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Abstract for Masters

Electrically Conductive Polymer Nanocomposite Platforms for Routing: Modeling,
Fabrication, and Verification

Saber Haghgoee Shafagh

Creating an electrically conductive compositatcan be usd inawide variety of circumstances

is getting much attention. Making a flexible, easy to manufacture costeffective electrical
routeis the challenge¢heresearch. Electrically conductive polymer composites have a wide range
of applications in eléoonics and nanotechnology industries. They have unique features that allow
them to be employed as smart materials in applications such as semsarable devices,
optoelectronics, ahprintedelectronicsThermal and electrical characterizatioasperformed for

two polymer nanocomposites to investigate their proper@egeral fillers can be aldd to the

host polymerto make a conductive nacamposite The filler used in this study is muiltall
carbon nanotube (MWCNT) which also attracted attentiothén literature. Moreover, silver
nanoparticle were also used to compare the effect of multiple fillers on conductivity.
Polydimethylsiloxane (PDMS) amibly(3,4ethylenedioxythiophene)poly(4-styrenesulfonate)
(PEDOT:PS¥were the two different hogtolymers that havebeen used to see the effect of the
base polymer on conductivity. PDMSason-conductive polymer but more flexibkehile on the

other hand PEDOT:PSSadighly conductive polymer but less flexible.

Results show that using conductivelymer (PEDOT:PSS) as the host could incretse
conductivity up t0378.97 S/m.The nanocomposite investigated wasind to have excellent
flexibility and well adhesion to the PDMS substrate. Also, based on the experiments, these

conductive lines are sdtige to temperature, which is an attractive feature.
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Chapter 1. General Introduction

1.1 Introduction to Nanotechnology

Nanotechnology is the study and control of materiatslangth scale of below 100 nm, andsit
consideed to have a significant effecinchuman life[1]. For comparisonhuman hair is about
100,000 nmthick. At the nancscale the major characteristics of materialary drastically[2]. In
1959 Feynman, R.Ret al.[3] launched the birth of nanotechnology when he talked atieut
problem of manipulating and controlling things on a small séaéde saidthebehavior of atoms
on a smaltell will be different than large scal® orderto satisfy the laws of quantum mechanics.

So different laws, atorhbehavior and manufacturing strategy will be expected down t[8te

Nanomaterials have two major features: enhanced relative surface area and quantum effects. By
these two elements, othattributes of material such as reactivity, mechanical streragtti,
magnetic, and electrical properties can easily alter or impfbheWhenthe particle size is
decreased, more atoms are detected on the surface than those inside the particle. For instance, when
aparticle size is 30 nm, 5% of its atoms are on its surface, whenm particle has 20 % of total

atoms on the surface and this number for a 3 nm particle is[B0%s a result, comparetb
biggernanoor micron-sized particles, smaller nanoparticles have a higher surface area per unit
mass. Therefore, a given amount of material im#r®domain will be significantly more reactive

than a similar mass of material composed of biggergbesti
1.2 Technologcal Revolutions

From gestation through exploration, technology revolutions often follow-stmafed trajectory

distinguished by core innovationBigure 1.1) [4]. As the next technological revolution reaches



the exploration phase, the exploration phase progresses to evolution and evenaiaily as

the technology's innovation potential is discovered and acknowl¢8pédthe nodernhistory of
technologies may be split into numerous phasésstéchncal revolution that occurred in various
parts of the world and, curiouslyorresponhg to the regions of global dominance at the t[Bje

The steam engine, thextile industry, and mechanical engineering were all born in the United
Kingdom between 1780 and 184fut between around 1840 and 1900, England, Germany, and
the United States began to develop railways, electricity, and skeel industry. The third
technological revolution, which lasted roughly from 1900 to 1950 and was mostly centered in the
United States, delivered electrical engines, heavy chemicals, vehicles, and mass manufacture of
consumer durables. Eventually, tRacific Region, and the Unid States (particularly the state

of California) have been the heart of the fourth technology revolution, which has involved

synthetics, organic compounds, and computers, from around 1950 to the pre$éht day



Maturity

Previous
Technology Revolution

Evolution

Exploration Next Technology
Gestation

RW

T T TIME

DEGREE OF TECHNOLOGICAL MATURITY

Radical Innovation
Core Potential
Innovation Identified

Figure 1.1: S-shape trajectory of technology revolution §].

