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Abstract

The work in this thesis was focused in developing a flexible and cost-effective pressure
sensor capable of detecting pressure variations within the low working range (0-6kPa)
of compression hosiery. For this cause, both piezoresistive and capacitive pressure
sensors were developed and characterised, utilising conductive and non-conductive

polymeric elements to sense compressive loads.

In the first case, the developed piezoresistive sensor is composed of a conductive filler -
polymer composite, with a force-dependent conductivity, encapsulated in between a
structured and unstructured configuration of electrodes. Initially, as the sensing element
of the sensor a multi-walled carbon nanotubes-polydimethylsiloxane (MWCNT-PDMS)
composite was tested. A fabrication process is also proposed for developing the
MWCNT-PDMS composite which involves a series of successive direct
ultrasonications and shear mixing in order to disperse the two constituents of the
composite, with the use of an organic solvent. Developing the composite over a range of
different filler concentrations revealed a sharp step-like conductivity behaviour, typical
amongst percolating composites. The MWCNT-PDMS sensor exhibited a positive
piezoresistive response when subjected to compression, which was substantially
enhanced when structured electrode layers were utilised. A Quantum Tunnelling
Composite (QTC) material was also tested as the sensing material, which displays a
large negative piezoresistive response when deformed. The QTC pressure sensor
exhibited an improved performance, which was similarly significantly increased when a

structured electrode was employed.

In the second case, a parallel-plate capacitive pressure sensor was developed and
characterised, which successfully provided a pressure sensitivity within the working
range of compression hosiery. The sensor employs an ultra-thin PDMS blend film, with
tuneable Young’s modulus, as the dielectric medium of the capacitor, bonded in
between two rigid copper-coated glass layers. A casting process is also presented,
involving the use of a sacrificial mould, in order to pattern the polymeric film with a
micro-pillar structure to assist the deformation of the medium under compressive loads.
The performance of the sensor with regards to the polymeric film thickness, structure
and mechanical softness was explored. Overall, the combination of an ultra-thin
dielectric medium with a very low Young’s modulus and a microstructured surface
resulted in a capacitive pressure sensor with a good performance within the desired

pressure regime.
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Chapter 1:

General introduction

1.1 Introduction

In this chapter, compression hosiery and pressure garments are introduced and their
importance in treating a number of serious medical conditions is noted. Their working
pressure range, as well as the importance of monitoring their performance and the
limitations of current commercial sensors utilised for this task, are also discussed. The
motivation and the objectives of this research are outlined in the final section; a
motivation that stems from the need of a flexible and cost-effective pressure sensing
system that can comply with the requirements for this application.

1.2 Pressure garments and compression hosiery

Utilizing medical garments that apply a degree of pressure to treat a number of medical
conditions, such as varicose veins, leg ulcers and hypertrophic scars, is considered as
one of the key aspects in the healing therapy of such ailments [1]. These medical
garments are generally divided into two categories, namely pressure garments and
compression hosiery (Fig. 1.1), depending on their respective medical application and

method of construction.

a) b ‘
\"‘ | V _}/4\
= £ N
’ X

Figure 1.1: Photographs of (a) knee-length compression hosiery and (b) pressure garments in various designs [2] [3]
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Pressure garments are used primarily in patients suffering from hypertrophic scars
inflicted by burns [4]. These garments, designed to be worn on different parts of the
body, compress the burn scar site to facilitate a more rapid healing of the damaged

tissue and thus block the development of hypertrophic scars [5] [6].

By applying pressure, the damaged tissue’s swelling, redness and rigidity drop
significantly over time and the full recovery of the tissue becomes feasible. The effect
of pressure, although not fully understood, is attributed to a number of factors that
include the improved collagen synthesis control [7], its quicker production [8] and the
realignment of existing collagen bundles of the tissue [9] [10]. A way to control the
amount of pressure delivered to the patient is achieved by the insertion of polyethylene
foam paddings in the garment, with varying thicknesses according to the amount of
pressure required [11].

Compression hosiery, on the other hand, is utilized to treat or prevent medical
conditions such as venous leg ulcers, varicose veins, lymphoedema and chronic venous
insufficiency, as well as reduce the risk of thrombosis [12] [13]. Again the hosiery
exerts a certain amount of pressure on the leg and forces a portion of the veins to narrow
resulting in the reduction of the volume of blood in the veins. Consequently, the calf
muscle pump begins to work more efficiently, enabling an easier bloodstream pump to

the heart, which leads to a higher tissue oxygenation and better micro circulation [14].

A prime example of one of the most serious conditions that can be treated with
compression hosiery is Chronic Venous Insufficiency (CVI), characterised by oedema,
hyperpigmentation, lipodermatosclerosis, white atrophy and ulcers on the leg [15]. In
CVI, the pump in the calf muscle is unable to reduce venous pressure (referred as
venous hypertension) during walking due to damaged or collapsed vein valves, leading

to increased capillary pressure.

Compression hosiery began to develop upon the discovery of rubber and most
importantly the ability to mix rubber threads with other types of materials [15]. The
yarns employed in compression hosiery are of a flexible nature, and are developed by
combining materials such as polyimide, cotton and other multifilament fibres to enable
large tensile strains [16]. The knitted configuration of compressive hosiery usually
utilizes two types of yarns: an inlaid high strain yarn which exerts the required pressure
and provides elasticity to the fabric, and a finer non-elastic yarn that forms the base knit
structure and the covering layer of the hosiery (Fig. 1.2).
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Figure 1.2: lllustration of compression hosiery knitted configuration [15]

1.3 Pressure range of compression hosiery

The knitted configuration of compression hosiery is designed to exert a pressure
gradient on the leg of decreasing magnitude by height (Fig. 1.3), generally varying from
as low as 0.5 kPa (5 mmHg) at the thigh to as high as 6 kPa (50 mmHg) at the ankle

[17] [18] [19].

gm  45% (9mm Ho)

-
\ =3
g 60% (12mm Hg)
. v
. ' 4= 70% (14 mmHg)
32| .
N
v <gm  100% (20 mm Hg)

Figure 1.3: lllustration of a Class Il compression hosiery that applies a mild pressure gradient from thigh to ankle [20]



The physical mechanism of how compression hosiery exerts pressure unto the body can
be described by Laplace’s law [21]:

P=T/r (1.1)
The amount of pressure on the tissue P, is proportional of the fabric’s tension T and
inversely proportional to the leg radius r. Therefore, under a constant tension and

increasing radius the compression hosiery exerts a decreased pressure and vice versa.

The application of a pressure gradient lies in the increased blood and lymph velocity
achieved in the venous system, and thus the improved leg oxygenation, when the
pressure is greatest at the ankle [22]. The increased blood circulation has a significant
impact on the relief a patient experiences, from swelling and other associated leg
ailments. Moreover, the graduated configuration of compression hosiery has been also

reported [23] to reduce ankle swelling, vein pooling and venous distention on the leg.

Compression hosiery was initially designed in 1949 to assist blood circulation on the
venous system when it was observed that compression increased venous flow in venous
deficiency conditions [24]. The positive effect of compression treatment via
compression hosiery was further demonstrated 3 years later when it was shown that this
type of garments substantially decreased the occurrence of pulmonary oedema in

operated patients [25].

It was not before 1977 however that compression hosiery, with the typical graduated
pressure design, were first introduced when it was observed that a pressure of
decreasing magnitude leads to a significant decrease of deep venous thrombosis [26].
Despite the positive observations, compression hosiery were not widely utilized in
hospitals to treat venous conditions due to the fact that the reported finding were not
supported by any physiological mechanisms [27]. Ultimately, a finding that urged to
reconsider the usage of compression hosiery in clinical conditions came in 1994 when a
meta-analysis of venous deficiency treatments revealed that venous thromboembolism

significantly decreased when such hosiery were used [28].

Compression hosiery are also divided into four compression classes (Table 1),
depending on the maximum amount of pressure the patient’s condition requires [14]
[29], and are available in many forms and styles such as thigh length stockings, knee

length stockings and tights.



Specified Ankle

Pressure . o

Class level Pressure (mmHg) Suggested Medical Application
eve

[LmmHg=133.3Pa]

| Light 10-15 Prevent varicose veins, relieve heaviness and fatigue
) Treat mild varicosities, aching, swelling and thrombosis
I Mild 16-22 )
prophylaxis
Treat moderate varicose veins, light and dependency
Il Moderate 23-32 )
oedema, mild or moderate CVI, and post- sclerotherapy
Treat serious varicose veins, severe oedema/CVI, leg venous
v Strong 34-46 )
ulcer, lymphedema, and post- erysipelas
v Very 49 Treat severe post-thrombotic syndrome, severe lymphedema,
>
Strong B elephantiasis

Table 1: Compression hosiery classes and medical application [14] [29]

1.4 Existing commercial pressure sensing technology for compression

hosiery and pressure garments

A major concern regarding compression hosiery and compression garments is the lack
of a systematic monitoring of pressure delivered to the patient, and therefore, the
absence of an optimal grade of compression [30].

Delivering a smaller than required pressure gradient has been reported [12] to
insufficiently assist blood circulation, while applying excessive pressures blocks the
blood flow and has the reverse effects of reduced deep vein flow velocity and
decreased subcutaneous tissue flow [23]. Thus, measuring accurately the exact interface
force between skin and garment is important in order to enable the monitoring of
treatment efficiency and minimize the complications associated with excess pressure

and incorrect pressure gradient [31].

Due to the requirements to monitor low pressure variations in compression hosiery,
most of the commercially available pressure sensors either fail to accurately measure the
applied pressure, as their measurement range lies higher than the range required (O-
6kPa) [18], or are too expensive or time consuming to be used routinely in the clinical

environment.




Typical examples of such commercial pressure sensors include:

The PicoPress sensor, as shown in Figure 1.4, which is a large pneumatic sensor
consisting of a pressure transducer connected with a polyurethane foam-based sensor
[32]. The sensor is placed around the limb and the exerted pressure on the inflated
balloon is directly transmitted to the transducer. Due to the large design of the sensor
and electro-pneumatic nature, its spatial resolution is limited around the circumference
of the leg within a fixed height and the performance of the sensor is marred by the

hysteresis and low accuracy [32] [33].

Figure 1.4: The PicoPress sensor [34]

The widely used Tekscan I-scan piezoresistive sensors, which employ a resistive ink
sandwiched in between two layers of plastic film (Fig. 1.5) [31] [32] . A matrix of these
sensors comprises the complete system, providing good spatial resolution. The I-scan
sensors come in a variety of shapes and configurations depending on the application and
the optimization required. However, these sensors require extensive and elaborate

calibration in order to produce an acceptable pressure measurement in terms of accuracy



[32]. Part of this calibration includes de-trapping of air pockets captured between the
plastic layers via manual squeezing and conditioning by applying the maximum
expected load in a bladder tester.

I-Scan System: Includes
sensor software, data acquisition
electronics, & sensors

Software

Data Acquisition /gf.
Electronics (_

{standard Evolution
system shown}

Figure 1.5: The Tekscan I-scan system, which includes the sensor, data acquisition electronics adapter and software [35]

And finally the Pliance X System which is a thin (<1mm thick) capacitive pressure
sensor with small sensing area of 10mm? that utilizes a conductive strip for connection
to an electronic analyser (Fig. 1.6) [36]. The sensor exhibits superior pressure sensitivity
(detects pressure variations of as low as ~0.3kPa on the range of 0-10kPa), can be
interconnected with other Pliance X sensors to form a matrix providing excellent spatial
resolution, and due to the presence of the extended conductive strip, can be easily
inserted in to compression hosiery. However, the price of the complete system is on the
range of approximately US$ 21,000 (including the electronic analyser and software),
making it impractical for monitoring the desired interface pressure at a patient level
even in a clinical environment [36]



Figure 1.6: Pliance X system during use in pressure garment [36]

1.5 Objectives and thesis outline

Ideally, an interface pressure sensor for the use in compression hosiery and pressure
garments in general, should be cost-effective, small, thin, flexible and sensitive enough
to detect pressures within the range of 0-6kPa (0-50mmHg) [37] [38] [39]. Moreover, it
should be suitable to be embedded unto the compression hosiery, be highly conformed

to the body contour and ideally be part of the fabric itself.

Since none of the commercially available sensors can fully comply with the
aforementioned requirements, a number of cost-effective pressure sensors designs were
explored in this thesis, with the aim to be potentially insertable in compression hosiery
and be able to monitor the low interface pressure between fabric and skin. The main
goal of this work was to develop a pressure sensor capable of detecting the low
pressures delivered by compression hosiery. In order to address this issue, two different
types of flexible pressure sensors technologies were evaluated: piezoresistive pressure

sensors and capacitive pressure sensors.



In the case of piezoresistive sensors, two conductive polymeric composites, Multi-
Walled Carbon nanotubes-Polydimethylsiloxane (MWCNT-PDMS) composite and
Quantum Tunnelling Composite (QTC), were developed and evaluated within a novel
design for compression hosiery embedding. A parallel-plate capacitor sensor was also
developed and characterised. This sensor utilises a soft and ultra-thin structured
insulating PDMS blend, with tuneable Young’s modulus, as the sensor’s connecting

dielectric medium.
The thesis is divided into 5 chapters and is outlined as follows:

Chapter 2 examines the fundamentals of piezoresistive and capacitive sensing.
Concepts affiliated with conductive polymeric composites, flexible piezoresistive and
capacitive sensors, such as percolation, effective medium theory, quantum tunnelling
and parallel-plate capacitors in capacitive sensing, amongst many, are explored.
Examples for both cases of existing pressure sensors in these fields of research are also

presented.

Chapter 3 is an experimental chapter and focuses on conductive filler-polymer
composites and their sensitivity under axial loading. A carbon nanotube-PDMS
nanocomposite preparation technique is presented, as well as the fabrication process of
micro-structured rigid layers that encompass the sensor. The pressure sensitivity of the
PDMS nanocomposite and QTC material is explored with respect to the rigid micro-

structured layer features.

Chapter 4 is an experimental chapter and examines a parallel plate capacitor pressure
sensor that utilizes a micro-structured PDMS blend with tuneable Young’s modulus. All
the steps of the development process are presented which include: the preparation of the
PDMS blend, moulding, release and bonding to conductive substrates. The pressure
sensitivity is measured and discussed for different blend compositions and structure

features.

Chapter 5 gives an overview of the developed sensors sensitivity and their technical
applicability in compression hosiery embedding. Strategies for improving the required
sensitivity of both categories of the developed sensors are explored. Finally, a general

sensor-garment system design is also presented and discussed.



Chapter 2:

Theory of piezoresistive and capacitive sensing

2.1 Introduction

This chapter deals with the fundamentals of piezoresistive and capacitive sensing in
flexible applications that employ polymers as the sensing elements. In the first half of
the chapter, conductive filler-polymer composites are introduced and the piezoresistive
nature governing their conduction is discussed, followed by recent developments in
flexible sensor applications of these composites. Similarly in the second half, capacitive
sensing under the same context is introduced, along with a number of polymer-based
parallel-plate capacitive sensors utilised to detect pressure variations or strain, via
structural deformation. In both cases, materials, fabrication methods and techniques in
developing sensors of both categories are discussed, as well as the challenges of

detecting pressure variations in the low working range of compression hosiery.

