights for location are requested from user as location is
required to discover Bluetooth devices as per android guidelines.

2. Access to storage services is requested as it is required for creating and storing log files.

3. If any of these rights are not available, user is asked for these permissions as shown in
Figure 6.7a.

4. If Bluetooth is on, device search is initiated. Application shows current Bluetooth status
and buttons for turning Bluetooth on and off.

5. Only devices that match tag "Smart Socks" are displayed on the screen as shown in Figure
6.7b.

6. Connection is initiated on user request. Registration for automatic update of all param-
eter services is performed at the time of connection.

7. Application screen is changed for visualizing parameters as shown in Figure 6.7c.

8. Newlogfiles are created for temperature, pressure and accelerometer readings with nam-
ing format "SockData_MMddyyyyHHmmss_PRAMETER_NAME.csv" as shown in Figure
6.7d.

9. Upon reception of each packet, parameter service responsible for this data packet is re-
solvedand data packet is processed accordingly.

10. Data is queued for logging and also displayed on the app screen.

11. In case user requests to terminate logging or connection is lost, log files are closed and
application returns to device-search state.

This application has following design limitations:
1. Bluetooth connection is terminated on change in orientation.
2. Bluetooth connection is terminated if application goes out of focus or phone is locked.
3. User has to explicitly turn on the Bluetooth service.

However these limitations do not pose any problem in data logging and can be overcome by
simply enabling orientation lock and setting screen off time to zero.

6.4 Summary
¢ Bluetooth GAP and GATT services define Bluetooth end-devices behaviour.

* Separate services for temperature, pressure and accelerometer are defined and exposed
to end user for gathering parameter values.

» These services also allow subscription to auto-updates in parameter values by using
Client Characteristics Descriptor (CCCD) defined in Bluetooth protocol.

* Sock parameters are polled using low power sensor controller core which leads to reduc-
tion in power consumption.
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* Android application is developed for data logging as it provides ease of use, ease of con-
nection and mobility.

* Data visualization can be also performed in the android application.

» Separate logs are generated for temperature, pressure and accelerometer.
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9 Allow Smart Socks
V01 to access this

device's location?

DENY  ALLOW

(a) Android App permissions

12:19 PM

<  Smart Socks

(c) Data logging and visualization

4:58 PM

Smart Socks V01

Bluetooth is available

TURN ON

TURN OFF

[ScanLeDevice] scan started

-50 Smart Socks CONNECT
7A:9C:C3:48:B4:34

(b) Smart-Sock device discovery

O]

Internal storage > SmartSockLogs

66B 1 06/11 1

SockData_11062019143333_Pressur

70B | 06/11
SockData_11062019143333_Temper
ature.csv

59B | 06/11 A
SockData_11062019143340_Acceler
ometer.csv

66B | 06/11/19 2:34 PM
SockData_11062019143340_Pressur
e.csv

76.54KB | 06/11/19 2:34 PM
SockData_11062019143340_Temper
ature.csv
77¢ 11/19 2:34 PM
SockData_11062019143507_Acceler
ometer.csv

66B | 06/11/192 A

SockData_11062019143507_Pressur

[TARVAL] M

SockData_11062019143507_Tempes

ature.csv \
1KB | 06/11 A &

SockData_11062019143707_Acceler

(d) Generated log files

Figure 6.7: Examples of Android application screens.
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7 System Integration

Chapter 5 and Chapter 6, provided design decisions for hardware and software components
followed by characterization of sensor technologies and overview of firmware and android app
design.

Once these components are individually characterized and tested, a prototype of working sock
was developed integrating these components.

7.1 Sensor Placement

Sensor placement is important to maximize the effectiveness of the system. This section de-
scribes different locations for sensor placement and the reasoning behind selection of sensor
placement positions.

Pressure and Temperature Sensor placement

Plantar foot area can be divided into 15 areas based on the foot pressure distribution as shown
in Figure 7.1. These areas can be grouped into different regions such as heel (points 1-3), mid-
foot (points 4-5), metatarsal (points 6-10), and toe (points 11-15). These regions support most
of the body weight and experience majority of pressure changes. The measured force at these
positions can be used to derive physiological, structural, and functional information of the
lower limbs and whole body (Shu et al., 2010). Hence, it is very natural to select the sensor
position from these location.

Figure 7.1: Different areas of the foot based on pres-

sure distribution. (Adopted from (Shu et al., 2010)) Figure 7.2: Pressure sensor locations on the plantar

side of the foot. Temperature sensors are placed at
the same location from the inside.
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To reduce complexity of the sock design, only 6 locations were chosen to measure the pressure.
To cover all the foot regions, sensors are distributed throughout the areas as follows: One sensor
at the great toe (point 15), three sensors covering metatarsals (points 10, 8 & 6), one sensor at
midfoot (point 4) and one sensor at heel (point 1). This sensor distribution on sock is shown in
Figure 7.2. As explained by (Shu et al., 2010), many sport gadgets as well as clinical equipments
use between 3-7 sensors for pressure measurements hence use of 6 pressure sensor is adequate
for targeted clinical analysis.

