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Abstract
The work in this thesis was focused in developing a flexible andefiestive pressure
sensor capable of detecting pressure variations within the low working ra6ge4)
of compression hosiery. For this cause, both piezoresistive and capacitive pressure
sensors were developed and characterised, utilising conductive arzbnubrtive

polymeric elements to sense compressive loads.

In the first case, the developed piezoresistive sensor is composed of a conductive filler
polymer composite, with a foredependent conductivity, encapsulatedbetween a
structured and unstructuredndiguration of electrodednitially, as the sensing element

of the sensor a multvalled carbon nanotubgmlydimethylsiloxane (MWCNIPDMS)
composite wastested A fabrication process is also proposed for developing the
MWCNT-PDMS composite which involvesa 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 gile conductivity behaviour, typical
amongst percolating composites. The MWGRDMS sensor exhibited a positive
piezoresistive response when subjected to compression, which was substantially
enhanced when structured electrode layers were utilised. A Quamtinnelling
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 increasea avhe

structured electrode was employed.

In the second case, a paralihte capacitive pressure sensor was developed and
characterisedwhich successfully provided a pressure sensitivity within the working
range of compression hosiery. The sensor em@aygltrathin PDMSblendfilm, with
tuneabl e Youngo6s modul us, as the dielec
between two rigid copperoated glass layers. A casting process is also presented,
involving the use of a sacrificial mould, in order to paitthe polymeric film with a
micro-pillar structure to assist the deformationtloé medium under compressive loads.

The performance of the sensor with regards to the polymeric film thickness, structure
and mechanical softness was explored. Overall, tabmation of an ultrdhin
dielectric medium with a very | ow Young
resulted ina capacitive pressure sensor with a good performance within the desired

pressure regime.
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Chapter 1:
General introduction

1.1Introduction

In this chapter, compression hosiery and pressure garments are introduced and their
importance in treating a number of serious medical conditions is notedt. widiking
pressurerange, as well as the importance of monitoring their performance and the
limitations of current commerciaensors utilisedor this task arealso discussed. The
motivation and the objective®f this researchare outlined in the finalsection; a
motivation that stems from the need of a flexible and-etisttive pressure sensing

system that can comply with the requiremdatghis application.

1.2 Pressure garments and compression hosiery

Utilizing medical garmentthat apply a dege of pressurt treata number of medical
conditions,such as varicose v&, leg ulcers and hypertrophscars is consideredas

one of the key aspects in the healing therapy of such ailnfghtdhese medical
garments arggenerally divided into two categories, namely pressure garments and
compression hosierffFig. 1.1) depending on their respectiveedical applicatiorand

method of construction

1
a) k '
-~ - ™I ) \
, -
| ' »

Figurel.1: Photographs ofa) kneelength compression hosiery and (b) pressure garments in various d25ighs

1



Pressure garments are used primarily in patients suffering from hypertrophic scars
inflicted by burns[4]. These garmest designed to be worn on different parts of the
body, compressthe burn scar sitéo facilitate a more rapid healing of the damaged
tissue and thus block the ddopment of hypertrophic scqdis [6].

By applyingpr essur e, t he damaged ti ssueds S W
significantly over time and the full recoyeof the tissue becomes feasiblhe effect

of pressure although not fully understoods attributed to a number of factors that
include the impreed collagen synthesis conttdl], its quickerproduction[8] andthe
realignment of existingollagen bundles ofhe tissug9] [10]. A way to controlthe

amount of pressureelivered to the patiens achievedy theinsertionof polyethylene

foam paddingsin the garment, with varying thicknesses according to the amount of

pressure required 1].

Compression hosieryon the other handis utilized to treat or prevent medical
conditions such as venous leg ulcers, varicose veins, lymphoedema and chroag ven
insufficiency, as well aseduce the risk of thrombosj42] [13]. Again the hosiery
exerts a certaimmourt of pressure on the leg afafces a portion of the veins to narrow
resulting in the reduction of the volume obbt in the veins. Consequentiye calf
muscle pump begins to work more efficiently, enabling an easier bloodstream pump to

the heartwhich leads to a higher tissue oxygenation and better micro circufatthn

A prime example of one of the most serious ditons that can be treated with
compression hosiery is Chronic Venous Insufficiency (CVI), charaetetly oedema,
hyperpigmentationlipodermatosclerosis, white atrophy and ulcers on thg1gy In