2.2 Piezoresistive sensing

Materials that possess the ability to change their internal electrical resistance when
subjected to mechanical deformation induced by stress or tensile strain are defined as
piezoresistive [40]. Piezoresistive sensors, in turn, are electromechanical sensing
systems that utilize the stress-dependant electrical resistance behaviour of some
materials to quantify the changes in pressure or strain in applications where sensing of

such measurands is desired.

Amongst the plethora of piezoresistive sensors available, the silicon-based MEMS
(micro-electromechanical systems) piezoresistive pressure sensors are the most common
and widely used. Typical examples of such sensors include the piezoresistive
semiconductor sensor [41] and the silicon-membrane based pressure sensor [42] [43]
[44].

In the first case (Fig. 2.1a), the sensor is composed of two semiconductor materials and

relies on carrier diffusion to measure applied pressures [44]. As the system is subjected
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to deformation, charge carriers from the p-type region diffuse into the n-type region

inducing a change of the resistivity of the sensor [45].

In the latter case, the sensor utilizes a thin silicon membrane diaphragm covering a
sealed cavity, which serves as sensing element of the system (Fig 2.1b). Four
piezoresistive thin film elements are deposited onto the surface of the membrane in a
Wheatstone bridge configuration. When a pressure is applied to the sensor, the
membrane deformation leads to a change of resistance of the four elements which are
measured independently.
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Figure 2.1: The structure (a) of a piezoresistive semiconductor sensor and a (b) silicon-membrane based pressure sensor
configuration and sensing principle [41] [42]
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The rigid and non-conformable nature of these silicon-based MEMS piezoresistive
sensors, as well as the demanding and costly fabrication processes they require, have
led to the emergence of a new class of flexible piezoresistive sensors based on
conductive polymer composites. Utilising these composites as the piezoresistive
element can be traced back to 1986 when Lundberg and Sundquvist discovered that the
resistivity of a polymer containing carbon particles exhibit sensitivity to deformation,
when subjected to applied pressure or due to swelling in the presence of certain
chemical solvents [46] [47].

The existence of a material that is intrinsically flexible with a deformation-dependant
conduction behaviour, and can also be integrated to sensory systems utilising simple
procedures such as mould casting (soft lithography), has had a tremendous impact on

the development of flexible sensors in recent years, as shown in the next sections.

2.3 Conductive filler-polymer nanocomposites

Composites are materials defined as multi-component systems where two or more
components, of different physical and chemical properties, are blended together in such
a way that at least one of the components serves as the matrix of the system,
constituting the major continuous phase, whilst the others are minor constituents of the
system, referred as the fillers [48]. Both matrix and filler constituents retain however
their identities as they do not merge into one another or dissolve, but act in concert

providing in the end a more desirable combination of properties [49].

Interest in these multi-component systems, especially polymer nanocomposites, has
grown rapidly in recent years since it is relatively straightforward to modify the
properties of a material by just inserting the appropriate amount of a different material
[50]. Generally, a composite is considered a nanocomposite if the filler has at least one
dimension in the nanometre scale. Interest in the nanocomposites stems from their
ability to exhibit the desired property enhancement at very small filler concentration,
due to the increased surface and aspect ratios, which reduces significantly the cost of the
final composite material. Furthermore, nanocomposites have been shown to be more
compatible with ink-jetting and other printable deposition techniques, compared to their

latter larger filler particle micro-composite counterparts [51].
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In polymer nanocomposites the most commonly used fillers are metallic nanoparticles,
nanosilicas and carbon based nanoparticles. The attributes ascribed to the polymer by
the nanoparticles can be remarkable, with the potential to produce a whole new
generation of materials with specifically tuned properties. They represent a material

class radically different compared to conventional materials [52] [53] [54].

2.4 Percolation theory and effective medium theory

Manipulation of the electrical conductivity stands as one of the most important
properties for polymeric composites. Polymers are generally by nature electrically
insulating materials. A way to make them conductive is by inserting a conductive filler
particle to the polymeric matrix. The conduction in these polymeric composites is the
result of either a strong field-effect such as tunnelling, field emission and space-charge
limited transport or the formation of continuous conducting networks, due to direct
contact of the filler particles spanning the whole material; a phenomenon known as
percolation [55]. In the case of non-percolating composites, the resulting current/voltage
behaviour of the composite is non-linear; in the case of percolating composites,

current/voltage behaviour is predominately ohmic.

Significant drop in the resistivity of a composite via the addition of carbon-based fillers
such as carbon black, carbon nanotubes, graphite and graphene has been well
documented over the last few years [56]. Carbon-based fillers are generally preferred in
polymeric composites over their metal particles counterparts as the latter tend to oxidize
their surfaces, producing an insulating layer. Moreover, the resulting composite utilising
carbon-based fillers is also lighter [57]. The fact that this type of polymer-filler
composites exhibits the ability to vary conductivity accordingly to one’s needs has led
to the development of a wealth of novel sensor systems the past years, including but not

limiting to, strain sensors, pressure sensors and chemical sensors, described later.

Generally in these composites, a major drop in resistivity is observed at a critical
concentration of the conductive filler which is referred as the percolation threshold, and
many conductive polymer composites exhibit this behaviour [58]. Percolation theory
stands on the principle that, beyond the critical filler concentration, a conductive

pathway is formed that completely spans the composite. In addition, percolation theory
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assumes that the electrical conductivity arises solely due to the direct contact of the

filler particles.

More specifically, when a small weight fraction of the filler particles is randomly
inserted into the polymeric matrix (Fig. 2.2 region A), contact amongst neighbouring
particles is insignificant and therefore the composite remains insulating [59]. However,
if the filler weight fraction in the composite is increased, the direct contact amongst
neighbouring filler particles also rises, leading to an exponential increase in
conductivity; a point commonly referred as the percolation threshold (Fig. 2.2 region
B). The step-like behaviour in the composite conductivity is attributed to the formation
of a complete conductive pathway of neighbouring filler particles in direct contact (Fig.
2.2 regions B and C).
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Figure 2.2: lllustration of change in resistivity of percolating composites as a function of filler concentration by weight. Region A
represents the insulating state of the composite, region B the percolation threshold at which a conductive pathway is formed and
resistivity drops exponentially, and region C the change in resistivity when a large number of conductive pathways has already
formed [60]

According to percolation theory the relation between the conductivity ¢ of a composite
and the filler concentration p, near the percolation threshold pc, is given by the
following equation [61]:
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ox(p— pc)t (2.1)
The equation 2.1 only holds for p>p., and the exponent t has a different value according

to the geometry of the filler [62].

Percolation theory, albeit a successful model for describing the conductivity behaviour
of polymer composites, only applies if the conductivity ratio a,/oy of the low and high
conductivity phases of the composite is infinite [63]. In addition, the model fails for
filler concentration very near or below the percolation threshold and only exhibits good
results for composites with randomly and non-aggregated filler particles of smooth,
ellipsoidal or spherical shape (Fig 2.3). Percolation theory’s failure to accurately
describe the electrical behaviour of a composite below the percolation threshold led to

the development of another theory, the effective medium theory [64] [65].
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Figure 2.3: Effective medium theory and percolation theory curves bellow and above percolation threshold [63]

Effective medium theory is based on a model that associates each pair of nearest
neighbouring filler particles with a resistance, which in total, form a network with a
random resistance distribution. This resistance network in turn is described by an
average value, and thus the original inhomogeneous composite is represented by an
ordered and homogenous medium, called effective medium, with the same macroscopic
properties as the composite. Effective medium theory works best with composites of

finite conductivity ratio and describes only and successfully the behaviour of a
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composite below the percolation threshold, as it predicts no sharp percolation threshold
(Fig. 2.3).

A complete mathematical model that effectively describes a composite’s conductivity
below and above the percolation threshold, as a function of the concentration of the
filler, was developed by MacLachlan in 1987 via the Generalised Effective Medium
Theory (GEM) which united the percolation theory and effective medium theory under

one equation [66].
The GEM equation is given by the following expression:
(1 (p)(O’l/t ;l/t) s (,0( 1/t l/t)

1yt 11— 1t 1t 1—@. 1/t
ot o ‘o, o) +—<Pc ‘o,

2.2)

Where ¢ is the filler concentration (by volume fraction) and ¢ is the concentration of
the filler at the percolation threshold. The symbols o, and oy relate to the low
conductivity constituent, the polymeric matrix, and the high conductivity constituent,

the filler, respectively. The subscript m represents the effective medium.

Finally the factor t, as in percolation theory, varies according to the geometric shape of
the filler particle. In the case of ellipsoid-shaped filler particles t is calculated via the
expression t=¢./(1-L), where the demagnetisation factor L is 1/3 for spheres 1/2 for flat
discs [67]. For more complex particle geometries (i.e. thin rods) t can only be calculated

by fitting it to experimental data [68] .

The conductivity of the composite can be therefore estimated by solving GEM equation
as a function of om(p) and by fitting experimentally the filler o, and polymer o
individual conductivities, the percolation threshold ¢, and the geometric factor t. The

composite’s conductivity can be expressed by the following equation (Fig. 2.4):

om (@) = {% [R((p) + R?%(p) + 4ahl]}t (2.3
Where

1_§Dc

1
- , h = }f,l—a and R(¢) =@(h—D(a+1)+al—h
c

a =
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Figure 2.4: Percolating omposite resistivity as a function of the geometric factor t and filler concentration ¢. Equation 2.3 was
solved and plotted via Matlab for ¢,=10%Q-m, 6,,=1 Q-m , g, =0.2% , t = 0.7-2.8. Smaller values of t lead to a sharper percolation
threshold

2.5 Polymer matrix and filler particles materials in conductive percolating

polymer composites

2.5.1 Choice of the polymer matrix

Plastics and elastomers with diverse properties can be used as the matrix of the
nanocomposite. Poly(ethylene) (PE) [69], poly(methyl methacrylate) (PMMA) [70],
poly(L-lactide) (PLLA) [71], polycarbonate [72], have been used as the matrix
constituent of carbon-based nano-filler composites to produce flexible sensors such as
strain gauges with the ability to withstand excessive strain of orders of magnitude larger

than that of standard metallic gauges [73].

Poly(dimethylsiloxane) (PDMS) is a silicone-based elastomer, which in comparison
with the aforementioned polymers, exhibits superior mechanical elasticity capable of
withstanding structurally large strains over 100% [74]. The vast majority of flexible

sensors are hased on PDMS elastomeric structures since it is non-conductive, with a low
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Young’s modulus of 1.7MPa, suitable for micro-processing, chemically inert and

biocompatible material, making it ideal for biomedical sensors [75] [76].

Moreover, owing to its great flexibility PDMS can be easily mounted on curved
surfaces. Generally, PDMS structures serve as a protective layer for fluidic channels and
encapsulants [76], but a number of fully elastomeric strain, pressure and tactile sensors
exploiting conductive PDMS structures have been reported that utilize single or multi-

walled nanotubes [77], graphene [78] and carbon black [79] as the filler particles.

Amongst the advantages of using PDMS, is the fact that the initial fluid state of the
material makes it possible to develop composites with various filler concentrations. The
material can be processed at room temperature and gives excellent control over the
desired film thickness. PDMS is also an inert material and due to its low polarity
surface has hydrophobic characteristics which make it less prone to degradation over
time, thus ensuring a long and stable device operation [80].

2.5.2 Filler particle material

Carbon fillers that are utilized in polymeric nanocomposites, include graphite, carbon

black, graphene and carbon nanotubes.

Graphite has a multi-layer planar structure, and the carbon atoms that comprise each of
these layers are arranged in a lattice of a hexagonal geometry, the most stable form of
carbon [81]. Utilising graphite as the filler constituent in polymeric composites usually
involves the use of graphite intercalated composites of micron-sized particles, in which
atoms of alkali metals are intercalated between carbon layers that leads to the increase
of the interlayer spacing of the graphite and weakening of the interlayer interactions
[82].

Carbon black, on the other hand, is an amorphous form of carbon, with a spherical
geometry with a radius of tens or hundreds nanometres, and is highly aggregated [83].
Regarded as a zero-dimension (OD) carbon nanofiller due to its low aspect ratio, carbon
black is used extensively in polymeric nanocomposites due to its abundant availability,
low cost and good electrical conductivity. However, large weight fractions of carbon

black, in the range of 10-20%, are required in order to reach the percolation threshold
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which leads to a heavy reinforcement of the polymeric matrix, effectively making it a

rather stiff composite unsuitable for flexible applications [84] [85].

Figure 2.5: Structure of a multi-walled carbon nanotube [86]

Carbon nanotubes, on the other hand, are cylindrical nanostructures with high aspect
ratios, which exhibit exceptional electrical and mechanical properties [87]. Ever since
their discovery by lijima in 1991 a great deal of research has been committed into
unravelling their unique properties [88]. Regarded as 1D nanofillers, carbon nanotubes
have an one-atom-thick layer of graphite, known as graphene, wrapped around itself
into a cylinder with a 1 nanometer diameter and a micron sized length [89]. They are
classified as single-walled (SWCNTS) and multi-walled (MWCNTS) nanotubes,
depending on whether there is only one cylindrical layer of graphene for the first case,
or a multitude of concentric cylindrical graphene layers (multi-SWCNTSs shells) for the
latter case (Fig. 2.5).

Carbon nanotubes are generally found in a highly aggregated form of aligned ropes that
are strongly held together by van der Waals forces, and thus a de-aggregation process is
required during dispersion. Due to their high aspect ratios, polymeric nanocomposites
that utilize carbon nanotubes exhibit a very low percolation threshold (0.5% to 2%) with
superior electrical properties, probably owing to the formation of a more efficient

conducting network [90].
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Finally, when carbon-based polymeric nanocomposites are subjected to mechanical
deformation their respective conductivity varies accordingly to the applied stress or
strain; an effect that stems from the filler particles’ change of geometry or
interconnections under deformation [91]. Manipulating this piezoresistive response of
carbon-based polymeric nanocomposites has led to the development of numerous

flexible sensors, as will be presented in section 2.7.

2.5.3 Dispersion of carbon nanotubes in the polymer matrix

In order to develop a filler-polymer conductive composite, the filler constituent of the
system must be thoroughly mixed within the polymer matrix. This process known as
dispersion requires the uniform spreading of individual nanotubes throughout the
continuous polymer matrix so as to produce a good and isotropic composite
conductivity. The aforementioned process poses a significant challenge since carbon
nanotubes tend to form highly aggregated agglomerates due to the inter-tube van der
Waals attraction that holds them together and acts within a range of a few nanometers
[92].