Since temperature measurements are to be performed at locations where skin is exposed to
high pressure and skin abrasion, temperature sensors are placed at the same location as pres-
sure sensors. Only difference being, temperature sensors are placed inside the sock such that
sensing unit will be directly in contact with the skin to get more accurate results. Lastly even
though current design uses only 6 sensors, current hardware design supports up to 8 pressure
and temperature sensors without any hardware modification.

Accelerometer Placement

Accelerometer is added to the sock to aid abnormal pressure detection as well as gait cycle
detection. Bare abnormal pressure change can not be used to predict ulceration as it might be
because of particular posture or movement of the leg. Accelerometer and pressure readings can
be used to correlate the posture or movement of the foot and respective pressure distribution.
The accelerometer is placed just above the heel, aligned with ankle line. This allows to detect
the motion of complete foot as well as motion from the ankle joint.

7.2 Sock Version 1.0

Once sensor placement locations are decided, first working prototype is assembled and tested.
This prototype uses custom designed PCB for signal conditioning. The integration steps for
first prototype are explained in this section.

Sensor Breakout-board

For first version of the sock, a decision is made to use the CC2640R2F launchpad as the base
board for sensor integration and RF communication. However, signal conditioning is required
before sensor outputs can be given to ADC to sample the data. Moreover, there are only 8 ADC
channels available at the controller whereas total number of sensors to be sampled range be-
tween 12-16. Hence, analog multiplexer should be used to multiplex these sensors to available
ADC channels. A two-layer sensor breakout board is designed to facilitate the signal condition-
ing and multiplexing. This board is shown in Figure 7.3.

Complete Setup

Once this board is ready, complete setup is assembled and shown in Figure 7.4.

Limitations

» Use of two board design (Launchpad + Sensor Breakout Board) causes sock to be bulky
making it uncomfortable to wear.

* This design also introduces additional connections from sensor board to controller.

e MCU Launchpad also includes additional peripherals and components that are not re-
quired for the desired application increasing size of the MCU circuit.

* Pressure sensors are directly exposed to the sock-shoe interface causing abrasion of sen-
sor surface area.

* Current design uses small USB-power bank for powering the circuit.
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Figure 7.3: Sensor breakout board designed for sen-
sor conditioning and multiplexing.

|

=
-
=
-
b
.

Figure 7.4: Sock prototype version-1

7.3 Sock Version 2.0

First prototype of sock design provided required functionality of the system however it had
several limitation that prohibited its use in practical scenarios. All of these issues are addressed
is the revised version. These issues are addressed by modifying the design as follows:

Previous two board design was uncomfortable to wear, for this reason single PCB is de-
signed which includes signal conditioning, micro-controller as well as RF circuitry.

This design removes external conditioning circuit to controller connections making it
relatively simple as compared to earlier design.

Conductive thread is used to connect sensors to the PCB, which removes external cables
that might cause hindrance for movement.

The circuit is designed to work on coin cell battery removing dependency on external
power source.

This reduction in external cables also makes the sock more aesthetically pleasing as com-
pared to earlier design.

Complete Setup

Figure 7.5: Single board design for signal condi-Figure 7.6: Sock prototype version-2. Note the
tioning, MCU and RF circuitry operated on coin-use of conductive thread removes dangling wire
cell battery connections from the sensor.
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Figure 7.5 illustrates the single board design including coin-cell holder for powering the device.
Final assembled sock using designed board as well as conductive thread for sensor connections
is shown in Figure 7.6.

7.4

Technical Difficulties

There were multiple technical difficulties encountered in the process of sock development.
These difficulties are briefly described below:

7.5

Heart-Rate sensor produced unreliable results due to even slightest movement of the
foot. This movement hinders the working principal of the sensor hence idea of including
heart rate sensor could not be realised.

FSR data sheet recommends using piston like setup to exert known force values on the
sensor. Such setup was not available for the sensor calibration. To address this issue,
two versions of 3D printed test-jig were developed to distribute known weight over the
desired area of the sensor and calibration was performed.

Similar to FSR, temperature calibration requires known and stable temperature setup
like environmental chamber. However, such setup was not available. It was addressed
by using a setup where reference temperature of water was determined using a digital
thermometer. The calibration of the sensor was then performed by comparing against
this reference temperature.

Determining the antenna path length for impedance matching was another challenge.
This was mainly because of the difference in components size used on the launchpad
and the ones used in the final version PCB, wherein, documentation was only available
for the launchpad antenna settings.

Single PCB design (final version of PCB) had ground loop issues which were difficult to
single out and address.

Summary

Once all sensors are characterised, system level integration is performed to assemble
complete sock setup.

Pressure and temperature sensors are positioned at different areas to cover foot areas
experiencing most of the foot pressure.