CVI, the pump in the calfuscle 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 tomix rubber threads with other types wiaterials[15]. The

yarns employed in compression hosiery are of a flexible nature, and are developed by
combiningmaterials such as polyimide, cotton and other multifilament fitweshable

large tensile strain$l6]. The knitted configuration of compressive hosiery usually
utilizes two types of yarnsnanlaid high strain yarrwhich exers the required pressa

and provids elasticityto the fabri¢ anda finer norelastic yarn thaforms the base knit
structureand the covering layer of th&osiery(Fig. 1.2)

2



Lay-in yarn:
—» Compression /
med. function

—> high dtex
elastane,
covered or bare

Khnitted yarns:
Stitch forming

. Non-elastic
yarn,textured

2: Elastic yam,
covered

Graphic: Invista

Figure 1.2: lllustration of compression hosiery knitted configuratitf] [

1.3 Pressure rangef compresson hosiery

The knitted configuration of ompression hosierys designed toexert a pressure
gradient on the legf decreasing magnitude by heidktg. 1.3) generally varying from
as low ag0.5 kPa (5 mmHg) at the thigh & high a$ kPa (50 mmHg) athe ankle

[17] [18] [19].

gm  45% (9mm Ho)

\ | 3
. gm  60% (12mmHg)
. v
i ’ @m  70% (14 mm Hg)
3 .
y B
¥ gm 100% (20 mm Hg)

Figure 1.3: lllustration of a Class Il compression hosiery that applies a mild pressure grfaatierthigh to anklg20]



The physical mechanism of hawmpression hosiery exsgiressure unto the body can

bedescri bed by2llLapl aceds | aw

0 W (1)
The amount of pressuien thetissie P, i's proportionalTamf t h
inversely proportional to the leg radius Therefore, under a constant tension and

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

The application of gressure gradnt 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 ank®]. The increased blood circulation has a significant
impact on the relief a patient experiengesom swelling and other associated leg
ailments. Moreover, the graduated configuration of compres®sisiery has been also

reported23] to reduce ankle swelling, vein pooling and venossedition on the leg.

Compression hosierwasinitially designed in1949 toassist blood caulation on the
venous system whdahwas observed that compression increased venous flow in venous
deficiency conditions[24]. The pogive effect of compression treatment via
compressin hosiery was further demonstratgears later when it wahownthatthis

type of garments substantially decreased the occurrence of pulmonary oedema in
operated patien{®5].

It was not before 197Rowever that compression hosiery, with the typical graduated
pressure design, werfrst introduced when itwas observed that a pressure of
decreasing magnitude leads to a significant decrease of deep venous thr¢a@josis
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 ¥ any physiological mechanisnj&7]. Ultimately, a finding that urged to
reconsider the usage of compression hosiery in clinical conditions caf84mhen a
metaanalysisof venous deficiency treatments revealed that venous thromboembolism

significantlydecreaseahen seh hosiery weraised[28].

Compression hosieryare also divided into four compression class€$able ),
dependingopnt he maxi mum amount of pressildle t he
[29], and are available in many forms and styles such as thigh length sgydiieg

length stockings and tights.



Specified Ankle
Pressure ] o
Class ovel Pressure (mmHg) Suggested Medicalpplication
eve
[LmmHg=1333Pa]
| Light 10-15 Preventvaricoseveins relieve heaviness and fatigue
) Treat mild varicosities, aching, swellingnd thrombosis

Il Mild 16-22 )
prophylaxis
Treat moderate varicose veinslight and dependenc

1] Moderate 2332 ]
oedemamild or moderate CVland postsclerotherapy
Treatserious varicose veins, sevaeedem#CVI, leg venous

v Strong 34-46 )
ulcer, lymphedemaandpost erysipelas

v Very 0 Treatsevere posthrombotic syndrome, severe lympheder

Strong elephantiasis

Table I: Compression hosiery classes and medical applicft#&n29]

1.4 Existing commercial pressure sensing technologyorf compression

hosiery andpressure garments

A major concern regarding compression hosiery and compression garments is the lack
of a systematic motoring of pressure deliveretb the patient, and therefore, the
absence of aaptimal grade bcompressio30].