Overcoming this attraction by simple manually stirring of the carbon nanotubes into the
polymer leads to poor dispersion due to insufficient shear local force. A number of
physical processes, including shear mixing, micro-bead milling, mechanical stirring and
ultra-sonic agitation, have been employed to separate the carbon nanotubes from each
other [93] [94] [95]. Although these processes appear distinctively quite different, they
all share the same principle with regards to breaking down the carbon nanotube
agglomerates, which is the introduction upon the nanotubes bundles of physical shear
stress. Generally, as the filler aggregates are introduced into the polymer they
experience shear stresses provided by the polymer during the mixing process. The
external force applied leads to the flow of the medium, which generates the required

mechanical energy necessary to separate the aggregates [96].

However, usually due to the highly viscous nature of the polymer matrix an additional
process is employed to assist the dispersion of carbon nanotubes [96] [97] . This process

involves the use of a common organic solvent at some stage of the dispersion process.
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The organic solvent chosen has to be able to dissolve the polymer easily and
monodisperse the carbon nanotubes. The process involves the preparation of two
solutions, one containing the polymer and the other the carbon nanotubes, sharing the
same solvent. Both solutions are individually mixed via mechanical stirring or
sonication, before they are combined into one solution. Mechanical stirring or
sonication is employed again to mix the final solution, followed by solvent evaporation.
In the case of PDMS and carbon nanotubes nanocomposites, suitable solvents to assist
the dispersion process include toluene, chloroform, dimethylformamide and

terahydrofuran, amongst many [98-101].

2.6 Quantum Tunnelling Composite (QTC)

Quantum tunnelling composite is a nickel-polymer composite developed exclusively by
Peratech Inc. The composite displays a unique conduction response when subjected to
mechanical deformation. The patented manufacturing process of the composite involves
the uniform dispersion of micron-sized nickel particles with spiky surface morphology
into a polymeric silicone rubber matrix (Fig. 2.6), employing a low mechanical energy

mixing process that minimizes damage to the spikes [102] [103].

During this process, the particles are completely coated by the polymeric matrix and the
resulting composite acts as an insulator when no stress is applied, even at very high
loadings. The composites are electrically insulating to filler loadings as high as 25% by
weight which, in conventional polymeric carbon-based composites, far exceeds their

percolation threshold.

Figure 2.6: Raw nickel powder prior to mixing with elastomer matrix [63]
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The physics governing electrical conduction in QTC materials differ substantially from
conventional percolating nanocomposites [63] [102]. In this case, conduction is
dominated by quantum tunneling between nickel particles facilitated by local field

enhancement from the spikes.

More specifically, the existence of the spikes increases the charge density, which leads
to high local electric fields. When pressure is applied to the composite, the distance
between neighbouring spikes decreases and therefore the potential barrier width
between two spikes drops accordingly. This effect increases dramatically the possibility
of the charge carriers tunnelling according to the Fowler-Nordheim (FN) tunnelling
phenomenon through the connecting elastomer matrix. FN tunnelling is a quantum
tunnelling effect via the triangular potential barrier formed by the matrix sandwiched
between the metal spikes (Fig. 2.7).

QTC exhibits a large piezoresistive effect, as the electrical resistance of the material can
drop by over 7 orders of magnitude when compressed (Fig 2.8) [102]. Furthermore, the
QTC resistivity drops reversibly even when the material is stretched, bent or twisted; a
behaviour that differs substantially from their percolating counterpart composites, for
which their resistivity increases when subjected to tensile strains. Also, the current-
voltage behaviour of QTC is highly non-linear, with an exponential drop in resistivity as

compressive loading increases.
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Figure 2.7: FN quantum tunnelling between the spikes of two neighbouring nickel particles [63]
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Figure 2.8: Resistance drop of a QTC material when subjected to compression [102]

However, despite their impressive characteristics, QTC is not without drawbacks [63].
The trapping of carriers due to the trapping sites of the amorphous polymeric matrix,
leads to continual upwardly drifting currents when a constant voltage is applied. QTC
exhibits hysteresis after the first voltage sweep, meaning that the material displays
electrical history-dependant behaviour. Finally QTC exhibits creep behaviour as well.
When strained the material slowly reduces its thickness, due to the viscoelastic

behaviour of the polymeric matrix.

2.7 Flexible piezoresitive sensors

Carbon-based percolating polymer composites are mainly employed for flexible strain
sensors and rely on the breaking of the percolating network of the filler particles [104-
110]. However a number of piezoresistive pressure sensors, employing CNT-PDMS
composites, have also been reported [111] [112] [113].

The carbon nanotubes which are the filler of the composite are preferred as they exhibit
a percolation threshold at very low concentrations compared to other filler materials
such as carbon black or metal particles. In that respect the composite still keeps a low

Young’s modulus for flexible sensors applications [110]. Moreover, PDMS is the
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dominant material utilized as the composite’s polymeric matrix due to its superior
characteristics. Therefore, the resultant CNT-PDMS composites retain a high flexibility,
which makes them an ideal candidate for the development of flexible sensors [104].

b)

Figure 2.9: (a) A MWCNT-PDMS strain sensor. (b) When the sensor is subjected to tensile strain its resistance increases as the
number of available conductive pathways decreases [104]

When strain is applied to the composite, the average spacing between conductive
particles increases and thus the number of available conductive pathways decreases ,
which leads to an increase of the resistance (Fig. 2.9) [114]. This type of CNT based
flexible strain sensors exhibit a superior performance over their silicon-based MEMS
counterparts, as the flexible PDMS matrix of the composite allows large strains (>1%),

as high as 100%, to be monitored consistently [115].
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Figure 2.10: MWCNT-PDMS composite relative resistance versus pressure and filler concentration [111].
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Interestingly, in the case where CNT-polymer composites have been used for pressure
sensing, the composite exhibits also an increase in resistivity with applied pressure (Fig.
2.10) [111] [112] [113].

As the material is compressed, the CNTs experience bending which deteriorates their
intrinsic electronic properties and increases the resistivity of the composite significantly
[108]. Moreover, the formation of new conductive networks and the destruction of
existing ones under external pressure play also a significant role [116] [117].

In conventional composites with low aspect ratio particles (spherical particles),
compression leads primarily to the formation of new conductive pathways, due to the
very high percolation threshold (>30% by volume) that results in small average
difference between fillers [118], and thus an increase in the conductivity. In CNT-based
composite however, where the average distance between fillers is larger due to a much
lower filler concentration, the amount of existing pathways that are destroyed is
significantly larger over their newly formed counterparts, which leads to an increase of

the resistivity.

The combination of these two phenomena leads to a significant positive piezoresistive
effect, i.e. an increase in relative resistance, in the composite under compressive loads.
At this point, it is also important to note that the piezoresitive response of the CNT-
based composite can be improved substantially if the filler concentration is low and just
below the percolation threshold, as the low-loading composites experience much larger

curvatures and therefore exhibit enhanced pressure sensitivity [111].

Variable resistor > current flowing™
*dependent on force applied

‘_
Vi NV\ A

Figure 2.11: QTC material as a switch in wearable electronics applications [119]
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Finally in the case of QTC composites, the material is patented and distributed
exclusively by Peratech Inc. Due to its enormous piezoresitive response to external
forces, the composite is primarily used as a switch in electronics systems and especially

in wearable electronics applications (Fig. 2.11) [120].

A significant advantage of the material, over its carbon-based composite counterparts, is
the resilience that it exhibits to wear that ensures a long working lifetime. This effect
directly stems from the non-contact tunnelling conduction mechanism between the
spiked nickel-particle fillers, which effectively shields and protects the particles’

structures even after extended use [121].

Moreover, the QTC material exhibits a substantial electrical response when exposed to
chemical vapours [63] [122] [123] and is a strong contender for the fabrication of an
electronic nose [124]. In this case, the vapour sensor is composed of a QTC material
developed in granule form with similar properties as the bulk form, which in turn, is
compressed between permeable frits to produce a porous structure and introduce an
initial resistance to the system. In the presence of a chemical vapour the sensor structure
swells and expands leading to an increase in resistance. This response is dependent on
the chemical vapour type, as well as its concentration.

2.8 Capacitive sensing

2.8.1 The parallel-plate capacitor

Capacitors, invented by Cuneus and Mussenbroek in 1746, are amongst one of the first
electrical devices to be developed [125] and rely on the ability of an electrical system to
store electrical charge. The concept of capacitance however can be understood in a more

fundamental basis by examining the definition expressed by Maxwell in 1873 [126].

The capacitance between two conductors is defined as the charge induced on one of the

electrodes versus the potential difference between them that induced it:

Qij

C.=—Y

(2.4)



Where the indexes i and j denote the two electrodes respectively, C;; the capacitance of
the system measured in Farad, Q;; the charge induced on the i electrode (a -Q; ;j Charge

is induced on the other), while V represents the electrode’s potential.

Considering a two-electrode electrical system, the capacitance between them is
dependent on a number of parameters such as the shape and size of the electrodes, their
spatial distance, as well as the medium in which they operate. In most cases, only
simple structures can be solved analytically without employing approximate techniques
such as Finite Element Method (FEM) [125].
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Figure 2.12: Parallel plate capacitor

The most common and simple configuration of a capacitor is that of an electrical system
consisting of two flat parallel plates of conductors, held in close proximity to one
another with an insulating dielectric medium in between them (Fig. 2.12). In this case, if
the distance between the electrode plates is considerably smaller than their surface area,

then the capacitance of the system can be approximated by the following equation:

A
C= &réo (2.5)

Where £,=8.85-10" F/m the vacuum’s permittivity, ¢, the relative permittivity of the

dielectric medium, A is the surface area of electrode plate and d the distance between

the two plates.
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2.8.2 Categorization of the parallel-plate capacitive sensors

Due to the simplistic form of a parallel-plate capacitor, the aforementioned geometry is
heavily used to develop capacitive sensors. These sensors rely on manipulating one of
the physical parameters of equation 2.5, while holding the others parameters constant.

Three categories can be defined for the sensors: the e-type, the A-type and the d-type.

The e-type capacitive sensors, as the name suggests, rely on taking advantage of the
relative permittivity of the dielectric medium of the sensor as a sensing principle. They
are mostly used to characterize materials, especially as liquid-level gauges and humidity
sensors [127] [128]. An example of the former sensor can be found in [127], which
utilizes a set of two isolated probes to measure the interface level of non-conductive
liquids. In this configuration, the probes and the liquid are effectively the parallel plates
and the dielectric layer of the capacitor’s structure respectively. However, due to the
fact that the performance of e-type capacitive sensors is hindered by the anisotropic and
temperature-dependant behaviour of most mediums’ relative permittivity, their usage is

limited.

A-type sensors are utilized as motion encoders that measure the change of position of a
target with high-resolution [127] [129]. The operating principle of this type of sensors is
based on variations of the effective area of the capacitor plates. By decreasing or
increasing the effective area of the two plates the capacitance of the system alters
accordingly. An example of such a sensor has been reported in [129], where a moveable
pick-up plate is employed to capture motion and position of a target. The sensitivity of
this type of sensors relies on the system mechanical accuracy and therefore any defects
on the surface or geometry of the electrode plate have a strong influence on their

performance.

The most widely used parallel-plate capacitive sensor amongst the three categories is
the d-type sensor, mainly employed in sensing structural deformation. Capacitive
sensors of this kind generally utilize conductive plates that deform axially under a
compressive load or lateral strain. This deformation results in a reduction of the
capacitor thickness and thus an increase of its respective capacitance. The sensitivity of
such capacitive sensors largely depends on the capacitive change. Designing a d-type

sensor requires therefore an ultra-thin dielectric medium.
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A wealth of different capacitive pressure or strain sensors has been developed over the
past years due to their low power consumption, good DC response and high sensitivity
[130] [131] [132]. However, the main reason behind the huge interest in this type of
sensor lies in the fact that small, compact, ultra-thin and highly sensitive pressure or
strain sensors can be developed by taking advantage of this principle, with a vast and
versatile field of applications spanning from interactive electronics [133], biomedicine
and device implants [134] to robotics and aeronautics [135].

2.9 Parallel-plate capacitive sensors

2.9.1 MEMS capacitive sensors

Capacitive pressure sensors are generally preferred over their piezoresistive
counterparts as they exhibit a higher pressure sensitivity, lower power consumption and
better stability [136] [137]. One of the most typical examples of existing capacitive
pressure devices is a silicon-based Micro-electromechanical system (MEMS) capacitive
pressure sensor that is composed of a thin and flexible conductive diaphragm and
suspended above a fixed back electrode plate (Fig. 2.13) [136-140].

Hermetically sgaled cavity (Faraday cage) Fixed plate

caled Capacitive sensor

Pressure sensitive diaphragm

) Capacitive sensor
Moving plate

Mechanical coupling

Electrical isolation—
Pressure sensing diaphragm

Figure 2.13: A MEMS capacitive pressure sensor structure that utilizes a moveable plate connected to a thin diaphragm to sense
small pressure variations in the range of 0-10kPa [141]
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When the device is subjected to compressive loading, the diaphragm deflects leading to
a decrease of the air gap and therefore an increase in the capacitance between
diaphragm and the fixed back plate. Thus the applied pressure to the sensor is sensed by
the capacitance change introduced by the deflected diaphragm’s state and its pressure

sensitivity is dependent on the shape and size of the diaphragm.
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Figure 2.14: Illustration of the fabrication process of the pressure sensor depicted in Figure 2.12, which involves [141]: (a) a
polysilicon layer deposition and doping on a pre-patterned composite silicon oxide/silicon nitride layer to form the diaphragm; (b)
deposition and doping of a second polysilicon layer, via patterning a sacrificial oxide layer, to form the moveable plate; (c)
patterning of a second sacrificial oxide layer to form the sensing gap and cavity; and (d) deposition of a third polysilicon layer to
form the fixed plate and HF etching of the sacrificial layers via perforating holes in the structure, (e) followed by an additional
etching process in order to expose the diaphragm of the device.
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Despite the fact that this type of sensor exhibits a high pressure sensitivity, its
robustness, large size and complex fabrication process (Fig 2.14) deem it impractical for
flexible and cost-effective pressure sensing [142]. More specifically, the high sensitivity
is achieved by scaling down the diaphragm’s thickness and air gap, and by increasing

substantially its size, which makes its behaviour non-linear with limited dynamic range.

However, the most limiting factor of MEMS capacitive pressure sensors lies in their
complete inflexibility and zero conformity on curved surfaces due to the silicon-based
material used as the structural basis of the device [143].

2.9.2 Flexible polymer-based capacitive sensors

In contrast to MEMS capacitive pressure sensors which are mainly composed of metals
or semiconductors that considerably limit their flexibility, polymer-based capacitive
pressure sensors possess a number of advantageous material characteristics such as
mechanical flexibility, optical transparency, biocompability and chemical stability that
broaden their potential applicability significantly [144]. Moreover, polymer-based
sensors can be developed by employing both soft lithography techniques, such as cast
moulding, and conventional photolithography processes, for increased resolution and

limited feature size.