First version is based on CC2640R1F Launchpad + sensor breakout board.

This version presents limitations such as dependency on external power source, wiring
issues resulting in uncomfortable design.

These issues are addressed as mentioned below:

- Single board design for RF + microcontroller + signal conditioning.
— Use of conductive thread for sensor connections

- Coin-cell battery based operation

Both of these designs are evaluated based on different tests. These tests and obtained results
will be discussed in next chapter.
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8 Test and Evaluation

In this chapter, the different tests performed on the developed prototype of the smart sock are
discussed and evaluated. Two versions of the sock have been developed. For each version, the
following tests are performed where sensors were polled at 10Hz frequency.

* Pressure and Accelerometer Test
¢ Temperature Test
In addition to these tests, shoe evaluation test is also performed and discussed.

8.1 Sock Version 1 Test

In this section, the results of the tests performed on version 1 of the smart sock are presented
and discussed.

8.1.1 Pressure Test and Accelerometer Test

Different Foot Postures

Once sock is ready, a simple test to assess functioning of pressure sensors was performed. For
this, leg with the sock was kept in different position for around 20 seconds each. These postures
are:

1. Standing still

2. Pressure on Heel
3. Pressure on Toe
4. Foot in the air

The result obtained for this test is shown in Figure 8.1 and Figure 8.2 below.

Pressure Variation for different postures
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Figure 8.1: Variation in pressure readings at toe, MTH1 and heel for different postures. For all sensor
readings refer Appendix C

As we can see, for standing still, almost all of the sensors show similar pressure indicating sim-
ilar pressure distribution. When all of the pressure is put on heel by lifting toe up, FSR at heel
position (green line in Figure 8.1) shows high pressure readings where as toe sensors show no
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Accelerometer Variation for Different Postures

4.5

Standing Still Heel Toe Lifted Foot

3.5

2.5

X axis Accelerometer Readings

Figure 8.2: Variation in accelerometer readings for X axis for different postures.

load reading (op-amp reading for open circuit FSR).

Similarly when all body weight is put on toes by lifting heel side, pressure sensors located in top
toe area (MTH-I, MTH-II), show high readings and pressure sensor near heel area show no load
reading. Finally when foot is lifted completely and kept in the air, all the sensors give no-load
reading confirming proper functioning of sensors.

Accelerometer readings are also analysed and result for x-axis change is shown in Figure 8.2.
Since x-axis of the accelerometer was aligned with vertical movement of the foot, readings for
x-axis are considered. Accelerometer is located in the back of the feet above the heel area. So
its movement should correlate with heel movement. This behaviour can be confirmed from
the plot as when the heel goes down accelerometer values decrease and when the heel goes
up (while putting pressure on toe or floating foot state), accelerometer readings go high. This
behaviour matches with expected behaviour from the accelerometer based on its positioning
and alignment, demonstrating proper functioning of sensor.

Gait Analysis

Stance

e

Load Foot-flar Push

Heel-Strike Toe-Strike Heel-off Toe-Off

Figure 8.3: Different phases of gait cycle. (Adopted from (Mariani et al., 2013))

Once pressure and accelerometer readings were obtained for different postures, readings were
taken for normal walking conditions to see variation in pressure of different foot areas as result
of gait cycle. These changes in pressure values can be also used to isolate instances such as
heel strike, toe strike, heal off, and toe off. This can be in turn used to check if pressure at these
instances is within normal range and analyse overall gait characteristics of the patient. One
such example of gait cycles recorded using pressure and accelerometer readings can be seen in
Figure 8.4 and Figure 8.5.
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The data was logged for 2 minutes and number of steps were recorded as well. For this partic-
ular test, total 53 steps with left leg (leg with smart-sock) were recorded. The results are shown
in Figure 8.4. From this plot, following observations regarding gait can be made:

¢ As it can be observed, heel and toe pressure peak points are grouped together within
short time spans.

* Heel pressure peak appears earlier than toe peak points which shows heal strike before
toe.

¢ As heel is lifted up, pressure on toe will increase and hence we will get high toe pressure
readings and no-load heel pressure reading. This is also evident in the plot.

o After toe lift (which indicates complete foot lift), and next heel strike, foot is in the air.
This can be also confirmed as pressure values between peaks go to zero-load readings.

¢ Total peak count for any pressure sensor readings is 53, which is same as number of steps
taken using leg under test. This further confirms effectiveness of this sensor arrangement
for gait analysis.

Gait Analysis using Pressure Sensor
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Figure 8.4: Pressure readings at toe, MTH1 and heel for gait cycle (53 steps each leg). For all sensor
readings refer Appendix D

Gait Analysis using Accelerometer
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Figure 8.5: Accelerometer readings (x-direction) for gait cycle (53 steps each leg).

Similar to the earlier test, accelerometer readings were analysed for gait cycle as well. It can be
also seen that that accelerometer readings (only x-direction readings are plotted here), show
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distinct peaks as foot moves. These readings can be further used with pressure readings to
confirm that pressure changes are indeed because of the movement of the foot and not due to
abnormal changes or abnormal pressure distribution of the feet.