Delivering a smaller than required pressure gradient has been repb2edo
insufficiently assist blood circulation, while applying excessive pressures blocks the
blood flow and haghe reverse effectoof reduced deep vein flow velocity and
decreased subcutanedissue flow[23]. Thus, neasuring accurately the exact interface
force between skin andarmentis important in order teenable the monitoring of
treatment efficiency and minimize the complications associated with excess pressure

and incorrect pressuigradient31].

Due to therequirementso monitor low pressur@ariationsin compression hosiery
mostof thecommerciallyavailable pressure sensors either fail to accurately measure the
applied pressure, abeir measurement randges hgher than the rangeequired (0-
6kPa)[18], or are too expensiver time consumindgo be usedoutinely inthe clinical

environment.



Typical examples of such commercial pressure sensors include:

The PicoPress sensor, a shown in Figurel.4, which is a large pneumaticensor
consisting of a pressure transducer connected with a polyurethané&sach 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 electrgpneumatic nature, its spatial resolution is limiggdund the circumference

of the leg within a fixed height and theerformanceof the sensor is marred by the
hysteresiand low accuraciB2] [33].

Figure 1.4: The PicoPress send@4]

The widely used Tekan Fscan piezoresistive sensors, which employ a resistive ink
sandwiched in betweawo layers of plastidilm (Fig. 1.5)[31] [32] . A matrix of these
sensors comprisebe complete systenproviding good spatial resolutiohe Fscan
sensors come in a variety of shapes and configurations depending on the application and
the optimizationrequiral. However, these sensors require esitem and elaborate

calibrationin order to produce an acceptable pressure measurememhadeaccuracy



[32]. Part of this calibration includes deapping 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 /g':' '
Electronics &

{standard Evolution
system shown)

Figure 1.5: The Tekscan-scan systepwhich includes the sensor, data acquisition electronics adapter and s¢@&jare

And finally the Pliance X Systemwhich is a thin (<1mm thick) capacitive pressure
sensowith small sensing area dbmn¥ that utilizesa conductive strifor connection

to anelectronic analysgFig. 1.6)[36]. The sensor exhibits superior pressagasitivity
(detecs pressure variationsf as low as 68.3Paon the range of AQ0kPg, can be
interconnected with other Pliances¥nsors to form a matrix providing excellent spatial
resolution, and due to the presence of the extended conductivecatnibe easily
insertedin to compression hosiery. However, thiéce of thecompletesystemis on the
range of approximatelyyS$ 21000 (including theelectronc analyser and software)
making itimpractical for maitoring the desired interfageressureat a patientevel
evenin a clinical environmeni36]



Figure 1.6: Pliance X system during use in pressure garrfgit

1.5 Objectives and thesis outline

Ideally, an interface pressure sensor for the use in compression hosiepyeasdre
garnents in general, should lwesteffective, small, thinflexible and sensitivenough
to detectpressures withithe range of @®kPa (650mmHg)[37] [38] [39]. Moreover it

should be suitable to be embedded unto the comprelssgary be highly conformed

to the body contour andeally be part of théabricitself.

Since none of the commercially available sensors can fully comply with the
aforementioned requirementspamber of coseffective pressure sensors designs were
exploredin this thesiswith the aim to bgotentiallyinsertablein compression hosiery
and be able tomonitor the low interface pressubetweenfabric and skin The main

goal of this work was to @velop a pressure sensor capable of detecting the low
pressures delivered by compresshmsiery In order to address this issue, two different
types of flexible pressure sensors technologies were evaluated: pistz@guiessure

sensors and capacitiveggsure sensors.



In the case of piezoresistive sensdmgp conductive polymeric compositedjulti-

Walled Carbon nanmbesPolydimethylsiloxane NIWCNT-PDMS) composite and
QuantumTunnelling Composite (QTC), were developed and evaluated within a novel
desgn for compression hosiery embeddidgparalletplate capacitor sensor watso
developed and characterised. This senstilises a soft and ultrthin structured
insulating PDMSblend with tuneable Youngdés modul u

dielectricmedium
The thesis is divided into 5 chapters and is outlined as follows:

Chapter 2 examines the fundamentals of piezosteg® and capacitive sensing.
Concepts affiliated with conductive polymeric composites, flexible piezoresistive and
capacitive sense, such as percolation, effective medium theory, quantum tunnelling
and parallelplate capacitorsin 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 arfdcuseson conductive filleqpolymer
composites and their sensitivity under axial loading. A carbon nan®DMS
nanocomposite preparation technique is presented, asasvide fabrication proces$
micro-structure rigid layers that encompass the senddre pressure sensitivity of the
PDMS nanocomposite and QTC material is explored with respect to the rigid- micro

structured layefeatures

Chapter 4 is an experimental chapter aegamines a parallel plate capacippessure
sensor that utilizes a micgiructured PDM®lendwi t h t uneabl e Young:¢
the steps ofhe developmerprocess i presented which include: tpeeparatiorof the
PDMS blend moulding release and bonding mwmonductivesubstrates. Theressure
sensitivity is measured and discussed ddferent blend compositionsand structure

features

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

sensofgarment 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 piegistiveand capacitive sensing in
flexible applications that employ polymers as the sensing elements. In the first half
the chapter, conductive fillggolymer composites are introduced and the pesstive

nature governing their conduction is discusdetiowed by recent developmenis
flexible sensoapplications of theseompositesSimilarly in the second half, capacitive
sensing under the same context is introduedohg with a number gbolymerbased
paralletplate capacitive sensors utilised to detect pressure variations or strain, via
structural deformation. In both cases, materials, fabrication methods and techniques in
developing sensors dboth categoriesare disassed, as well as the cleadbesof

detectingpressure variations in the low working range of compression hosiery.

2.2 Piezoresistive sensing

Materiabk that possess the ability to changeeir internal electrical resistancewhen
subjected to mechanical deformation induced bgsstor tensile straiare defined as
piezoresistive [40]. Piezaesistive sensors, in turn, are electromechanical sensing
systems that utilize the stredspendantelectrical resistance behaviour ofome
materials to quantifyhte changes in pressure or strain in applications where sesfsing

such measurands desired.

Amongst the plethora of piezoresistive sensors lavia, the silicorbased MEMS
(micro-electromechanical systems) piezastge pressure sensors are the ntashmon
and widely used. Typical examples of such sensors include therqsetive
semiconductor sens@41] and the silicoormembranebased pressurgensor[42] [43]
[44].

In the first cas€Fig. 21a) the sensor isomposedf two semiconductor materials and

relies on carrier diffusiomtmeasure applied pressuféd]. As the system is subjected
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to deformation,charge carriers from the-tgpe region diffuse into the-type region

inducing a change of thesistivity of thesensof45].

In the latter case, the sensor utilizes a thin silicon membrane diaphragm covering a
sealed cavity,which serves @ sensing element of the systeffiig 21b). Four
piezoresistivethin film elements areleposited oto the surface of the membrane a
Wheatstone bridge configuration. When a pressure is applied to the sensor, the
membrane deformation leatts a change of resistance of the four elementsiwhre

measured independently.

a) n -contacts  Insulation

Metal line /\l Plugs
CL p-substrate p
-‘ :

-, — n-well

b)

—Signal  +Signal

_H_ out out
< [~ A &

Rl

I S G

Silicon
wafer

Meimbrane

| \"rﬁ‘ XC 4 ve X =

Sealed cavity

Figure 2.1: The structure(a) of a piezoresistive semiconductor sensor and a (b) sitikembrane based pressure sensor
configuration and sensing principlél] [42]
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The rigid and nonconformablenature of these silicehased MEMS piezoresistive
sensors, as well abe demanding and costly fabrication ps®s they regire, have

led to the emergence of a new classflekible piezoresistive sensors based on
conductive polymer amposites. Utilising these composites as the piezoresistive
element can be traced back to 1986 when Lundberg and Sundqvist discovered that the
resistivity of a polymer containing carbon partickeshibit sensitivity to deformation,

when subjectedto applied pressure ordue to swelling in the presence of certain
chemicalsolventq46] [47].

The existence of a material that is intrinsically flexible watdeformationdependant
conduction behaviourand can also beintegrated tosensorysystems utilisng simple
procedures such as mould casting (soft lithography), has had a tremendous impact on
the development of flexible sensansrecentyears, as shown in the next sections.