Although distinctively different parallel-plate capacitive sensor devices have been
developed the past years, they all share the same structural principle. In order to allow
large capacitance changes over deformation and a flexible sensor design, a soft polymer
is utilized as the main structural material that acts either as the dielectric medium in

between the capacitor plates or as a substrate, encapsulant or both.

Arguably, the most widely utilized polymer for this purpose is PDMS, which exhibits
an intrinsically low Young’ modulus of 1.7MPa for large deformations and excessive
tensile strains without structural failure as presented in section 2.5.1. However, besides
PDMS, other polymeric material are used in the development of flexible capacitive
sensors such as polyimide, ultra-flexible epoxy resins, polyurethane,

polybutyrate amongst many [145-148].
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Figure 2.15: Flexible parallel-plate capacitive polymeric pressure sensors that utilize (A) polybutyrate , (B) PDMS and (C)
Polyurethane polymers as the structural material respectively, and a fabrication process flow (D) which includes both
photolithography and soft lithography processes [147] [148] [149]

Typical examples of such a flexible capacitive pressure sensor can be found in [147]
[148] [149]. The structuring of these devices follows a similar and simple parallel-plate
geometry where the electrodes of the capacitor are encapsulated by a soft polymer (Fig.
2.15). Scaling down the sensor size, whilst retaining measurable capacitance change
over compressive loads, is achieved by ensuring that the distance amongst plates is on

the micrometre-scale.

The pressure sensor which utilizes a polymer bump and an air gap between the plates to
enhance its sensitivity (Fig. 2.15 A,D), demonstrates a good example on how the typical
photolithography processes (photoresist deposition, exposing and development,
substrate etching, metal deposition) and soft lithography processes (polymer spin
coating, casting, moulding, de-moulding, bonding) can be employed to develop a

flexible capacitive sensor [149].

In addition, a common technique employed to achieve good spatial resolution is by
designing the top and bottom electrode plates into perpendicular-oriented to one another
rows of conductor strips that overlap on fixed locations. This way, the total sensor is the
result of a multi-element lattice configuration that provides good spatial resolution, as

each sensor from the matrix is electrically individually accessible.
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Figure 2.16: All-elastomer capacitive pressure sensors that utilize respectively a MWCNT-PDMS (a) and SWCNT-PDMS (b)
composite as the conductive plates of the capacitor, encapsulated in PDMS. Both sensors are designed in a perpendicular-oriented
double row configuration to provide spatial resolution (c) [104] [150]

Integrating filler-polymer composites into this parallel-plate sensor design has also been
demonstrated (Fig. 2.16). The replacement of the metallic electrode plates with
conductive CNT-PDMS composites offers an increase in the sensor intrinsic flexibility
in applications where lateral deformation is also desired. Examples of such devices can
be found in [104] [150]. Furthermore, this type of sensors can also be used as strain
sensors; when tensile strains are exerted to the system the CNT-PDMS strips along the

strain axis exhibit an increase in resistivity.

However, despite the fact that these all-elastomer capacitive sensors exhibit good
flexibility in large areas, their performance is hindered by a non-reliable response and
low spatial resolution limited on the millimetre-scale due to the difficulty in developing

sub-millimetre features with the processes currently available [151] [152] [153].
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Figure 2.17: High performance flexible strain sensors that employ an interdigitated structure configuration encapsulated in a soft
polymer [145] [146]

Besides the pressure sensing applications, there is also great deal of interest in
developing high performance strain sensors based on capacitive sensing (Fig. 2.17).
One the most common configuration of a capacitive strain gauge, which coincidentally
was also one of the first applications of the flexible polymer as the main structural

material, is the interdigitated capacitive strain sensor [145] [146].

In this type of sensor, the two electrodes of the capacitor are structured in a comb
formation and the fingers of each comb are set in close proximity. The comb structure is
deposited on a flexible substrate and encapsulated in a soft polymeric material, which
allows large tensile deformation compared to their typical silicon-based counterparts.
Therefore as the sensor is stretched or bent the distance amongst neighbouring fingers

widens which leads to a decrease of the sensor capacitance.
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2.10 Low pressures sensing issue and other novel ultra-sensitive pressure

Sensors

Despite the fact that a large number of flexible piezoresitive and capacitive pressure
sensors of various designs have been reported the past few years, as shown in the
previous sections, developing a sensor with a sensitivity on the low pressure regime

(<10kPa) still remains a significant challenge.

Most of the pressure sensors developed out of flexible polymeric materials (capacitive
sensors) or conductive composites (piezoresistive sensors) exhibit a pressure sensitivity
in the range of 50kPa to 5MPa [109] [111-113] [149-150] [154-155]. The reason behind
this can be attributed in the difficulty of either scaling down the structural size to enable
a large enough capacitance change for the former case, or in the latter case, developing
a conductive composite with a large enough piezoresistive effect on the low pressure
regime of 0-10kPa. Flexible pressure sensors that have, however, a response in this

regime, although with limited resolution, have been reported in [148] [156] [157].

Up to date, to the best of the author’s knowledge, only two flexible pressure sensors
have been developed that exhibit exceptional device reliability and pressure sensitivity
in the low pressure regime: a flexible-pressure sensitive organic transistor [158] and a

piezoresistive sensor utilizing gold nanowires [159].
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Figure 2.18: lllustration of fabrication process and working principle of the pressure sensitive organic transistor sensor (a) and the
Au nanowires-piezoresistive sensor (b) [158] [159]
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In the first case (Fig 2.18a), the device is manufactured by laminating successively a
number of layers which include: a BSB-coated polyimide substrate, the bottom drain
and source gold electrodes of the transistor, a PDMS-coated conjugated polymer
(Pil2T-Si) that serves as the semiconductor, and a micro-structured (lines) PDMS layer
on a ITO-coated PET film that serves as the gate dielectric. The device operates by
transducing the compression of the micro-structured PDMS layer under pressure to a
current variation between the drain and source electrodes of the transistor.

In the latter case (Fig 2.18b), high quality ultra-thin (2nm in width with a huge aspect
ratio of 10,000) gold nanowires (AuNWSs) are deposited onto tissue paper, via
successive dip-coating and drying, which in turn is encapsulated in between a patterned
with an interdigitated electrode configuration PDMS layer and a 500um-blank PDMS
sheet. The sensing mechanism of the sensor relies on the force-dependant contact

between the AUNWSs and the fingers of the interdigitated electrode configuration.

Both these sensors exhibit exceptional pressure sensitivity in the range of 0-10kPa and
beyond. Developing these sensors, however, requires an elaborate and complex
procedure which hinders their practical applicability; laminating and structuring a large
number layers of quite a different nature in the first case, and applying a costly and
demanding fabrication protocol for synthesizing the AUNWSs in the latter case [160].

Therefore in this work, in order to develop a cost-effective and simple pressure sensor
capable of sensing pressure variations in the low working pressure regime of
compression hosiery (0-6kPa), both piezoresistive sensors (utilizing conductive filler-
polymer composites) and capacitive parallel-plate sensors (utilizing polymeric
structures) were developed and evaluated, by taking into account and employing non-
demanding fabrication processes and design configurations. The two categories of the

aforementioned sensors are presented in Chapter 3 and Chapter 4, respectively.
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Chapter 3:

Piezoresistive pressure sensors

3.1 Introduction

This chapter presents a set of piezoresistive pressure sensors and their respective
performance under compressive loads. Initially, the sensors design and the materials
utilised to develop them are described, followed by the experimental processes
employed to produce the structuring of the sensor and carbon nanotube-based
composite. The results over the developed composite percolating behaviour, as well as
the sensor pressure sensitivity as a function of composite type and electrode layer

structure, are discussed in the final section of the chapter.

3.2 Materials chosen and sensor design

In this work, a pressure sensor was developed that utilizes a piezoresistive filler-
polymer composite layer as the sensing component of the device. Two different
composites were evaluated for this purpose: a carbon nanotubes-PDMS nanocomposite

and a QTC composite.

QTC
llpi""

Figure 3.1: The commercial QTC “pill” product [161]
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In the first case, as the filler constituent of the composite, MWCNTSs were selected due
to the better conductivity they provide compared to their SWCNTSs counterparts [90]. In
addition, from an economic point of view MWCNTSs generally are less expensive to
purchase than SWCNTSs. In the case of the QTC composite, a commercially available
product by Peratech, known as the QTC “pill”, was utilized and purchased for less than
£0.40 per piece (Fig. 3.1).

The structure of the sensor was designed to be embedded in compression hosiery in
order to monitor the interface pressure between garment and skin. For cost-
effectiveness, the sensor design includes three layers with a total thickness of
approximately 1.5 mm. The three layers include a flat rigid conductive substrate, the
piezoresistive sensor element and another rigid conductive layer structured with

protrusions, all with a surface area of 25mm? (Fig. 3.2).

Figure 3.2: Piezoresistive pressure sensor design

The rigid conductive layers, of thickness of 0.5mm, were designed to serve both as the
electrodes of the device and limit the piezoresistive layer response only to axial
compressive loading. The filler-polymer composite would then sit in between and the
total structure would be encapsulated by soft a polymer such as PDMS. Electrode pads,
protruding from the edges of the rigid conductive layers with a thickness of 0.25mm,

serve as the connecting points of the sensor with an external bias.

The structuring of the surface of the top rigid layer with protrusions provides an

augmented pressure effect to the piezoresistive layer. More specifically, if a uniform

load is exerted onto the surface of the top layer, this load is evenly transduced unto the
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contact surface of the protrusions with the piezoresistive material. However, since the
surface of the symmetrical positioned protrusions is significantly smaller, the resulting
pressure to the piezoresistive material is accordingly larger. Therefore, protrusions

should provide an improvement on the sensors sensitivity under compressive forces.

Attaching the sensor on the compression hosiery, utilizing uncured PDMS poured
through the holes of the fabric was first envisaged (Fig. 3.3). The PDMS would
subsequently bond with the surface of the encapsulated sensor. In addition, a number of
conductive threads could be knitted onto the fabric in a snake-wise fashion to allow
stretching of the fabric, which would provide an input signal to the sensor. In a more
general approach, the sensor could be interconnected with multiple other similar sensors
under a conductive thread single bias that would transverse the fabric vertically, whilst

each sensor would retain its own individually-accessible exit signal.

Assuming that the sensors would be sensitive enough, monitoring of the interface
pressure between garment and skin, on fixed locations around the leg such as the ankle,

calf and thigh, could become feasible.
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Figure 3.3: lllustration of envisaged embedding to garment: (left) sensor is encapsulated in PDMS, bonded to the fabric and
electrically connected via knitted conductive threads of a snake-wise fashion; (right) interconnection of multiple sensors on the

compression hosiery that share, latterly and vertically respectively, a common input and output bias

3.3 Experimental work

3.3.1 Aluminium plates design and development

A micromilling machine was employed to develop the rigid conductive layers that

encompass the piezoresistive layer (Fig. 3.4). As structural material for the rigid layers,
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aluminium was chosen due to its good conductivity, but most importantly, because it is

a soft metal that can be milled easily.

The micromilling equipment utilizes a carbide mill tip with Imm diameter and is
capable of milling features with an accuracy of 25 um. As the pitch distance amongst
separate elements is limited by the diameter of the milling tip, in the case of the
protrusion-shaped layer with a size of 25mm?, only four protrusions could be milled
upon the aluminium surface. A large flat aluminium block with a thickness of 1 mm
was utilized that was firmly attached onto the equipment’s frame via double tape.
Ensuring that the aluminium block is firmly attached is of great importance since the
smallest movement during milling leads to significant variations on the resulting

features.

Figure 3.4: The micromilling equipment in action

In order to mill the required pattern, the Autocad™ file containing the desired pattern
was loaded onto the equipment’s software. A simulation of the milling resulting features
was run. The micromilling machine then followed a 3-step procedure in order to mill
the sample, which included the following processes: surfacing the sample, roughing the

pattern and finally finishing the features.
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In the first step, the sample pattern area is initially surfaced by etching away a 25 um
layer providing an initial flat surface. Subsequently, on the next step, a rough shape of
the desired features is developed via slowly milling the whole surface repeatedly, on the
X and y axis separately, over a step of 25 microns on the z axis. The exact features of the
designed pattern are developed on the final step where most of the patterns now empty
spaces are skimmed and the milling is focused on the remaining rough features. The
whole procedure may take as much as 8 hours for a sample with an area of 9cm? and

features depth of 0.5 mm, making this process hardly scalable.

Figure 3.5: The multi-element geometry designed for patterning via the micromilling equipment

The geometry designed for patterning consisted of 16 individual protrusion-shaped
substrates with electrode pads, each having protrusion tips surfaces with different area
sizes. The tip surface areas ranged from 550x550 pm? to as small as 75x75 um?, all with
a protrusion heights fixed at 0.5mm (Fig. 3.5).

Finally, the individual elements of the resulting patterned aluminium block were
separated via the use of a laser cutter. The cutting width of 300um of the laser beam was
taken into consideration while designing the pattern to be milled. The results of the

developed features are presented in section 3.4.
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3.3.2 Fabrication process of carbon nanotubes-PDMS nanocomposite

As the filler constituent of the composite, multi-walled nanotubes in a powder form
were purchased from Sigma Aldrich with a relative purity of carbon at 98% and a
density of 2.1g/ml. The outer dimensions and inner dimensions of the nanotubes were
respectively 10nm+1nm and 4.5nm=0.5nm, with a length of 3-6um, as specified from
the technical datasheet provided by the supplier. The polymer employed for the
development of the nanocomposite was PDMS Sylgard 184 purchased from Dow
corning Inc., which includes 2 parts that need to be mixed together on a 10:1 ratio, the
elastomer base and the curing agent.

The optimized fabrication process employed to develop the MWNTs-PDMS
nanocomposite utilizes 6 distinct steps: (1) ultrasonication of MWCNTS and shear
mixing of PDMS elastomer base into toluene individually, (2) ultrasonication of the 2
solution together, (3) shear mixing until solvent evaporation, (4) insertion of PDMS
curing agent and shear mixing, (5) degassing of the composite under vacuum, and
finally (6) thermally curing the composite. The combination of ultrasonication and shear
mixing with the use of an organic solvent was chosen due to the better dispersion results

reported in comparison to the first or second process used alone [60] [162] [163].

Figure 3.6: Dispersion of MWCNTSs in toluene solution via direct ultrasonication
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Initially, the desired carbon nanotubes quantity was inserted into a small vial containing
toluene on a 1% weight ratio, utilizing a metallic spatula and a high precision digital
scale to monitor the exact material quantity inserted. Toluene was chosen as the
common organic solvent of the solutions, due to the great solubility with PDMS and

because of the reported good results in assisting carbon nanotubes dispersion [98].