8.1.2 Temperature Test
Measuring foot temperature

Section 5.5.2 (Chapter 5) provided characterization results for temperature results. Obtained
readings were accurate with just 1% error. In order to perform temperature profiling of the
sock, a simple test with minimal foot movement is performed. The intention of this test is
to check the response and stability of temperature readings when foot is not exposed to any
temperature variation. The result of this test is shown in Figure 8.6. It can be seen from the plot
that temperature readings are relatively constant conforming to the expected behaviour.

Foot Temperature Measurement

—MTH1 MTH2 e MTH3 MTH4 e MITHS Heel

275

Temperature (°C)

Time(HH:MM:SS)

Figure 8.6: Temperature readings for different areas of the foot.

Measuring foot temperature variations

After normal foot temperature test yielded positive results, another test is performed to test
how well the sock can responds to changes in temperature. To check this, foot is exposed to a
heat source for few minutes and then taken away and placed in open air. To reflect such be-
haviour temperature readings should show increment for sometime and then shows decrement
afterwards corresponding to the processes of exposing to and getting away from heat source.
Plot of the temperature readings of this test are shown in Figure 8.7. Similar to earlier test this
test also conforms to the expected behaviour.

Temperature Variation Test
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Temperature (°C)

21:42:18
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Figure 8.7: Temperature readings for different areas of the foot when foot is subjected to varying tem-
perature using heat source.
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Since maximum error in temperature readings is 0.2°C, maximum error in difference of tem-
perature between left and right leg would be 0.4°C. This is within acceptable limit as we are
interested in finding out difference of more than 2.2°C between same region of right and left
foot.

8.2 Sock Version 2 Test

A revised prototype of the sock is designed to address the limitations and drawbacks observed
in first prototype. This section describes the results of same set of tests performed on second
version of the sock. Since most of the signal conditioning is kept same, it is expected to get
similar characteristics as mentioned in previous section. The results of these tests are explained
in this section.

8.2.1 Pressure and Accelerometer Test
8.2.2 Different Foot Postures

Pressure measurements for different foot postures are recorded in the similar way as described
in previous section. Since basic conditioning circuit is same (except for reference voltage), it is
expected to obtain similar graph.

Pressure readings for different postures
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Figure 8.8: Pressure readings of Toe, MTH1 and heel for different postures.

Accelerometer readings for different postures
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Figure 8.9: X-axis accelerometer readings for different postures.

8.2.3 Gait Analysis

Once the test for different foot posture is conducted, another test for gait analysis is conducted.
For this test total of 19 foot steps are recorded with slow paced walking. Slow paced walking is
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chosen to enhance the characteristics observed in gait analysis. Figure 8.10 and 8.11 show the
obtained results for this test.

Gait Analysis using Pressure Sensor
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Figure 8.10: Pressure readings for gait cycle (19 steps each leg).

Gait Analysis using Accelerometer
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Figure 8.11: Accelerometer readings (x-direction) for gait cycle (19 steps each leg).

From Figure8.10 following observations can be made:
* 19 distinct peaks pertaining to 19 steps can be observed in both the plots.
 In general toe area experiences more pressure as compared to heel while walking.

* Also heel strikes first and quickly goes off from the ground whereas toe remains in contact
with the ground for longer duration.

» Pressure readings for both revised and earlier prototype show similar gait characteristics
curves.

8.2.4 Temperature Test

Once pressure tests are performed, temperature tests are conducted in similar manner as de-
scribed in previous section. Similar to previous methodology, two type of tests are performed
to verify stability and response of the sensor. The response of the sock for these two tests are
shown in Figure 8.12 and 8.13.
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Foot Temperature Measurement
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Figure 8.12: Temperature readings for different areas of the foot.

Temperature Variation Test
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Figure 8.13: Temperature readings for different areas of the foot when foot is subjected to varying tem-
perature using heat source.

Both graphs show behaviour similar to earlier test conducted for first version of the sock. This
is expected as conditioning circuit used is same in both revisions.

8.3 Shoe Evaluation

Diabetic patients with high ulceration risk are advised to use custom footwear to offload the
pressure from sensitive areas. This footwear is made by process similar to foot casting. However
there is no definitive way to quantify the effectiveness of footwear. The sock designed for ulcer
prediction can also be used for characterising the footwear.

A simple test is conducted to evaluate the use of sock for footwear performance. Pressure read-
ings are obtained for two shoes worn by a female participant. The two shoes used for this test
are shown in Figure 8.14. One shoe is typical sport shoe used for daily activities and other shoes
is high-heel shoe. The test is conducted by putting both shoes one by one and recording read-
ings for normal standing position. The result of this test is shown in Figure 8.15.