2.3 Conductive filler-polymer nanocomposites

Composites are materials defined as mdtnponent systems where two or more
components, of different physical and cherhmaperties, are blended together in such

a way that at least one of the components serves asndtex of the system,
constituting the major continuous phase, whilst the others are minor constituents of the
system, referred as thidlers [48]. Both matrix andfiller constituents retailmowever

their identities as they do not mergdoirone another or dissolyéut act in concert

providing in the end a more desirabtembination oforopertied49].

Interest in these multomponent systems, especially polymer nanocomposites, has
grown rapidly in recentyears since it is relatively straightforward to modify the
properties of a material by just insertitige appropriate@mount of a different mateu

[50]. Generally, acomposite is considered a nanocomposite if the fildeyat least one
dimension in thenanometrescale. Interest in the nanocomposites stems from their
ability to exhibit the desired property enhancementeay small filler concentration,

due to the increased surface and aspect ratios, which reduces significantly the cost of the
final composite materialFurthermore, nanocomposites have been shown to be more
compatible with inkjetting and other printable desition techniques, compared to their

latter larger filler particle micr@omposite counterparfS1].
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In polymer nanocomposites the most commonly used fillersnatallic nanoparticles,
nanosilicasand carbon based nanopaes. 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 conapedto convational material$52] [53] [54].

2.4 Percolation theory and effective mediumheory

Manipulation of theelectrical conductivity stands as one of the most important
properties for polymeric composite®olymers are generally by nature electrically
insulating materials. A way to make them conductive is by insegtiognductive filler
particleto the polymeric matrix. The conduction in these polymeric composites is the
result of either a strong fieldffect such as tunnelling, field emission and spawerge
limited transport orthe formation of continuous conducting networkisie to direct
contact of the filler particlespanning the whole material; a phenomenon knogn a
percolation[55]. In the case afionpercolating compositeshe resulting current/voltage
behaviour of the composite is nelinear; in the case of percolating composites,

current/voltage behaviour is gleminately &imic.

Significant drop in theesistivity of a compositeia the addition of carbebased fillers

such as carbon black, carbon nanotubes, graphite gaaphenehas been well
documenteaver the last fewears[56]. Carbonbased fillersaaregenerallypreferred in
polymeric composites over their metal particles counterparts as the latter tend to oxidize
thar surface, producing annsulating layerMoreover, the resulting composite utifig
carbonbased fillers is also lightef57]. The fact that this type of polyméHer
composites exhibits the ability to vary
to the development of a wealth of novel sensor systems the past years, including but not

limiting to, strain sensors, pressure sessAandchemical sensorslescribed 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 coposites exhibit this behavioys8]. Percolation theory
stands on the principle thabeyond the critical filler concentration a conductive

pathway is formed that completely sisathe composite. In addit, percolation heory
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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 matrigfFig. 22 region A), contact amongst neighbouring
particles is insignificant and therefore the composite remains insu[&8hgHowever,

if the filler weight fraction in the composite is increased, the direct contact amongst
neighbauring filler particles also rises, leading to an exponential increase in
conductivity; a point commonly referred as the percolation thresfitd 2.2 region

B). The stefike behaviour in the composite conductivityaributed to the formation

of a conplete conductive pathway of neighbouring filler particles in direct cokagt

2.2 regions B and C)

:
> I
3 I
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oWt % Percolation threshold (p,) RO

Weight percentage (wt. %) of nanoparticles in polymer

Figure 2.2: lllustration of change in resistivity of percolating composites as a function of fillerentration by weight. Region A
represents the insulating state of the composite, region B the percolation threshold at which a conductive pathwayaisdformed
resistivity drops exponentially, and region C the change in resistivity when a large nunteerdottive pathways has already
formed[60]

According to percolationheory the relation between thenductivity i of a composite
and the filler concentratiop, near the percolation threshola, is given by the
following equation[61]:
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, 2 N N (2.1)
The equatior2.1 only holds forp>p., and the exponerthasa different value according

to the geometry of the fill§62].

Percolation theoryalbeit a successful model for describitige conductivity behaviour

of polymer compositesonly appies if the conductivity ratial,/0 of the low and high
conductinty phases of the composits infinite [63]. In addition, the model fis for

filler concentration very near or below the percolation threshold and only exhibits good
results for composites with randoménd nonaggregated filler particles of smooth,
ellipsoidal o spherical shapéFig 2.3) Percolatonhteor y 6 s fcanately r e
describethe electrical behaviouof a compositéelow the percolation threshold led to
the devéopment of another theorthe effective mediuntheory[64] [65].