The carbon nanotubes were then dispersed into the toluene solution by ultrasonicating
the solution, utilizing a 20kHz high frequency sonicator (Fig. 3.6). High frequency
direct sonication was preferred over a sonication bath as the latter yields poor
dispersion. Employing high frequency ultrasonication also generates the desired
dispersion in significantly shorter amount of time, a couple of minutes instead of hours,

as reported in [162].

Ultrasonication was achieved by immersing the tip of the horn probe of the sonicator
into the solution and operating the equipment in pulse mode with 10 seconds on, 15
seconds off, for 3 minutes which allowed the solution to settle back after each burst. At
the same time, the PDMS elastomer base was dissolved in toluene, in a 10% w/w ratio.
The dissolution was achieved by shear mixing the solution for 5 minutes, via the use of

a magnetic stirrer at 500 rpm.

Subsequently, the 2 solutions were combined in a large vial, on the desired filler-
polymer ratio, and an additional direct ultrasonication step was conducted, in a pulsed

mode for 3 more minutes.

In order to remove the organic solvent from the nanocomposite, the solution was then
heated at 100 °C close to the boiling point of toluene, ~110 °C, and shear mixed, with
the use of a magnetic stirrer at 500rpm, until 95-97% of the toluene evaporated (Fig.
3.7). This took approximately 45 minutes for 8g composite. The evaporation was
closely monitored during this step via a high precision digital scale.

Beyond this point, it was observed that no more solvent would evaporate from the
solution regardless of time. In addition, evaporating the solvent without employing
concomitantly shear mixing yielded a very low evaporation rate of 0.003g/min which
resulted in the settling and re-agglomeration of the carbon nanotubes at the bottom of
the vial after extended amounts of time, larger than 10 minutes.
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Figure 3.7: Shear mixing of the solution and evaporation of toluene

Afterwards, the solution was cooled down at room temperature by immersing the vial
into a cold water bath. The cooling down of the composite prior to the insertion of the
PDMS curing agent is necessary in order to avoid thermally curing the composite
during mixing. Subsequently the curing agent was added to the solution and the
composite was shear mixed for 15 minutes at 500rpm with a magnetic stirrer, at room
temperature. In addition, the standard ratio of 10:1 PDMS elastomer base to curing
agent was used, as recommended by the manufacturer and used widely in literature [60]
[101] [104] [162] [163] [164].

Although it is well documented that manipulating the curing agent-elastomer base ratio
has an impact on the resulting Young’s modulus as explained later (chapter 4), it was
observed that significant variations from the recommended ratio yielded only partially
cured composites after the curing process.

Finally, the liquid composite was placed into a dessicator and degassed under vacuum
for 45 minutes in order to remove the trapped air pockets within the composite
generated during the mixing process.
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A glass slide with two copper tracks on a fixed pitch distance of 0.7cm was prepared
and an area of 1x0.5cm? was isolated which surrounded the pitch of the two copper
tracks. A small quantity of the composite was poured within this area and spread
repeatedly, using a blade, to form a thin film with a thickness of 0.300£0.100mm (Fig.
3.8a). The MWCNT-PDMS composite was then placed onto a hot plate and left to
completely cure for 1 hour at 100°C (Fig 3.8b). The setup was designed to measure the
electrical resistance of the developed MWCNT-PDMS nanocomposite.

Figure 3.8: Designed setup for measuring the developed MWCNT-PDMS composites: (a) copper tracks deposition and pitch area
isolation, prior to spreading the composite; (b) cured MWCNT-PDMS composite film

3.4 Results and discussion

3.4.1 Carbon nanotubes-PDMS composite percolation threshold

The fabrication process described previously was iterated for a number of different
loadings of carbon nanotubes concentrations with regards to the PDMS polymeric
matrix, in order to map the percolation threshold of the composite. Carbon nanotubes
loadings from 0.2% to 3% were prepared and electrical resistance of the samples was
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measured with a digital multimeter Keithley 2000 connected to a DC source, operating
at1V.

Probes were attached to the copper tracks of the glass slides containing the cured
composites and the resistance values of a set of 6 MWCNT-PDMS nanocomposites
samples per each loading were measured (Fig. 3.9). Errors introduced into the
measurements included the difficulty in inserting the exact desired weight fraction of
carbon nanotubes into the polymer, the integrity of the Ohmic contacts between the
wiring and copper tracks as well between the copper tracks and the cured composite, the
degree of organic solvent evaporation during processing which was larger (~97%) at

small weight fractions (<0.6%) and smaller (~95%) at bigger weight fractions (>1%).

Carbon nanotubes percolation threshold
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Figure 3.9: MWCNT-PDMS nanocomposite percolating behaviour

The developed MWCNT-PDMS nanocomposite exhibits the typical sigmoidal
conductive behaviour from percolating carbon-based polymer composites. As expected,
the percolating threshold of the composite was found to be at a very low carbon

nanotubes weight fraction of approximately 0.65+0.10% (Fig. 3.9).

Beyond that point the resistance of the composite dropped significantly, by
approximately 3 orders of magnitude, signifying the formation of a percolating network
spanning the sample. In addition, from the value of 1% w/w of carbon nanotubes to
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PDMS, the electrical response of the composite remained stable and exhibited only a

minor decrease as expected from percolation theory.

However the rise in the electrical conduction of the composite of the polymer was not as
dramatic as reported in the literature, where a change of as large as 9 orders of
magnitude has been recorded [164]. Possible reasons for this behaviour are attributed to
either the presence of a residual amount of the organic solvent, used to assist the
dispersion of the carbon nanotubes into the polymer matrix, which was not evaporated
completely blocking the percolating network, or the extended shear mixing of the
composite during the evaporation step which might have led to the breaking of the
carbon nanotubes and resulting shortening of their length, and therefore to the decreased

conductivity of the composite as reported elsewhere [101].

3.4.2 Developed protrusions of the aluminium substrates

As mentioned in section 3.3.1, a large aluminium plate was micro-milled with 16
individual protrusion-shaped electrode pads, separated via a laser-cutter. These
protrusions served as an enhanced pressure delivery mechanism from the sensor. Each
developed protrusion-shaped electrode layer had distinctive protrusion features with tip
surfaces ranging from 550x550um?® to 75x75um?® The features of the developed

aluminium electrode layers were examined and evaluated utilizing optical profilometry.

Figure 3.10: Examination of the protrusion features via optical profilometry
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After examination via the profilometer equipment Zygo Viewmeter 5200, it became
apparent that, regardless of tip size, the micro-milling equipment produces an uneven
protrusion surface (Fig. 3.10). The surface of developed protrusions exhibited random
small bumps and recesses, with an average height deviation from the surface in the
order of 8-15um. Moreover, for the smaller features of structured electrodes, the tip
edges of the developed protrusions became less and less defined, from totally square
surfaces for the larger protrusions to almost spherical for the smallest protrusions (Fig.
3.11).

'SSOum

275um

150um

Figure 3.11: Scaling down the size of the protrusions and resultant features

3.4.3 Electrical conductivity of the composites under compressive loads

3.4.3.1 Experimental setup

In order to measure the piezoresistive response of the conductive composites, flat
aluminium substrates were utilized to bond them atop and were firmly fixed on a large

aluminium plate via double tape.
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A thin layer of silver conductive epoxy was doctor-bladed upon the surface of the flat
substrates and the composite films were attached upon it. After the silver epoxy had
solidified a firm bond was achieved between composite film and the flat substrate,
ensuring maximum electrical contact. In addition, using the same conductive epoxy thin
wires were bonded to the electrode pads of the aluminium substrates to connect them

with the input signal bias (Fig. 3.12).

Figure 3.12: Photograph of developed aluminium structures, with attached wiring, and bonded composite film on a flat aluminium
substrate

A MAT-400 die-bonder was used as the pressure delivery system. The machine could
exert pressure on the surface of the devices (25mm?) from approximately 40kPa to
1.2MPa, by incrament of 5kPa (Fig. 3.13). The die-bonder equipment utilizes a
computer-controlled probe with a micro-camera, which is used to position the sensor
accurately upon a target, and can exert the aforementioned forces within a user-set time

limit.

The reason behind choosing this equipment lies on the observation that none of two

composites had any detectable response on the desired low pressure range of 0-6kPa,
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when measured with a set of precision weights. Therefore the die-bonder equipment that
delivered larger forces was selected to explore the filler-polymer composites behaviour

under stress.

Figure 3.13: Photographs of (a) MAT-400 die-bonder equipment and setup and (b) pressure sensor during measurement

Moreover, in order to evaluate the electrical response of the composites under different
protrusion surface areas, a variety of the developed protrusion-shaped aluminium

substrates were attached on the composite films surface.

The bonded thin wires of the 2 aluminium layers were then connected to a DC supply
operating at 1V and a Keithley 2000 digital multimeter was used, in series to the circuit,
to measure the resistance of the device under pressure (Fig 3.13a). Great care was taken
at this stage to firmly fix the apparatus wires, so as not to disturb the sensor during

measurement.

The probe of the die-bonder would then be positioned on top of the device and the
desired pressures would be exerted for a period of 20 seconds. Before each
measurement, each sensor was inspected in order to ensure that the structured top layer

of the sensor was in the correct position.
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3.4.3.2 MWCNT-PDMS sensor vs pressure

In the case of MWCNT-PDMS nanocomposite films, samples with a carbon nanotubes
weight fraction near the percolation threshold were chosen since they exhibit the largest
sensitivity to applied force, as explained in section 2.6.

MWCNT-PDMS composite vs pressure
protrusion feature size
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Figure 3.14: MWCNT-PDMS pressure sensor response to compression. The performance of the sensor improved when one of the

electrodes was structured with protrusions

As described in section 2.6, the MWCNT-PDMS composite, when subjected to
compressive deformation, exhibits a positive piezoresistive response, i.e. an increase in
relative resistance. A similar response was observed on this occasion, as the developed
carbon nanotubes-based composite exhibited an increase in its relative resistance R/R,

with applied pressure (Fig. 3.14).

More specifically, the MWCNT-composite film was first evaluated utilizing a flat
aluminium top layer under compressive loads from 40kPa to 1.2MPa (Fig. 3.14,
unstructured data). The composite shows a very limited response with regards to its
relative resistance, from 0.4MPa and onwards, reaching its maximum response at
approximately 1.2MPa with a final value of the resistance barely 50% more than the

initial resistance value. This result is in agreement with the response of a similar
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MWCNT-PDMS composite reported in [111] (see Fig 2.9). The pressure resolution is
approximately 200kPa.

However, larger variation of resistance was observed in the samples when aluminium
plates with protrusions are utilized (Figure 3.14). The electrical resistance of the
composite showed a detectable response from pressures as low as 0.25MPa for
protrusions with a tip area of 75x75um? with values increasing 250 times the initial
resistance over the same pressure regime. Changes of resistance were measured for

pressure steps as low as 50kPa.

The dynamic range also slightly increased as the surface of the protrusions tip becomes
smaller. A detectable shift on a smaller pressure range, of approximately 200kPa, was
observed as the protrusion tip surface areas were scaled down from 550x550pm? to
75x75um?. Overall though, none of the samples exhibited any detectable response for
pressures lower than 0.2MPa or for a pressure resolution lower than 50kPa.

3.4.3.3 QTC sensor vs pressure

A better response to pressure was observed for the QTC sensors. The QTC composite
was effectively behaving as an electrical insulator until a critical compressive load.
Beyond that point the resistance of the composite started to drop exponentially, in
agreement with the tunnelling effect dominating the relationship between the
neighbouring filler constituents of the composite. As the forces exerted onto the QTC
became greater the distance between the spikes of the neighbouring nickel particles

became smaller, enabling tunnelling conduction.

As in the previous section, the response to pressure of the QTC composite was first
evaluated with a flat aluminium layer (Fig. 3.15). QTC resistance started to drop
exponentially, from ~10MQ to 100Q, in the pressure range of approximately 0.2MPa to
1.2MPa. The observed electrical behaviour of the QTC composite under pressure was in
agreement with similar experiments conducted on QTC pills as reported in [122].
Overall, the lowest variation in resistance, distinguishable from noise, was observed at

approximately 50kPa.
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QTC vs flat top layer
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Figure 3.15: QTC pressure sensor with flat top electrode layer. Resistance dropped exponentially over the measured range
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Figure 3.16: QTC sensors performance improved significantly when a structured electrode layer was utilised. Scaling down the size
of the protrusions had an additional positive impact on the sensor performance
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However, the dynamic range of the sensor increased significantly when protrusion-
shaped top layers were used (Fig. 3.16). In this case, the pressure range of the sensor
narrowed down to 100-180kPa and pressures as low as 50kPa were recorded. Pressure
changes as small as 10kPa were detected and the overall performance of the sensor

significantly improved.

Increased dynamic range of the sensors was also observed with the scaling down of the
protrusion tip surface areas. The lowest detectable pressure shifted from 100kPa for
550x550um? area tips to approximately 50kPa for the smallest tips of 75x75um?.
Moreover the pressure range of the sensor also narrowed down with respect to the
surface area of the protrusions tips, from 180kPa for the largest protrusion tips to 80kPa
for the smallest protrusion tips. Beyond the above pressure region, the resistance of the
sensor saturated on a relatively small and stable resistance value of approximately 30-
1009.

Finally, despite the fact that the QTC composite demonstrated a superior sensitivity
compared to the developed MWCNT-PDMS composite, none of the tested samples
exhibited any detectable response for pressures lower than 50kPa, and even with the
smallest protrusions, pressure resolution less than 10kPa was not distinguishable. In
addition, QTC exhibited significant variations in the measured resistances over the same
force loads. A strong drift behaviour was also measured, with 10 to 20 seconds
necessary to reach a relatively stable resistance value for each pressure measurement.
The large variations observed can be attributed to the non-uniform surface of the
protrusions. Indicative of the above, is the fact that the resistance variations became
larger in the case when aluminium structures with the smallest protrusion geometry

were used that also possessed the most non-uniform and less defined surface features.

Therefore, due to the inability of both the MWCNT-PDMS and QTC composite to
detect pressure variations on the desired low pressure range of 0-6kPa, a different sensor
design was explored and is presented in the next chapter.
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Chapter 4:

Capacitive pressure sensor

4.1 Introduction

This chapter presents a capacitive pressure sensor, composed of a microstructured ultra-
thin polymeric dielectric medium. As in the previous chapter, the design and materials
of the sensor are first introduced, followed by the experimental procedure undertaken to
develop it. The results in relation to the sensor polymeric dielectric medium thickness
and structuring, as well as the sensor performance under compressive loads in the low
pressure regime as a function of the above parameters and others, are discussed in the
final section of the chapter.

4.2 Materials chosen and sensor design

In order to achieve a greater pressure resolution within the desired working range of
compression hosiery, a parallel plate capacitive pressure sensor design was explored
which utilizes a thin structured polymer layer as the dielectric material of the capacitor.
PDMS Sylgard 184 elastomer from Dow Corning Inc. was chosen as the deformable
material as it exhibits a low Young’s modulus of 1.7MPa and is suitable for micro-

processing.