It is widely known that high-heel shoe is not good for back as well as foot since it creates un-
even pressure distribution on the foot. This is clearly visible from the Figure 8.15. From Fig-
ure 8.15, toe and mid-foot area experiences increased pressure where as Meta-tarsal are (MTH
LILIII) observes reduced pressure when high-heels are worn. This indicates that this particular
high-heel shoe forces foot to become arched between toe to mid-foot area causing unnatural
distribution of pressure. Prolonged exposure to such abnormal pressure distribution can affect
normal functioning of foot and back.
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Figure 8.14: Different shoes (sport shoes and high-heel) used to evaluate their effectiveness in distribu-
tion of the foot pressure.
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Figure 8.15: Pressure readings for sport shoes and high heels in standing position.

8.4 Power Profiling

Once all the system components are integrated and evaluated, power profiling of the final ver-
sion of sock is performed to get better estimate of power consumption of the system.

For power analysis power analyser kit from Nordic Semiconductor is used. This kit provides
power to the custom designed board connected as DUT (Device under test) and calculates av-
erage current measurement of the device. The test setup for current measurement is shown in
Figure 8.16 and example of profiler test results for Bluetooth Advertising phase are shown in
figure 8.17.

Set to DK

Connect USB cable
to nRF5x DK

PPK software

Set to Reg.

PPK connection and 5 V power supply to DK and PPK

Figure 8.16: Test setup for power measurement. The Sock is connected as device under test (DUT).

To get better estimate of power consumption, three case scenarios are considered:
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Figure 8.17: Power profiler results for Bluetooth advertising.

* Bluetooth advertising without any signal conditioning circuit
¢ Bluetooth Advertising + peripherals
¢ All Sensors polled at 10 Hz frequency

Average current consumption for continuous Bluetooth advertisement is = 175uA. However
this figure goes up to 530 A as soon as additional signal conditioning circuitry is introduced
along side the MCU. This is expected due to on current consumed by the sensors, op-amp and
multiplexer circuits.

To avoid excess current consumption, controller is sent to stand-by mode when idle. Current
consumption for active mode Bluetooth logging activity is around 2.75m A. This is expected as
sensor polling and Bluetooth transfer both takes place in this case.

As sock uses CR2032 coin cell battery which has capacity of 240mAH, sock will be functional for
240/2.75 = 87 Hrs continuously. If a patient uses sock for 10 hours daily, this will give operating
time of about 9 days.

Operating time of sock can be further improved using following measures:

* Optimized Bluetooth transfer by storing data locally and sending it over once in burst
mode.

¢ Optimized hardware and PCB layout. Power consumption by MCU is also dependent
on the RF circuitry and PCB layout. Current design uses 2 layer PCB which can result
in ground path issues. This performance can be improved by using correct impedance
matching circuit along with 4 layer design of the PCB.

With 10Hz sampling frequency, the difference between advertising and data transmission cur-
rent is around 2.2 mA. This is the amount of current consumed for 10 samples of each foot
parameter. Roughly speaking each sampling event of all parameters will consume around 0.22
mA. This clearly marks dependency of the overall current consumption on the sampling fre-
quency. Since temperature changes are not substantially different, temperature sensor can be
polled at very low frequency ranging near 1Hz or even below that. This will effectively result
in less polling of 6 temperature sensors leading to reduced power consumption and effectively
better battery life.
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8.5 Usability and washability

Washability and usability are the practical parameters outlined in the non-functional require-
ments section. Since sock is developed to measure foot parameters of diabetic patients, it
should be comfortable to wear and walk. To assess this, sock was provided to seven partic-
ipants (three female, four male) and series of questions about the usability of the test were

asked.

The feedback form provided following questions:

* How easy it is to wear the sock (score 1-5)?

* How comfortable is to have the sock on while sitting? (score 1-5)

¢ how comfortable is to walk with the sock with shoes on? (score 1-5)

e How comfortable is to walk with the sock without shoes? (score 1-5)

* Do you consider this a useful solution? (Y/N)

* What do you want to see changed in the design to use such a sock yourself?

The overall experience results are positive. The scores provided by all users is summarised in
Table 8.1 and Figure 8.18.

Participant | Gender| ease of wearing comfort (sitting) | comfort (walking | comfort (walking
ID without shoe) with shoe)
1 M 4 4 4 4
2 F 3 4 4 4
3 F 3.5 4.5 4 4
4 M 3.5 4 4 4
5 M 3 4.5 5 4
6 M 4 2 2 3
7 F 4 4 4 4
Average - | 3.71 3.85 3.85 3.85
Table 8.1: Usability survey results
Usability survye results
6
5
4
7 2
1
0
Subject1  Subject2  Subject3  Subject4  Subject5  Subject6  Subject7
Ease of wearing Comfort (sitting)
walking without shoes walking with shoes
Figure 8.18: Summary of usability test results
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Apart from this, users were asked to provide suggestions regarding improvement in the sock
design. Following suggestions were recieved:

* Fabric layer to cover socks present on both inside and outside of the sock.
* Sensor integration into fabric.
* Reduction in PCB size.