A

.y
£
\
£
=
G
=
o
c
o
O

e

-

Volume fraction of filler (7-f)
=— Percolation Theory — Effective Medium Theory

Figure 2.3: Effective medium theory and percolation theory curves belladvadove percolation threshq&B]

Effective medium theory ivasedon a model that associates each pair of nearest
neighbouriny 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 origima@homogeneous composite is represented by an
ordered and hoogenous medium, called effective medium, with the saraeroscopic
properties as the compositéffective medium theory works best with composites of

finite conductivity ratio and describesnly and successfully the behaviour of a
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compositebelow the perdation thresholdas it predicts no sharp percolation threshold
(Fig. 2.3)

A complete mathemati cal mo d e | that effec
below and above the percolation threshalg a function of the&oncentration of the

filler, was developed by MacLachlan in 1987 via the Generalised Effective Medium
Theory(GEM) which united the percolation theory and effective mediueorty under

one equatiof66].

The GEM equation is given by the following expression

Whereli is the filler concentratiorfby volume fractionjand (. is the concentration of
the filler at the percolation thresholdThe symbolst; and Gy relate to the low
conductivity constituent, the polymeric matrix, and the high conductivity constituent,

the filler, respectively. The subscriptrepresents the effective medium.

Finally the facbr t, as in percolation theory, varies accordionghe geometric shape of
the filler particle. In the case of ellipsesthaped filler particles is calculated via the
expression=0y/(1-L), where the demagnsdation factor. is 1/3for spheres 1/2 foldt
discs[67]. Formore complex particle geometrigse(thin rods)t can only be calculated
by fitting it to experimental dat®8] .

The conductivity of thecomposite can bhereforeestimatedy solving GEMequation
as a function ofli(() and by fitting experimentally the fillet, and polymerd
individual conductivitiesthe percolation threshold., andthe geometric factot. The

compositeds c expessatythevdllawyg equatioliFiy..4)

_— — Y Yoo 1A (2.3)

Where

hfQ , ha , GeYe +Q ad p OaQ
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Figure 2.4: Percolating omposite resistivity as a dtion of the geometric factdrand filler concentratiorii. Equation2.3 was
solved and plotted via Matlab fér=10%q -m, &,=1q-m , (ic =0.2% ,t = 0.7-2.8. Smaller values dflead to a sharper percolation
threshold

2.5Polymer matrix and filler part icles materials in conductivepercolating

polymer composites

2.5.1 Choiceof the polymer matrix

Plastics and elastomemsith diverse properties can be used the matrix of the
nanocompositePoly(ethylene) (PE)[69], poly(methyl methacrylate) (PMMA)70],
poly(L-lactide) (PLLA) [71], polycarbonate[72], have been used as the matrix
constituent of carbebased nandiller compositego prodice flexible sensors such as
strain gauges with the abilitp withstand excessive strain @fders of magnitude larger

than that oktandard metallic gauggs3].

Poly(dimethylsiloxane) (PDMS) is a silicoiiased elastomer, wih in comparison
with the aforementioned polymers, exhibits superior mechanical elasticity capable of
withstanding structrally large strains over 100%4]. The vast majority of flexile

sensors are based on PDM8stbmericstructures since it is neconductivewith a low
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Youngos modul us of 1 -probéBsang, chemically anbri and f or

biocompatible materiamaking t ideal for biomedical sensofs5] [76].

Moreover, owing to its great flexibilty PDMS can be easily mounted on curved
surfaces. Generally, PDMS structures serve@stectve layer forfluidic channels and
encapsulantf76], but a number of fully elastomerstrain, pressure and tactile sensors
exploiting conductive PDMS structurésive been reported that utilize single or multi

walled nanotubef’7], grapheng78] and carbon black’9] as the filler particles.

Amongst the advantages of using PDNESthe fact thathe initial fluid state of the
material makes it possible to develop composites with various filler concentratiens
material can be processeat room temperate and gives excellent control over the
desiredfilm thickness. PDMS is also an inert material and due to its low polarity
surface has hydrophobic characteristics which make itgesseto degradatiorover

time, thus ensuring aig and stable device ajpgion[80].