To further increase the deformation of the polymeric layer, a PDMS material blend with
tuneable Young’s modulus was also explored, as explained in the following sections.
This blend consists of a mixture of Sylgard 184 elastomer and Sylgard 527 dielectric gel
under different ratios, depending on the desired Young’s modulus of the final PDMS
blend.

The structure of the sensor was designed again so as to be a cost-effective and
potentially embeddable device to compression hosiery. The sensor design includes two
18x18mm? rigid conductive layers that encompass an ultra-thin polymeric layer (Fig.
4.1).
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Figure 4.1: Capacitive pressure sensor design

Thin films of titanium/copper evaporated onto glass slides were utilised as the
conductive top and bottom layers of the parallel-plate capacitor sensor. In addition, the
polymeric layer, which lies in between the two conductive plates, was structured with
micropillars with a height of approximately 18um, for a total thickness of the dielectric
layer of approximately 33um. A variety of pillar surface sizes and pitch distances were

developed and evaluated, ranging from 30pum to 100um.

Thinning the polymeric film layer as much as possible, controlling its softness and
micro-structuring it, have significant impact to the performance of the sensor. The

capacitance change under stress is given by the following equation:

Ad

AC = — = A——
C=C—-Cy=¢,& d-(d = 4d)

(4.1)

Where Co is the sensor initial capacitance, C is the sensor capacitance after
compression, A is the conductive plate surface area, ¢, is the vacuum permittivity, & is
the relative dielectric constant and d and 4d are the initial distance and the compressed

distance, respectively.

If one assumes that d>>Ad then the above equation becomes:

Ad Ad
AC = gye, A oz = Co — (4.2)
However considering that the polymeric layer deforms elastically under stress:
Ad
o=¢E=—"E (4.3)
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Such that

o
AC % Co (4.4)

The dynamic range of the capacitor is a function of three parameters: the initial
capacitance of the device, the Young’s modulus of the dielectric layer between the two
conductive plates, and the exerted stress. Therefore large initial capacitances of the
sensor can be achieved by scaling down the thickness of the polymeric films, whilst
utilizing polymers with very low Young’s modulus can also substantially increase the

sensor capacitive response.

However, the dynamic range can be further increased by micro-structuring the
polymeric dielectric layer as reported in [156] [158]. In this case, when pressure is
applied upon the top plate of sensor, the exerted force is distributed to the reduced area
of the micro-structured pillars, allowing therefore a higher deformation of the polymeric
film due to a virtually augmented pressure effect. In this work, all of the aforementioned
parameters were taken into account and evaluated during the development of the

capacitive sensor.

Finally, following a similar approach as in the previous chapter, the sensor was meant to
be embedded to the compression hosiery by attaching it onto the surface of the garment,
where the bottom conductive plate would be in direct contact with a conductive thread
traversing the garment, whilst the top layer could be connected under a different
conductive thread. Similarly, a multitude of such sensors could be interconnected via
conductive threads that would span the fabric from top to bottom as in the previous

chapter.

4.3 Experimental

4.3.1 Creation of the polymer mould

A casting method was employed, which utilizes a resin-based mould, to develop the
structured surface of the polymeric dielectric layer of the parallel-plate capacitor sensor,
3 inch glass wafers were thoroughly cleaned in DI water and Decon 90 detergent in a

sonication bath for 60 minutes. The glass wafers were then rinsed in DI water, placed in
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a sonication bath for an additional 30 minutes to strip the detergent, and dried firstly by

a Nitrogen blow gun and afterwards at a hot plate for 10 minutes at 70°C.

Figure 4.2: Spin-coating of AZ photoresist

More specifically, the cleaned glass wafers to be used, were positioned into a spin
coater that held them firmly in place via vacuum, and 3ml of the AZ photoresist were
poured centrally utilizing a pipette (Fig. 4.2). At this stage, great care was taken to
quickly remove the presence of any trapped air pockets in the liquid photoresist since
they would greatly affect the quality of the resultant features of the developed

photoresist layer.

The photoresist was then spin coated employing a 2-step process: (1) the spreading
stage which ensures that material is uniformly spread on the glass wafer and (2) the
thinning stage which subsequently thins the photoresist layer to the desired thickness. In
the first stage the spin-coater equipment was set at 400rpm for 20 seconds, whilst in the
second stage a variety of spin speeds was tested from 800 to 4000 rpm for the same
amount of time with an acceleration of 100rpm/s in both cases.
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Subsequently, the spin-coated wafers were left to settle for 10 minutes, afterwards cured
on a hot plate for 4 minutes at 100 °C to polymerize the photoresist and thereafter left
again for 2 hours before the exposing stage.

In order to produce the mould out of the cured photoresist, the wafers were placed into a
UV lithography equipment (Fig. 4.3) and UV exposed with an exposure dosage of
800mJ/cm?, utilizing a glass photomask with transparent square features (Fig. 4.4) with
sizes from 110um to 30um (pitch size ~30um). This way a negative image of the
desired geometry was imprinted onto the spun photoresist, as the UV exposed
photoresist areas become dissolvable in positive type photoresist, which could now be

used as a mould for the polymer layer of the parallel-plate capacitor sensor.

Figure 4.3: UV exposure of wafers
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Figure 4.4: The photomask utilised to develop the photoresist mould had 4 different patterns with features ranging from 30um to
100um

Finally, in order to reveal the UV imprinted geometry of the photoresist, the exposed
wafers were developed into a solution of 3:1 AZ 400 developer to DI water for 6
minutes, rinsed afterwards first with same solution and then with DI water, and blown-
dry with a nitrogen gun (Fig. 4.5). Applying mild manual agitation during development
helped to further increase the quality of the resultant features of the photoresist mould.
Finally, for every developed wafer an evaluation of the quality of their features was

conducted via the use of the Zygo Viewmeter 5200 optical profilometer.
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Figure 4.5: The photoresist moulds after exposing and development

4.3.2 Polymer blends and spin coating

PDMS elastomer was initially chosen as the structural material of the deformable
dielectric layer of the parallel-plate capacitor sensor. The elastomer was prepared with
the standard 10:1 elastomer base to curing agent ratio, as recommended by the
manufacturer, and then degassed on a vacuum chamber for 45 minutes to remove

trapped air pockets in the material produced during mixing.

A 3ml quantity of the degassed PDMS elastomer was then poured on the glass wafers
containing the photoresist moulds and spin coated using a similar 2-step process of
spreading and thinning. In the thinning stage, a variety of spin speeds from 500rpm to
4000rpm were tested and evaluated with regards to the resultant thickness of the
polymer layer. The wafers were then placed onto a hot plate at 100 °C for 1 hour to
commence the curing of the spin-coated PDMS layer.
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Figure 4.6: PDMS blend Young’s modulus as a function of Sylgard 184 concentration by weight [165]

Furthermore, in order to explore the impact of the polymer layer’s Young’s modulus on
the sensor performance, PDMS blends of Sylgard 527 with Sylgard 184 were also
prepared and evaluated. Mixing the two aforementioned elastomers together leads to the
development of a PDMS composite with tuneable Young modulus from 50kPa to
1.7MPa (Fig. 4.6), as reported in [165], with distinct advantages compared to the
common processes employed to decrease the Young’s modulus of Sylgard 184 to lower

values.

Reducing the Sylgard 184 elastomer’s Young’s modulus (1.7MPa), usually involves the
manipulation of the curing agent/elastomer base ratio from the value 1:10,
recommended by the manufacturer, to as low as 1:70 [166-169]. However, reducing the
amount of the curing agent in the elastomer, leads to the partial cross-linking of the
polymer that leads to the diffusion out of the material of a large amount of free non-
crosslinked elastomer; an effect observed also experimentally in this work when the
ratio of PDMS Sylgard 184 curing agent to elastomer base was lowered to values less
than 1:15.

This effect stems from the fact that the recommended ratio 1:10 is the optimum
stoichiometric value of the crosslinking reaction of the polymer [170]. When the above

ratio is decreased, the number of non-crosslinked polymer chains that diffuse out of the
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material is increased. Moreover, Sylgard 184 elastomer also consisted of fumed
nanosilica particles that contribute to as much as 50% of the stiffness of the cured
elastomer. These particles exist in both the curing agent and the elastomer base of the
material and thus the manipulation of the amount of curing agent does not remove them
from the system [171]. Furthermore, a significant variability as large as 600% of the
resulting Young modulus values has been reported in literature [166-169], whereas for
PDMS Sylgard 184 films that have been prepared on the ratio 1:50, values of the elastic

modulus ranging from 8kPa to 50kPa have been recorded.

On the other hand, developing PDMS blends out of Sylgard 527 dielectric gel of
Young’s modulus 5kPa and Sylgard 184 of Young’s modulus 1.7MPa produced
elastomers which were completely crosslinked, even in the case of very soft developed
elastomers (E=50kPa), in agreement to the reported results of [165]. In this case, the
consistency over the mechanical and surface properties of the resultant composite is
attributed to the preservation of the stoichiometry of both constituents, the Sylgard 184
and Sylgard 527, which are prepared on the recommended stochiometric ratios (1:10 for
Sylgard 184 and 1:1 for Sylgard 527) before mixing (Fig. 4.7). Here also both
elastomers were prepared individually and degassed in a vacuum for 45 minutes to

remove trapped air pockets prior to mixing (Fig. 4.8).

Figure 4.7: Sylgard 184 (left) and Sylgard 527 (right) after initial preparation
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Subsequently the two elastomers were manually mixed together on a fixed ratio and
degassed again under vacuum for another 30 min. Finally, the degassed blend was spin
coated atop the photoresist moulds and cured on a hot plate at 100 °C for 1 hour.

In total, 3 different polymeric layers were developed and evaluated: PDMS blend 1:10
Sylgard 184 to Sylgard 527, PDMS blend 1:5 Sylgard 184 to Sylgard 527, and pristine
PDMS Sylgard 184, with Young’s modulus of 50kPa, 130 kPa and 1.7MPa
respectively, as reported in [165].

Figure 4.8: Sylgard 184 and Sylgard 527 first degassing prior to mixing
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4.3.3 Bonding copper-coated substrates and mould release

Successfully de-moulding the thin cured polymers layers from the structured photoresist
moulds proved to be one of the most challenging aspects in the fabrication process of
the parallel plate capacitor sensor.

Initially, de-moulding by hand was explored which was only partially successful for the
stiffer pristine PDMS Sylgard 184 films. In the case of the softer PDMS blends it utterly
failed. In the former case, de-moulding was achieved only for relative thick films, under
a DI water bath with a blade and produced significant breakages of the pillar-geometry
of the structure.

On the other hand, successful de-moulding results with regards to the quality of
developed pillar features were achieved when a triple bath process technique was
employed which included an acetone bath, an Isopropyl Alcohol (IPA) bath and a DI
water bath. Taking advantage of the AZ 9260 photoresist immediate dissolution in
acetone, the glass wafers were inserted into an acetone bath, which resulted in a
relatively effortless de-moulding process.

The structured thin polymer films would quickly detach from the wafer, as the
photoresist mould dissolved, and float atop the acetone bath surface. The thin films
were then collected with a filter and placed firstly in an IPA bath to remove the acetone
for less than 1 minute and then on a DI water bath, before they were placed onto a pre-
cleaned glass wafer and dried by nitrogen blow (Fig. 4.9).

The above cleaning steps were very important as the presence of acetone on the polymer
films for more than 3 minutes deteriorated and destroyed the structured polymeric films.
To help de-moulding in less than 1 minute in the acetone bath stage, mild manual
agitation was also implemented to drive the acetone into the photoresist mould channels
and simultaneously any polymer excess was stripped beforehand from the photoresist

mould surface.
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Figure 4.9: PDMS films after de-moulding via the triple bath procedure

However, despite the fact that the aforementioned technique produced undamaged
features of the polymeric films, effectively collecting them and placing them flat atop
copper-coated glass wafers, for inspection and measurement, was practically difficult.
Due to the very thin nature of the films, collecting them from the DI water bath,
required great care and delicate handling as otherwise the films would wrap around

themselves and would not unbundle without damage.

In the case of the very thin (~30um) and softer PDMS blends, effectively collecting
them without significant damage to the size of the films become almost impossible, as
they would wrap more heavily and more easily. More importantly, placing them
completely flat unto copper coated glass wafers, which would serve as the bottom
electrode plate of the sensor, was extremely difficult to achieve, even for the stiffer and

thicker polymer films, as the polymer films would exhibit ondulations on their surfaces.

In order to tackle the above issues and improve the practicality of the device, prior to
the triple bath de-moulding process, pre-cleaned copper-coated glass substrates were

bonded unto the cured polymer layer.
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More specifically, 120um thick glass slides of the same size (18x18mm?) as the
structured polymeric film were cleaned by the same process and a thin titanium/copper
layer was deposited atop their surface. An e-beam evaporator equipment was utilized

for this task and the process involved a multitude of steps (4.10).

Figure 4.10: The e-beam evaporator equipment

The glass slides were attached via double tape to glass wafers and then placed into the
e-beam chamber. The chamber was then pumped down to a high vacuum of 2-10°Pa
and the electron beam positioned onto the target boat containing the material to be
deposited. A 50nm titanium layer was first deposited onto the surface of the glass slides,
which served as seed layer due to its good adhesion with glass, followed by 100nm of
copper (Fig. 4.11). In both cases the deposition rate was monitored and controlled by

manipulating the intensity of the electron beam.

Bonding the copper-coated glass slides onto the structured polymer films was achieved

by a handheld corona-discharge equipment. Initially, both surfaces to be bonded (PDMS

surface and bottom glass surface of the copper-coated glass slide) were treated with

corona discharge for 1 minute via repeated passings at 1cm from the surface under

treatment. The corona discharge creates an oxygen plasma environment, which changes
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temporarily the surface of the PDMS from hydrophobic to hydrophilic enabling it to
bond with the glass slide when brought into contact [172].

Figure 4.11: Ti/Cu coated glass slides

To further strengthen the bond between the two surfaces, the system was put onto a hot
plate at 100°C for 1 hour and a 1kg weight was positioned on top of it. Without treating
both surfaces and applying heat via the hot plate, relatively poor and inconsistent
bonding results were observed during the de-moulding stage. The addition of the weight
also gave overall better bonding results. At the end, the glass wafer with the bonded
copper-coated glass slide was then left with the weight undisturbed overnight, to ensure

maximum bonding of the two surfaces (Fig. 4.12).

Finally, the total structure of the ultra-thin polymer film bonded unto the copper-coated
slide was de-moulded following the same triple bath procedure. To further expedite the
de-moulding process in the acetone bath, a blade was utilized to slowly lift the glass
copper-coated/polymer layers as the photoresist moulding was dissolving, taking care
not to stress the system too much as any excess in force resulted in the breakage of the
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glass slides due to over-bending. Every de-moulded layer was then dried via nitrogen

blow and inspected and evaluated under the optical profilometer.