In terms of design three suggestions were provided : padding near sensor connection area of
the sock, reduction in PCB size, change in sensor connectors on the PCB.

Before washability test, a information available about sensor is used to predict washability re-
sults:

* Sock can not be used in washing machine or with detergents as it will affect sensor posi-
tions as well as behaviour hence simple dip test in the water must be performed.

» Temperature sensor readings were obtained by dipping it into the hot water, hence tem-
perature sensor is expected to behave normally after the wash.

* Signal conditioning is designed such that any short between sensor terminals will result
in saturation of op-amp output. This can be used as an indicator of the any short circuit
due to water content in the sock.

* FSR and accelerometer must be tested physically and their response post wash must be
recorded.

* Conductive thread might get shorted if there is water content available in the sock

After this sock (without the PCB) was dipped in the water and kept on heater for drying. On con-
necting sock back to the PCB and readings are observed. The sock did not produce in expected
manner and produced erroneous results. This might be either due to damage to pressure sen-
sors or short circuit on conductive fiber. Hence sock design can not be washed without any
modification.

8.6 Summary

This chapter presented different evaluation tests and its results for temperature, pressure and
accelerometer. Following points summarise the evaluation results:

* Different tests are performed for temperature and pressure tests.
 Different tests conducted are as follows:

— Pressure sensor test for four different steady postures is conducted.

— Gait analysis readings using pressure variation and accelerometer readings are also
recorded.

- Two temperature tests are performed to check temperature sensor behaviour.

* All of these tests confirm to expected behaviour proving suitability of the sock for desired
purpose.

* A small test is performed to demonstrate use of the sock for shoe evaluation.

* Apart from this weight of the PCB is measured and found to be around 25 grams.

Usability feedback has been recorded from two test subjects alongside prediction of
washability test results.
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* Once, the custom PCB is paired with the app continuous monitoring of foot parameters
can be performed as long as power is available. A coin cell is used as the power supply
for the sock. To determine the exact time for which the battery will last power analysis
is done. Power analysis results conform to the requirement obtaining continuous data
samples for long duration.

* A normal shoe and high-heel shoe pressure distribution is evaluated. It is observed that
high-heel creates uneven pressure distribution making it unsuitable for long term use.
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9 Conclusion

At the start of the thesis, a set of research question and sub questions were formulated to help
in designing the smart-socks to monitor diabetic foot ulcer indicators. This chapter tries to
provide answers to these research questions.

Which foot parameters can be used to predict incidence of diabetic foot ulcer?

An extensive literature survey was conducted to understand causes and effects of diabetes on
normal functioning of the body. There is ample literature available that looks into which foot
parameters can be monitored to predict ulceration of diabetic foot. These findings are sum-
marised as below:

* Both static and dynamic pressure can be used to measure pressure distribution of the
foot under different conditions.

« Foot area with consistent pressure greater than 6kg/cm? (= 600kPa) is considered as site
with risk of ulceration.

 Forefoot to rearfoot ratio (F/R) value of 2 or more can also be used to predict ulceration.

* Persistent temperature difference of 2.2°C or more between one region of the foot and
same region on the contralateral foot is an strong indicator for ulceration.

* Persistent temperature changes can be observed upto one week before ulceration.

* Use of pH change as indicator of ulceration lacks sufficient support from literature to
be considered as primary indicator. However it can be used as secondary parameter or
additional information to gain better insights.

* In addition to this, degree of foot perfusion indicating state of blood supply of the foot is
also an important and neglected parameter. Heart-rate can be used to check foot perfu-
sion.

What are functional and non-functional requirements of monitoring these parameters us-
ing a smart sock

At the start of the thesis following functional and non-functional requirements were outlined
for sock. These requirements are as follows:

Functional Requirements
1. The developed sock should be able to monitor required foot parameters continuously.

2. Sock should be designed to be worn in day to day life. Design should be clean and should
not affect or change the normal bio-mechanics of the foot causing errors in the readings.

3. Sensors data must be reproducible and repeatable

4. Sufficient battery life must be ensured to take continuous readings for long duration.
5. Errors in sensor readings must be within specified limits.

6. System should be able to perform data logging.

Non-functional Requirements
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3.

4.

. Safety: The sock is designed for patients with neuropathy, which means they have very

little or no sensation of pain. Thus it should be made sure that, the sock is not causing
any damage to the foot skin while attempting to measure the same.

. Weight: Weight of the sock should not cause any effect on walking or foot health.

Sock design should be size independent.

Sock should be washable and reusable within certain restrictions.

What are the software and hardware requirements and design decisions for continuous
monitoring and detection of foot ulcer using a smart sock?

Complete design of sock to monitor these foot parameters is divided into three different parts:
sock hardware, sock firmware and android application for data logging. To design the complete
system, different design decisions were made as explained in Chapter 5 and 6. These design
decisions are summarised below:

Force sensing resistors are used to measure force/pressure observed by different areas of
the foot.