2 5.2 Filler particle material

Carbon fillersthat are utilized in polymeric nanocomposijteglude graphite, carbon

black, graphene and carbon nanotubes.

Graphitehasa multilayer planar structurendthe @arbon atomshat compriseeach of

these layes arearranged in a latticef a hexagonageometry the most stable form of
carbon[81]. Utilising graphite as the filler constituent in polymeric composites usually
involves the us of graphite intercalated composites of miestwed 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 weakepinthe interlayer interactions

[82].

Carbon black, on the other hand, is an amorphous form of carbon, with a spherical
geometrywith aradiusof tens or hundredsanometresandis highly aggregate{B3].
Regarded as a zedimension (OD)arbon nanofiller due to itswpaspect ratio, carbon
blackis 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 1R0%, 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 compositensutable for flexible applicationg84] [85].

Figure 2.5: Structure of a mukivalled carbon nanotuli6]

Carbon nanotube®n the other handare cylindrical nanostructures with high aspect
ratios, whichexhibit exceptional eledgtral and mechanical properti§®7]. Ever since

their discovery by lijima in 1991 a great deal of research has been committed into
unravelling their unique properti¢88]. Regarded as 1D nanofillers, carbon nanotubes
have a oneatomthick layer of graphite, known as graphene, wrapped around itself
into a cylinder with a 1 nanometer diametnd a micron sized lengf@9]. They are
classified a singlewalled (SWCNTS) and muhivalled (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 ("R8MUCNTSs shells) for the
latter casdéFig. 2.5).

Carbon nanotubes are generally found in a highly aggregated form of aligned ropes that
are strongly held gether by van der Waals forcesd thus a daggregation process is
required during dispersion. Due to their high aspect ratios, polymenmcomposites

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 network90].
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Finally, when @rbonbased polyméc nanocompsites are subjected to mechanical
deformation their respectiveonductivity varies accordingly to the appliedress or
strain; an effect that stems from the filler partibleshange of geometry or
interconnections under defmation[91]. Manipulating this piezoresistive response of
carbonbased polymeric nanocomposites has led to the development of numerous

flexible sensors, as will be presented in secian

2.5.3 Dispersion of carbon nanotipesin the polymer matrix

In order to develop a fillepolymer conductive composite, the filler constituent of the
system must be thoroughly mixed withimetpolymer matrix. This processiown as
dispersion requires the uniform spreading of individualon#es throughout the
continuous polymer matrix so as to produce a gaodl isotropic composite
conductivity. The aforementioned process poses a significant challenge since carbon
nanotubes tend to form highly aggregated agglomerates due to theulpgean der

Waals attraction that holds them together and acts withingeraf a few nanometers

[92].

Overcoming this attraction simplemanually stirringof the carbon nanotubes into the
polymer leads to poor dispersion dueitgufficient shear local force. A number of
physical processes, including shear miximgcro-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 teaking down the carbon nanotube
agglomerates, which is the introductioapon the nanotubes bundles of physical shear
stress. Generally, as the filler aggregates are introduced into the pothmer
experienceshear stressegrovided by thepolymer during the mixing process. The
external force applied leads to the flow of timedium which generates the required

mechanicaknergy necessaty separate the aggregal@s].

However, usually due to the highly viscous nature of the polymer matrix an additional
process is employed to assist the digpersf carbon nanotubg96] [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 ¢molgasily and
monodisperse the carbon nanotubes. The process involves the preparatvom of
solutions, one containing the polymer and the other the carbon nanotubes, sharing the
same solvent. Both solutions are individually mixed via mechanical stirrmg o
sonication, beforethey are combined into one solutionMechanical 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, dimethylformanadd

terahydrofuranamongst manj98-101].

2.6 Quantum Tunnelling Composite (QTC)

Quantum tunnelling composite is a nickalymer composite develop@&xclusivelyby
Peratechinc. The composite displaya unique conduction response when subjected to
mechanical deformatioi.he patentednanufacturingprocesf the compositénvolves

the uniform dispersion ofnicronsized nickel particles with #gy surface morphology
into a polymeric dicone rubbermatrix (Fig. 2.6) employing dow mechanical energy
mixing process thanhinimizes damage tihe spikes[102] [103].