Figure 4.12: Bonded Ti/Cu-coated glass slides on the PDMS blend film prior to de-moulding

4.4 Results and discussion

4.4.1 Photoresist and polymer thickness as a function of spin speed

In the first step of the fabrication process AZ 9260 positive photoresist was spin coated,
exposed and developed on pre-cleaned glass wafers. The resist was utilized as a mould
for developing the thin structured dielectric layers of the sensor. Initially, during the
thinning stage of the spin coating process, the photoresist was spin coated at a variety of
spin speeds from 800rpm to 4000rpm (Fig. 4.13) and the resultant thickness of the
developed wafers was evaluated under the optical profilometer (5 samples per spin

speed).

At the end, the spin speed of 1000rpm was chosen for the coating step due to a better
consistency of the developed features over repeated trials and the fact that the resultant
pillar features of the developed polymeric films were overall of the same thickness. The

thickness of the developed photoresist moulds at this spin speed was approximately
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19+1um; a value that was consistent over photoresist moulds with different features.
Photoresist moulds with even the smallest features were successfully developed, with
good repeatability, as can be seen in Fig. 4.14.

Photoresist Thickness vs. Spin Speed
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Figure 4.13: Photoresist thickness as a function of spin speed
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Figure 4.14: Photoresist mould recesses height size over different geometries, from 110um (top) to 30um features (bottom)
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At the next fabrication stage, the spin-coating, curing, bonding to copper coated-glass
slides, and de-moulding of both PDMS and PDMS blends (10:1 and 5:1 types), a range
of spin speeds was also tested from 500um to 4000um (Fig. 4.15). The thickness of the
base layers of the micro-structured polymeric films was measured via the optical

profilometer by cutting a part of the film, which laid flat atop the copper-coated glass

slides.
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Figure 4.15: PDMS film thickness measurements plotted against the empirical equation 4.5 (red line)

The dependence of PDMS thickness as a function of speed can be estimated by the

following empirical equation (Fig. 4.15) [173]:

_KCP[n

(4.5)
wa

t

Where t is the polymer thickness, w the spin speed, [#] the molecular weight of the
polymer measured by its intrinsic viscosity #=4000mPa, C=0.90909 the concentration,
K=6.2661 is an overall calibration constant, and ¢=0.9450, $=5.2707, y=6.2051 are
exponential factors of the formula [174] [175].

The polymeric film thicknesses’ recorded experimentally dropped from approximately
106um at 500rpm to 15um at 4000rpm (Fig. 4.15, 4.16): a result which is in agreement

with PDMS thicknesses recorded in literature [149] [174] [176]. Moreover, no
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distinguishable variations were observed for the case of the PDMS blends which

exhibited almost identical values at the same spin speed regime.

As mentioned before, scaling down the distance between the two plates of the parallel-
plate capacitor sensor leads to an improved sensitivity of the device. Therefore, a spin
speed of 4000rpm was chosen for the production of ultra-thin polymeric films with base
thicknesses of approximately 15um. For spin speeds larger than this value, no

distinguishable change in thickness of the polymeric films was observed.
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Figure 4.16: Developed PDMS film thickness measurements via optical profilometry

4.4.2 Polymer structures de-moulding results

De-moulding the polymeric films from the mould utilizing the proposed triple bath

procedure, yielded excellent results with regards to the quality of the desired features.

Initially, a manual de-moulding by hand was explored which had only minimal success
with the stiffer pristine PDMS layers (type 184). In this case, only relative thick
(>100um) PDMS films were successfully de-moulded in the presence of a DI water
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bath, which however exhibited severe damage on the pillar geometry as can be seen in
Fig.. 4.17. In addition, PDMS films containing pillars with the smallest features were

completely destroyed during de-moulding.

20.54um

19.90um

Figure 4.17: Manually de-moulded PDMS structures of a circular pillar-geometry

In contrast, by inserting the wafers containing the spin-coated polymeric films under the
acetone bath the photoresist mould was instantly dissolved and allowed a damage-free

de-moulding process.

The pillar-geometry was successfully recovered for all categories of moulds utilized,
and their height was in agreement with the recess thickness, 19um, of the photoresist
layers (Fig. 4.18). A slight divergence of the pillar size, with regards to the photoresist
mould, was the only significant difference observed. The de-moulded structures
exhibited a decreased pillar length of approximately 10um in all feature categories,
which however was consistent over repeated trials and amongst different pillar-

geometries.
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Figure 4.18: De-moulded structured PDMS films via the triple bath process. The pillar geometry of the films was successfully
recovered without damage

Finally, in the case of the PDMS blend films, the developed pillars were also recovered
successfully, without damage, utilizing the same de-moulding process (Fig. 4.19).
Furthermore, the features of the structured composite polymeric films, for both blend
types 5:1 and 10:1 respectively, exhibited identical feature sizes, in terms of pillars

height and length, as the stiffer pristine PDMS structured films.

In all cases, a number of 5 samples per each polymer type and pillar size were
developed and examined under the optical profilometer. Overall, excellent consistency
over the pillar sizes was observed with only minor deviations in the range of 3um for
the length of the pillars and less than 1um in pillar height, between the different sample

batches and categories.
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Figure 4.19: De-moulded structured PDMS blend films via the triple bath process. Similarly the structure was not damaged during
de-moulding

4.4.3 Capacitance measurements as a function of applied pressure

4.4.3.1 Experimental setup

In order to evaluate the capacitive response of the proposed sensor, capacitance
measurements were conducted under different pressure loadings. A 3 inch glass wafer
was used as the bottom plate of the parallel-plate capacitor, of which the surface was
coated with a thin (150nm in total) titanium/copper conductive, via the e-beam
evaporator following the same procedure mentioned before. The conductive wafer
provided a completely flat layer on which subsequently the developed copper-coated

glass slides with the bonded polymer layer could sit on.

Prior to positioning the samples, thin copper wires were soldered on the conductive
surfaces of both the wafer and sample, which served as the input and output bias of the
sensor. The wires were connected to a Hewlett Packard 4192a impedance analyser, and
the equipment was set on a capacitance measurement mode (minimum capacitance
measurement capability 0.01pF) at LMHz as, at this frequency, the equipment provided

the most stable measurements. In addition, prior to measurement the equipment was
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calibrated and an average sampling mode was selected (averaging over 10 values), as

recommended by the equipment manual.

A set of precision weights were also employed, ranging from 1g to 100g, in order to
exert pressures within the desired working range of compression hosiery (Fig. 4.21). By
stacking the precision weights under different configurations pressure measurements in
the range 0.5-7kPa were achieved.

Figure 4.20: The precision weight set that was utilised to exert the desired pressures

The samples were positioned on top of the copper-coated wafers and repeated
capacitance measurements were conducted under different loadings. Both pristine
PDMS Sylgard 184 and PDMS blends of Sylgard 184/Sylgard 527 (type 1:5 and type
1:10) samples were measured under this configuration (Fig. 4.21). In addition, samples
were measured for each polymer and all type pillar geometries categories, as well as for
unstructured flat structures.
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Figure 4.21: Experimental setup connected to the impedance analyser

Due to the viscoelastic nature of the polymer, prior to applying any additional weight
the system was left to settle back for a short time to return to its initial state. In the case
of pristine PDMS Sylgard 184 samples the required amount of time was found to be
approximately 30 seconds, whilst in the case of the softer PDMS blend samples it was
approximately 3 minutes. Moreover, to ensure that the samples would not lift due to the
presence of the wires and disrupt the initial capacitance of the system, all measurements
were taken under the presence of a load exerting an initial small pressure of
approximately 0.5kPa that served as the effective initial capacitance of the system and

from which all subsequent pressure/capacitance measurements would be conducted.

Finally, in order to conduct repeated measurements of loading and unloading over the
same pressure range, a slightly different experimental apparatus was devised to maintain
more stable measurements (Fig. 4.22). Moreover this design was developed so as to
demonstrate a more compact and practical capacitive pressure sensor that could be
potentially embeddable to compression hosiery. In this case, a polyimide film with
copper coating was firmly attached on a pre-cleaned glass wafer, and the bottom
conductive surface of the copper-coated glass slide/polymeric structured layer was
bonded on top of it.
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Figure 4.22: The second experimental setup, where polyimide coper-coated films were utilised

The bonding was achieved by doctor-spreading a thin film of conductive silver epoxy
upon the copper surface of the polyimide film, where the sensor was firmly attached
when the epoxy had solidified. Next a second polyimide film was bonded to a pre-
cleaned plain glass slide of the same size as the sensor, to ensure a flat surface and a
uniform distribution of the forces exerted, and was positioned on the sensor with its
copper-coated surface facing the polymeric film of the sensor. The two parallel plates of
the sensor were finally connected to the impedance analyser equipment by polyimide
strips of the polyimide films protruding from the sensor that served as the wiring of the
system. The sensors polyimide wiring was carefully fixed onto the glass wafer by duct
tape, to ensure that both the sensor and its wiring were immobilized on the correct

position, thus minimizing parasitic capacitance effects.

4.4.3.2 Sensors pressure sensitivity results

Initially, the capacitive response of the parallel-plate capacitor sensor was evaluated
utilizing flat unstructured polymeric films as the deformable layer of the sensor (Fig.
4.23, Region A). As compressive loads were exerted onto the system, the polymeric

film in between the two conductive layers would decrease in thickness leading to an
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increase of the recorded capacitance. The utilized polymeric films were developed, as
mentioned in previous sections, via spin coating at 4000 rpm with a resultant thickness
of approximately 15um.

Capacitance vs Pressure

12 ] L | ' | ' T | ' | ' J
11 S
i : 10:1-30 Region D
10 H 10:1-100 } Type 10:1
i A 5130 gut¥ ..==. Structured
9 v 51-100 an20e 0 1
. 4 S184.30 Lt . A .
i 7 P S184-100 °e ' P AAAAA AAA, Region C
o 8 1 & 10:1lat A AAM'vvvvvvva Type 5:1
o T ® 514lat ® .; “lAAv v Structured
7 ® S184-flat A Ab 4
% 6 gs l:'vv"
S A :I'A:v'
8 ° _- " AA:' Region B
S 4 ] } Sylgard 184
-"g E [ | Aszv ‘g“““w Structured
S 34 v PL 2
8 .' ““ ! R A
§ 2] gon’ BT egpttetdte) fonl
@) - .‘ 4 b - ‘ ‘ ¢ e O
1 - ;i": $s L R R
1 ¢
0+ L
-1 L) I L) I T I T I L) I T I L) I
0 1 2 3 4 5 6 7

P (kPa)

Figure 4.23: Capacitive response of the developed pressure sensors within the working range of compression hosiery. In Region A
sensors with unstructured polymer films of pristine PDMS (S184-flat) and PDMS blends of both types (5:1-flat, 10:1-flat) are
depicted; while in Regions B,C and D sensors with structured polymeric films of pristine PDMS (S184-30, S184-100) and PDMS
blend type 5:1 (5:1-30, 5:1-100) and 10:1 (10:1-30, 10:1-100), respectively, are similarly depicted.

In the case of pristine PDMS Sylgard 184 polymeric films (reported Young modulus
1.7MPa) the change in the capacitive response recorded in the pressure range of 0-6kPa
was minimal, with a change of capacitance between initial and stressed state was in the
order approximately 1.5pF at the highest pressure applied of 6kPa (Fig. 4.23, Region A,
S184-flat data).

A similar behaviour, although slightly improved, was also observed in the case of type
1:10 (reported Young’s modulus 50kPa) and type 1:5 type (reported Young’s modulus
130kPa) PDMS blends unstructured layers at the same pressure range, whereas the
capacitance change for both blend type was in the order of approximately 2pF at
pressures of 6kPa (Fig. 4.23, region A, 10:1-flat and 5:1-flat).

response of the sensor appeared to be a linear function of pressure, and distinguishable

In both cases, the
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from noise capacitance change, was measured with a pressure resolution of

approximately 1.5kPa.

A significantly enhanced capacitive response of the sensor was however observed when
structured polymeric films were utilized as the deformable layer of the parallel-plate
capacitor sensor. In this case, as discussed in section 4.2, micro-structuring the
polymeric film with a pillar-geometry allows a larger deformation of the dielectric layer
of the sensor as the exerted force is confined to a smaller area, leading therefore to an
augmented pressure effect. In addition, employing polymeric films with lower Young
modulus had an equally significant, if not more important, impact on the sensor
sensitivity, as the lower Young modulus of the films allowed an even greater

deformation of the structured dielectric layer within the same pressure range.

More specifically, in the case of pristine Sylgard 184 structured polymeric films (Fig.
4.23, Region B), an improved performance was observed as the maximum capacitance
change increased to approximately 4pF, whereas the pressure resolution also increased
to approximately 1kPa. While in the case of type 1:5 and type 1:10 PDMS blend films
(Fig. 4.23, Regions C,D), the observed capacitive response of the sensor was even more
pronounced, as the recorded capacitance change reached as high as 10pF with an
improved pressure resolution of as low as 0.25kPa.

In both cases, the observed capacitive behaviour of the sensor was found to be non-
linear, whereas the capacitance of the system would increase rapidly until the 3kPa
pressure load and then increase on a slower rate until the maximum pressure range.
Furthermore, a minor improvement of the sensor sensitivity was also observed between
the type 1:5 PDMS composite and the type 1:10 PDMS composite, which became more
obvious from pressures 4.5kPa and upwards (1:10 type exhibited an increased response

of approximately 2pF).

In the case of pristine Sylgard 184 PDMS structured films no noticeable change was
observed between samples with pillar features as small as 20um and samples with pillar
features as large as 100um (Fig. 4.23, S184-30 vs S184-100). In the case of the PDMS
blend structured films (for both type 1:5 and 1:10), only a slight increase in the sensor
dynamic range, within the error margins, was recorded between samples with smallest
pillar features and the largest pillar features (Fig. 4.23, 10:1-30 vs. 10:1-100 and 5:1-30
vs 5:1-100, respectively)
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type 10:1 repeated measurements
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Figure 4.24: Capacitive response of a type 10:1 pressure sensor over repeated measurements: (a) in terms of pressure; (b) in terms
of cycle.

81



The sensor exhibited also a relatively good responsive behaviour when measured
repeatedly without presenting any substantial damage to its structure (Fig. 4.24). As
mentioned in the previous section 4.3.3.1, a slightly different apparatus was used in this
experiment, whereby the sensor was bonded atop copper-coated polyimide films (Fig.
4.22), as it was deemed more stable for repeated measurements and presented a more

practical sensor configuration.

In this case, the sensor exhibited a similar capacitive response but with a smaller
maximum capacitance change over the same pressure regime (by approximately 3pF).
The observed effect could be attributed to the larger bottom electrode plate of the
capacitor utilized in the first experimental setup, which may contribute favourably to the

sensor performance.

Furthermore, the sensor exhibited a noticeable drop in its dynamic range, as it was
measured repeatedly over the same pressure range, which could be attributed to a
residual permanent deformation of the pillars caused by the extensive testing without
allowing the polymer to fully recover between measurements. Indicative to the above, is

a slight decrease of the pillars height (~1um) after examination by profilometery.