Accelerometer is added to aid static and dynamic pressure measurements. Addition of
accelerometer also enables the system to perform gait analysis as described in Chapter
8.

NTC thermistors were used to monitor temperature of the foot.

Bluetooth MCU with dedicated core for sensor polling is selected to reduce power con-
sumption of the device.

Conditioning circuit is designed for temperature and pressure sensors to provide better
accuracy and linear response. Sensor characterization and calibration is also performed.

pH sensors and Heart-Rate sensors are not used due to design limitations.
Android application is designed to visualize and log all parameter values.

Coin cell operated custom printed circuit board is designed and evaluated.

How accurately and efficiently the designed smart sock can measure the foot ulcer indica-

tors?

For both versions of the sock, performance is evaluated using different tests.

Sock design is aimed to gather continuous parameter data for long duration of time.

Pressure and temperature sensors were calibrated to meet accuracy requirement. For ex-
ample, sock targets to measure temperature difference of 2°C or more, whereas designed
sock provides accuracy of 0.15°C thereby meeting design requirement.

Multiple readings are taken and analysed for the sensors to evaluate stability of the read-
ings.

Accelerometer is added to aid the correct interpretation of acquired pressure sensor read-
ings.

Sock tests are also conducted on two additional subject to confirm the desired perfor-
mance of the sock.
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How user-friendly and comfortable is the designed smart sock?

To determine the usability of the sock, tests were performed using two subjects. In addition to
this, users were asked series of questions regarding the usability and comfort of the sock design.
Feedback from both users provided overall positive experience such as intuitive app design
among others mentioned previously. Few suggestions for improvement were also provided
which can be seen as future scope of the research.

After answering all sub-questions outlined at the start of the research, this thesis concludes by
addressing the main research question.

To what extent, is it possible to continuously monitor foot ulcer indicators in an efficient,
accurate, and user- friendly manner through embedding sensing and communication tech-
nologies in daily worn socks?

From the literature survey;, it is clear that strong indicators are present which can be monitored
for predicting ulceration. Proposed sock is designed such that it can be worn throughout the
day at home as well as outside. This design aims to achieve more monitoring time than shoe
or insole based systems. Since sock design is powered using coin cell, it can work indepen-
dently. Use of Bluetooth and android application facilitate data collection and make the overall
sock design easy to use. Hence, this design can provide more data samples leading to better
prediction of diabetic foot ulcer.

Having said that, this sock design is still in preliminary stage and many avenues are available for
improvement in both design and functionality of the sock. These prospects will be discussed
in the following chapter.
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10 Future Work

This chapter provides few ideas about the possible improvements and additions to the current
sock design.

1. Energy Harvesting: The current sock design uses a lithium ion coin cell to power the
complete circuit. However there are systems are available which make use of the move-
ment of the foot itself (among other techniques) to harvest energy and power themselves.
Such energy harvesting can also be integrated with the current sock design to completely
eliminate the battery usage or reduce the dependency on it.

2. Use of Smart Materials: The sock design in this thesis uses external sensors placed on a
sock. Instead of using sensors placed externally, special materials which are capable of
determining pressure and temperature values can be used.

3. In addition to use of smart materials for pressure and temperature sensing, flexible PCBs
or fabric printed PCBs can be used.

4. Currently Android app monitors the data only from one foot. By taking advantage of the
Bluetooth mesh in Bluetooth 5.0, a single application could be deployed to monitor data
from both the legs simultaneously.

5. A neural network can be trained to analyse the received sensor data on the end-point
device to provide real time evaluation of the foot.
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A Complete test results : Thermistor calibration using
conditioning circuit

Tref | No. of | Raw ADC | ADC (V) | Rcalculated Tcalculated Error (°C) Error (%)
Sam- Reading
ples