During this process, the particles are completely coated by timeat matrix and the
resulting composite acts as an insotavhen no stress is applied, even at very high
loadings.The composites are electrically insulating to filleadangs as high as 25% by
weight which, in conventional polymeric carbdmsed commites far exceeds their

percolation threshold.

Figure 2.6: Raw nickel powder prior to mixing with elastomer maffig]
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The physicggoverningelectricalconduction in QTC matials differ substantially from
conventional percolating nanocompositgg3] [102]. In this case, conduction is
dominated by quantum tunneling betweeickel particles facilitated by local field

erhancement from the spikes.

More specifically, the estence of the spikaacreaseshe charge densitywhich leads

to high local electric fields. When pressure is applied to the composite, the distance
between neighbouring spikes decreases and therefohe tpotential barrier width
betweenwo spikes drops accordingly. This efféatreases dramatically the asility

of the charge carriers tunnelling accorditagthe FowlerNordheim (FN) tunnelling
phenomenorthrough the connecting elastomer matriN tunnelling is aquantum
tunnelling effect via the triangular potential barrier formed by the masandwiched
between the metal spikésig. 2.7).

QTC exhibits a large piezoresistive effect, as the electrical resistance of the material can
drop by over 7rders of magnitude when compressed (F8) .02]. Furthermore, the

QTC resistivity drops reversibly even when the material is stretched, bent or twisted; a
behaviour that differs substantially from their percolating couatérpomposites, for
which their resistivity increases when subjected to tensile strains. Also, the current
voltage behaviour of QTC is highly ndimear, with an exponential drop in resistivity as

compressive loading increases.

CcB

7 .
metal polymer metal

Figure 2.7: FN quantum tunnelling between the spikes of two neighbouring nickel paf@&les
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Figure 2.8: Resistance drop of a QTC material when subjetdembmpressiofil02]

However, despite their impressive characteristics, QTC is not without drawmé@tks

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 historydependant behaviour. Finally QTQhibits creep behaviour as well.
When strainedthe materialslowly reducesits thickness, due tdhe viscoelastic
behaviour of the polymeric matrix

2.7 Flexible piezoresitive sensors

Carbonbased percolating polymer composites are mainly empléyefiexible strain
sensorandrely onthe breakingf the percolating network of the fillgrarticles [104
110]. However a number of piezoresistive pressure sensors, employingPONIB
compaites, have also been remutf111][112] [113].

The carbon nanotubes which are fifler of the compositare preferreds they exhibit
a percolabn threshold at very loveoncentrations compared to other filler materials
such as carbon black or metal partickestha respect theeompositestill keeps a low

Youngo6s fardlexible sessorsapplications[110]. Moreover PDMS is the
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domi nant materi al utilized as the compo
characteristics. Thereffe, the resultant CNPDMS composites retain a high flexibility
which makes them an ideal candidate for the development of flexible sgi{3djrs

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 decrefi<zy

When strain is applied to the composite, the average spacing betweeuctoze
particles increases and thus the number of available conductive pathways decreases ,
which leads to an increase of the resistaffiég. 2.9)[114]. This type of CNT based
flexible strain sensors exhibit a superior pemriance over their silicehased MEMS
counterparts, as the flexible PDMS matrix of the composite allows large strains (>1%),
as high as 100%, to be monid consistently115].
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Figure 2.10: MWCNT-PDMS composite relative resistance versus pressure and filler concerfftafipn
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Interestingly, in the case where Chtdlymer composites have been used for pressure
sensing, the composite exhibits alsararease in resistivity with applied pressyiFe.
2.10 [111][112][113].

As the material is compressdtie CNTsexperiencebendingwhich deteriorate their
intrinsic electronic properties andcreaseshe resistivity of the compaosite significantly
[108. Moreover, the formation of new conductive networks and the destruction of
existing ones under external presspigey also a significant rold16] [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% bslume) that results in small average
difference between fillergl 18], and thus an increase in the conductivity. In GéBed
composite however, where the average distance between illergerdue to anuch

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 pigaaesis
effect, i.e. an increase in relative resistancgh@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 concentrstiow andjust
below thepercolation threshold, as the ldaading composites experience much larger

curvatures and therefore exhibit enhanced pressure sengitilitly

Figure 2.11: QTC material as a switch in wearable electronics applicafidre§
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