The examination of other measured samples gave however no such permanent
deformation of their respective pillars. Another factor that may be responsible for the

observed effect may be the experimental apparatus itself.

The manual positioning and stacking of the weights involves involuntary movement that
may disrupt and dislodge the sensor structure. Moreover, the permanent deformation
observed may as well be solely the consequence of applying accidentally excessive
loads to the sensor during the positioning stage. A way to minimize this effect could be
achieved by employing a moveable stage and a force gauge to apply the desired loads to

the sensor.

Finally, an effort was made to embed the aforementioned sensor configuration to
compression hosiery but, due to the rigid and fragile nature of the glass substrates, the
sensor structure instantly broke when the garment was attached on a curved surface.
Therefore additional work must be conducted to improve the sensor conformity on

curved surfaces. Possible solutions to tackle this issue are discussed in the next chapter.

Overall, the parallel-plate capacitor sensor was sensitive enough to distinguish low

pressures, within the desired working of compression hosiery, with a relatively good

82



resolution, especially for the sensors with polymeric films made of the softer micro-
structured PDMS blends.
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Chapter 5:

Conclusions and future work

5.1 Summary and conclusions

The work in this thesis was focused in developing and evaluating cost-effective flexible
pressure sensors, based on conductive and non-conductive polymeric elements, intended
to be used and potentially embedded in compression hosiery as a monitoring system of

the interface force between garment and skin.

Compressive hosiery and pressure garments were introduced in Chapter 1 and their
significance was noted in treating a number of serious medical conditions such as
chronic venous insufficiency, varicose veins, venous leg ulcers and hypertrophic scars. The
working pressure range of these garments which lies on the low pressure regime of 0-6kPa,
as well as the limitations of the current commercial technology employed to monitor their

performance, were also discussed.

Stemming from the need of a cost-effective and flexible pressure sensor for this specific
application, a number of polymer-based pressure sensors were designed, developed and
evaluated to tackle this issue which involved: piezoresistive sensors utilizing MWCNT-
PDMS or QTC conductive composites and parallel-plate capacitive sensors employing

ultra-thin structured polymeric dielectric mediums with tuneable mechanical properties.

A thorough literature review, regarding both categories of flexible piezoresistive and
capacitive pressure sensors, was presented in Chapter 2. The physics governing
conduction in filler-polymer composites, such as percolation theory for the carbon-
based composites and quantum tunnelling for the QTC composites, as well the working

principle of parallel-plate capacitor sensors were discussed.

Materials, fabrication methods and techniques in developing flexible sensors either of a
piezoresistive or capacitive nature were presented. This includes the advantages of
employing CNTs fillers in carbon-based composites, the superiority of PDMS over
other polymers both as the matrix constituent in composites and as a structural material
in capacitive sensing, CNT dispersion techniques and others. Moreover, recent research
developments on this field and representative examples of flexible piezoresistive and

capacitive sensors for both strain and pressure sensing applications were also presented
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and compared against their typical MEMS counterparts, with an emphasis on the

former’s intrinsic strengths.

In Chapter 3, a pressure sensor design was presented that employed a conductive
polymeric composite as the sensing element, encapsulated in between a structured and
an unstructured configuration of aluminium electrodes. Structuring one of the
electrodes, was achieved via a micromilling machine, and provided an augmented
pressure effect. Here, two types of conductive composites within the same sensor design
were tested and evaluated: a multi-walled carbon nanotubes(MWCNTSs)-PDMS

composite and a QTC composite.

In the first case, the development of the composite involved a multi-step procedure,
which included successive direct sonications and shear mixing, via the use of an organic
solvent, in order to disperse the MWCNT filler constituent into the viscous PDMS
matrix. The developed composite exhibited the typical step-like conductive behaviour,
in agreement with the percolation theory, which attributes the resultant composite
conduction in the formation of a percolating network of filler particles in direct contact
that spans the material. When the composite was subjected to compression it exhibited a
positive piezoresistive effect as expected. The composite exhibited only a minimal
response increase of only 50% in resistance change in the pressure range of 0.2-1.2 MPa
when a flat electrode layer was used, with a resolution of approximately 200kPa. By
utilizing a structured electrode layer the composite response increased to 2.5 orders of
magnitude in resistance change over the same pressure range, with a distinguishable
pressure resolution as low as 50kPa.

In the second case, a QTC commercial product was utilized that is exclusively
developed and distributed by Peratech Inc. The latter composite when subjected to
compressive deformation exhibited a large exponential resistance drop in accordance to
the quantum tunnelling effect that governs the interaction of its spiky nickel filler
particles. QTC pressure sensors exhibited an improved pressure sensitivity under a flat
electrode, dropping in resistance by over 6 orders of magnitude over the pressure range
of 0.2MPa to 1.2MPa with a pressure resolution of approximately 50 kPa. Similarly a
significant improvement in the dynamic range of the sensor was observed when a
structured electrode was utilized instead, whereas the same drop in resistance was
recorded in a much narrower pressure regime (50-150kPa) with a pressure resolution as
low as 10kPa.

85



Finally, in Chapter 4, a parallel-plate capacitive sensor was presented which employed
an ultrathin and structured PDMS blend film as the sensing element, bonded in between
two flat conductive and rigid layers. This pressure sensor design was devised as the
aforementioned developed piezoresistive sensors failed to detect pressure changes

within the working range of compression hosiery.

The development of the sensor involved the use of a patterned sacrificial photoresist
mould on which a polymeric film was spin coated and then bonded, via corona
discharge, with a copper-coated substrate that served as one of the capacitor plates. De-
moulding the polymeric structures undamaged was achieved via a triple bath procedure
that effortlessly dissolved the underlying photoresist mould. The polymer was patterned
with micropillars to allow a larger deformation of the polymeric film under compressive
loads and the total thickness of the film (base layer and pillars) was approximately
33um.

To further increase the deformation of the polymer under compression, and thus the
dynamic range of the sensor, a PDMS blend composed of Sylgard 184 and Sylgard 527
was also explored, which exhibits a tuneable Young’s modulus from 1.7MPa down to
50kPa. The influences of the Young’s modulus of the polymeric dielectric medium and
of microstructuring the dielectric medium were characterised. The combination of
scaling down the thickness of the polymeric film, structuring its surface and employing
a PDMS blend with a much lower Young’s modulus resulted into a parallel-plate
capacitive sensor with a pressure sensitivity within the working range of compression
hosiery (0-6kPa) that exhibited a distinguishable pressure resolution of as low as
0.25kPa.

However additional work is required to make the capacitive sensor flexible, reliable and
able to conform to curved surfaces, as well as being embeddable into the garments
fabric. Solutions for the above issues are discussed in the next section, as well as
strategies on how the pressure sensitivity of the developed piezoresistive sensors could

be potentially improved.
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5.2 Future work

5.2.1 Improving the sensitivity of MWCNT-PMDS and QTC sensors and an alternative

sensor design

Although the developed MWCNT-PDMS composite displays a quantifiable resistance
change over compression, its pressure range and sensitivity were not adequate for the

working regime of compression hosiery.

A way to potentially increase the composite intrinsic sensitivity could be achieved by
employing the PDMS blend of Sylgard 184/Sylgard 527, as the composite polymeric
matrix as explained in Chapter 4. This would allow a larger deformation of the
composite under smaller pressures and thus an increased piezoresitive effect due to the
larger bending of the CNT bundles. Moreover, an additional advantage of utilizing this
PDMS blend is its lower viscosity that could deem unnecessary the insertion of an
organic solvent during the preparation of the composite, leading thereby to a simpler
fabrication protocol, with more consistent results, and possibly a larger resistivity drop
beyond the percolation threshold.

Alternatively, the required dynamic range could be potentially achieved if the composite
was employed in a different sensor design which would take advantage the tensile stain-

resistance dependence of the material instead.

The proposed sensor is depicted in Fig 5.1, and involves the use of a flexible and thin
polymeric membrane on top of which a conductive strip of MWCNT-PDMS composite
could be casted and patterned. In this case the deflection of the membrane under
pressure would subject the MWCNT-PDMS strip to tensile strains, thus leading to a
resistance increase of the composite due to the increase of the average spacing of the
percolating network, as described in Chapter 2. The sensitivity of the sensor could be
further explored by manipulating the amount of deflection of the membrane via
employing softer, thinner or larger in size polymer films, or by controlling the amount

of strain experienced by the composite via patterning it with different structures.
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Figure 5.1: (a),(b) A proposed alternative pressure sensor design composed of a rigid “bump” layer that transfers the applied loads
to the deflectable membrane, a PDMS-coated MWCNT-PDMS composite strip that spans the surface of the sensor, the PDMS
membrane layer and a rigid hollow substrate. (c) Simulation of membrane deflection under 10kPa pressure via COMSOL
Multiphysics software. As the PDMS membrane layer deflects, the MWCNT-PDMS strip is subjected to tensile strain

In the case of QTC composites, Peratech Inc. recently started to develop a different
custom-made QTC composite ink product [177], with an improved electrical behaviour
under deformation, suitable for screen printing. This QTC material contains two types
of particles that are uniformly dispersed in a polymeric ink: acicular TiO, needles, with
a conductive SbO coating, and spherical insulating TiO, nanoparticles. Under this
configuration, the TiO, nanoparticles prevent the conductive acicular TiO;, needles,
which are randomly oriented, of aligning and aggregating, while the compressibility of
the material is attributed to the voids existing within particles. Likewise, the material is
insulating under normal conditions but displays an exponential rise in conductivity

when deformed due to quantum tunneling amongst neighboring TiO; needles.

The conductivity under stress of this material could be also explored utilizing the
developed sensor design presented in Chapter 3 in the working range of compression
hosiery. In addition, the ability of screen printing the material makes it also a good
candidate for the proposed sensor design described in the previous paragraph, where the

composite conductivity under strain could be similarly exploited.
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5.2.2 Improving the conformability of the capacitive pressure sensors and potential for

embedding it in compression hosiery

The parallel-plate capacitive pressure sensor developed in this work exhibits a pressure
sensitivity within the working regime of compression hosiery, as shown in Chapter 4.
However, the rigid nature of the copper-coated glass slides employed as the capacitor
plates prevents the sensor in being conformable for curved surfaces; a prerequisite for
the application in monitoring the interface force between garment and skin. As a short-
term solution to improve the sensor conformity, a direct bonding and fabrication process

utilizing a flexible conductive substrate could be explored (Fig. 5.2).

a) b)
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Figure 5.2: lllustration depicting proposed fabrication process of a conformable sensor: a) PDMS blend is spin coated atop a
copper-coated flexible polyimide film and development of SU-8 master stamp on polyimide film; b) the stamp is pressed unto the
PDMS layer and the system is placed on a hot plate to cross-link the elastomer; c) peeling off the stamp with the help of a roller in a
DI water bath; d) resultant structure after de-moulding

This could be accomplished by spin-coating the PDMS blend directly to a flexible
copper-coated polyimide film. Patterning the polymeric film could be achieved by
utilizing a master stamp that would greatly simplify the process and allow rapid
prototyping. As the master stamp, a SU-8 photoresist patterned on top of a polyimide
film, with the reverse image of the desired pillar-structure, could be developed that
would be pressed on the spin-coated PDMS blend film prior to cross-linking the

polymer.

The stamp could then be peeled off from the cured polymer producing as consequence

an easier pattering process of the polymeric film, while allowing at the same time a
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cost-effective fabrication protocol as the stamp could be reused. To enable a damage-
free de-moulding, a thin layer of PVA (poly-vinyl alcohol) could be spin-coated onto
the SU-8 which is dissolvable in water [178], and the peel-off process could be
conducted in a DI water bath. Finalising the sensor could be accomplished by bonding
onto the structured polymer surface, via corona discharge, another flexible copper-

coated polyimide film that would serve as the second electrode plate of the capacitor.

A longer term solution in providing a more flexible and conformable sensor, could
involve the use of the developed conductive MWCNT-PDMS composite as the
electrode plates of the capacitor instead, employing a similar fabrication protocol as
mentioned above. Designing the capacitive sensor with flexible CNT-based electrode
plates could potentially broaden its sensing capabilities as it would allow in addition a
sensitivity under tensile strains besides compressive loads, thus opening the door to

other potential applications beyond the scope of medical garments usage alone.

Finally, in order to evaluate the performance of the proposed sensor configuration in
compression hosiery, the sensor could be bonded onto the surface of a small pre-cut
compression garment strip and electrically connected via conductive threads traversing
the fabric as described in Chapter 3 (Fig. 3.3). Initial testing and calibration of the
sensor could then be conducted by attaching the garment on a cylindrical object and
employing a bladder testing equipment to exert the required forces within the working
range of compression hosiery. The next phase of testing should involve the use of a
matrix of multiple sensors attached in fixed locations on a compression hosiery
(corresponding in the ankle, calf, thigh etc.), which would be applied on a dummy leg to

monitor the garment performance and the sensor reliability.

5.2.3 Proposed design of a stand-alone garment-sensor system for low pressure monitoring

applications

A more advantageous way of implementing the pressure sensors could be accomplished
by designing a stand-alone garment-sensor system, as depicted in Fig 5.3, which could

potentially expand the usage of the developed sensors.

In this proposed design concept, instead of attaching the pressure sensors directly onto

the compression hosiery or pressure garment, a custom-made garment strip of a flexible
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nature (i.e. spandex) could be utilized (the size of a small bandage), which would

contain a fixed number of sensors and conductive threads.

By utilizing the depicted configuration of conductive threads two goals are
accomplished: each sensor is electrically accessible, while the snake-wise fashion of the
conductive threads allows the flexible fabric to stretch unaltered. Moreover this stand-
alone garment-sensor system is intended to be the unit cell of a potentially larger
system, which would combine a number of these unit cells and produce a matrix of
pressure sensors each uniquely accessible. For this cause, a set of metallic clippers
could be utilised to encompass the fabric, connect with the individual conductive
threads and attach additional unit cells, if desired, to elongate the size of the measuring

system.

a) outl out2 out3
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Figure 5.3: Proposed design of (a) stand-alone garment-sensor system as a unit cell and (b),(c) in interconnected multi-cell
configurations
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In conclusion, under this configuration the size of the pressure monitoring system could
be expanded indefinitely, from a single unit cell the size of a small bandage to as large
as a vest that could be worn around the body.

Thus, due to the customable size of the sensor system, the potential field of applications
of the developed technology would not be limited to compression hosiery alone but
could be expanded to other applications such as movement and respiratory monitoring
in dynamic conditions, performance evaluation of pressure garments for hypertrophic
burn scars on various inaccessible parts of the human body such as shoulder, face and
pelvis, to as far as monitoring the radial artery pressure wave around the wrist;
applications for which at the moment, to the best of the author’s knowledge, no such

cost-effective wearable pressure monitoring technology exists.
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