25.1 | 22 1877.0909 1.98681 9903.452642 | 25.29601695 | -0.19601695 | 0.780944042
25.9 | 18 1914.7778 2.026618 | 9614.976533 | 26.08255102 | -0.18255102 | 0.704830196
26.7 | 21 1947.667 2.061968 | 9372.539174 | 26.76489999 | -0.06489999 | 0.243071125
274 | 26 1988.8846 2.105252 | 9091.840039 | 27.58083384 | -0.18083384 | 0.659977533
283 | 11 2034.4545 2.1541 8794.592062 | 28.47718052 | -0.17718052 | 0.62607956
294 | 20 2101.65 2.224711 | 8397.716895 | 29.73003061 | -0.33003061 | 1.122553086
30.3 | 18 2142.3889 2.268538 | 8168.908661 | 30.48381562 | -0.18381562 | 0.606652225
31 13 2190.3846 2.318936 | 7920.739558 | 31.32946359 | -0.32946359 | 1.062785775
31.5 | 23 2209.2609 2.338761 | 7827.201132 | 31.6561784 | -0.1561784 | 0.495804444
323 | 22 2255.7272 2.388602 | 7601.518452 | 32.46339481 | -0.16339481 | 0.505866292
325 | 30 2262.0333 2.395224 | 7572.509371 | 32.56916069 | -0.06916069 | 0.21280212
33 16 2298.8125 2.433844 | 7407.641258 | 33.17929805 | -0.17929805 | 0.543327429
33.8 | 18 2350.7222 2.4894 7182.682847 | 34.03763845 | -0.23763845 | 0.70307235
348 | 14 2397.8579 2.538898 | 6993.461061 | 34.78406773 | 0.015932272 | 0.045782391
35.1 | 16 2423.8125 2.566154 | 6893.461913 | 35.18804043 | -0.08804043 | 0.250827423
36.3 | 10 2504.8 2.652243 | 6595.580961 | 36.43282525 | -0.13282525 | 0.36590979
36.7 | 19 2541.5263 2.691417 | 6468.391276 | 36.98431529 | -0.28431529 | 0.774701069
37 24 2555.2917 2.706314 | 6421.301912 | 37.19168774 | -0.19168774 | 0.518074967
37.8 | 32 2595.6875 2.74873 6290.904042 | 37.77525761 | 0.024742391 | 0.065456062
38.2 | 27 2623.4762 2.777913 | 6204.220853 | 38.17100323 | 0.02899677 | 0.075907774
38.6 | 13 2659.067 2.816345 | 6093.64457 | 38.68523649 | -0.08523649 | 0.220819924
39.1 | 23 2693.2173 2.852194 | 5993.995057 | 39.15800993 | -0.05800993 | 0.14836298
39.7 | 8 2747.75 2.908012 | 5845.164528 | 39.88135847 | -0.18135847 | 0.456822337
40.2 | 24 2768.0417 2.931812 | 5783.929304 | 40.18520343 | 0.014796573 | 0.036807396
40.8 | 16 2826.9375 2.990507 | 5638.258113 | 40.92326916 | -0.12326916 | 0.302130301
41.1 | 31 2849.2258 3.01774 5573.133594 | 41.26042503 | -0.16042503 | 0.390328531
41.7 | 22 2892.9545 3.064032 | 5465.817427 | 41.82611237 | -0.12611237 | 0.302427739
42.3 | 19 2945.9474 3.120008 | 5341.446044 | 42.49805835 | -0.19805835 | 0.468223053
43.2 | 16 3014.1875 3.192382 | 5188.790633 | 43.34809597 | -0.14809597 | 0.342814745
43.7 | 20 3062.4 3.243955 | 5085.227877 | 43.94148316 | -0.24148316 | 0.552593055
445 | 14 3091.7143 3.274841 | 5025.162142 | 44.29211538 | 0.207884624 | 0.467156458

Table A.1: Complete test results for temperature sensor calibration using conditioning circuit.
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B Datasheet: Temperature Sensor

ULTIMATE THINNESS, JT THERMISTOR
500p,.m only

JT THERMISTOR

JT thermistors feature ultra thinness of 500pum and

superior electrical insulation.

It is possible to use with safety in ambience that

might contact with electrodes.

Part number
103 JT-025
Shape
JT thermistor
Rated ol
at 25°C 103 : 10x10°Q
Di T
Temperature Type
| (°C) 103JT 104JT
5] —50 367.7 9584
‘ —40 204.7 4572
(0,7,‘002 —30 1185 2282
—20 71.02 1191
—10 43.67 647.2
0 27.70 365.0
o ]:D 1 1o-0s 10 18.07 2125
lead wire MT — 20 12.11 127.7
42Alloy 30 8.301 78.88
40 5.811 50.03
0.5max.
m 50 4.147 32.51
60 3.011 21.61
Slipped film : 1 max. 70 2.224 14.66
Protruded adhesive : 1 max. 80 1.668 1013
920 1.267 7135
Insulation film 100 0.9753 5.111
110 0.7597 3.720
Sh: Di A
Adnosive_—1 = == 120 05981 2.746
= 125 0.5331 2.371
050 50+1
Unit(k6)
075 75+1
100 100+1
Unit(mm)
Dissipation factor Thermal time Rated maximum power Category temp.
» o o S 3
Part No. Res™' B value* R"‘}"‘)’{D? constant(s) dissipation(at 25°C)(mW) | range(°C)
103JT-000 10kQ*+1% 3435K+1%
.7 .. —50~+12!
104J7-000 100kQ+1% 4390K+1% o 5 35 50 s
*1 Res : Rated zero-power resistance value at 25°C, =2% and 3% are also available.
*2 B value : determined by rated zero-power resistance at 25°C and

*3 Time when thermistor temperature reaches 63.2% of the temperature d\ﬂerence The value is measured in the air
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C Complete pressure sensor readings for different

postures

Pressure Variation for Different Postures
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D Complete pressure readings for gait analysis

Gait Analysis using Pressure Sensor
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