1.3 The Nanotechnology Revolution

Nanotechnology, like computers,listh anenabling technolgy (an invention or innovation that

can be applied to drive radical change in the capabilities of a user or calidie}echnological

field in its own right[5]. Nanotechnology is being used in practically every economic area for
research and development, from aviatiomtedicineto energy. Moreover, nanomateriasd
nanotechnology concepts are used in numerous commercial goods. Introducing silver
nanoparticls into wound dressings, for instance, gittee dressingntimicrobialpropertieq5].
Nanomaterials have already advanced severatluctsof engineering due toew qualities
connected with them, such as sdianing windowshigh-efficiency solar cells, energgfficient
light-emitting diodes I(ED), clean tech, and supkydrophobic nanomaterials resistant to ice

formation[1]. Nanoparticles also can be used by sports equipment and automotive manufacturers
3



to reduce the weight and boost the durability of their goods. Nanoparticles are frequently used in
paints to improve color, decrease or remove velatilemical compounds, and prevent bacterial

or fungal development, whicis very valuable in hospitals and cliaicsettings[5]. There is
significant effort beingdirected into theability to manipulate nanoscale structures using novel
synthetic techniques such as chemical vapor deposition (CA{nd tostudy thepropertiesof

nanaomposite material

To understand nanomatals, o factors must be evaluated, théaseattributes and their
morphology and interfacial features, which come from mixing properties from the parent
constituents into a single material, leadioghe possibility of new properties not found in the

paent constituent material8].

The* gr o wt hf nagiechndlogypegan at the beginning of the’&fentury.Nanotechnology
patens have grown at an exponential ras@ortly after 200@Figurel1.2) [5]. North America is by
far the pioneer in nanotechnology, with arourd@®of the nanotechnology researkbs taken
place inthe United States. East Asia is the néiggest contributor to nanotechnologyesash
accounting for around 28% ofetiotal followed byEuropen nationswhich account for around

20% of all assigneed éblel.1) [5].
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Figure 1.2: Increasing Nanotechnology demand ove20years [].
Table 1.1: Distribution of Nanotechnology inventiors by region
North America 56.5% Europe 19.5%
United States 54.2% Germaly 5.8%
Canada 2.3% France 4.0%
United Kingdom 2.8%
East Asia 27.8% Netherlands 1.7%
South Korea 8.3% Switzerland 1.5%
Japan 8.0% Italy 1.1%
China 5.3% Belgium 0.9%
Taiwan 5.1% Sweden 0.9%
Singapore 1.1% Spain 0.8%

1.4. Applications of Nanotechnology

One of the most attractiv@reasof nancscience ighe development of nanopartic(®P) doped
functional polymers to be used ihe space andhe aviation industry as well as smart textiles,

wearable electronieBealth monitoring systems, sensorsnicrofluidics and micre

5



electromechanicaystems (MEMS)Nanoparticles have paved the way for numerous uses in the

field of nanocomposite materialsuch as drug deliverithium-ion battery etc. (Figure1.3) [1].
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Figure 1.3: Nanoparticle applications in different scientific and engineering fields[9].

The classification of anaccomposite materiallas widened greatly into ordimensional, twe
dimensional, thredimensional, and amorphous t®aals, made from distinctly dispae

components at the nanoscadecordingto research conducted lagademics worldide, almost



all types and classes of nanocomposite materials result in new and better properties when

compared to their macmmpositecounterpartgl].

NanocompositeBold the promise of new applications in a variety of domains, including nonlinear
optics, nanowires, sensors, mechanically reinforced lightweight componettésy lwathodes
ionics,and other systems. Each ofskeapplicationkas shown considerable expansion during the
early 2000s, comparable to the overall trends in nanotechnaeggrchin particular,nanoscale
semiconductors used itransistorshave seen significant developmentAs computers keep
reducing in size and switch from traditional {dpwn technologies to nanotechnological bottom
up technologies, theomputerandelectronicandustryhas placed more and more importaone

nanomaterials resear@higurel.4) [5].

8000
7000 ras

6000 /

B Computers and Electronics
= 5000 B Chemistry
5 B Biological Sciences, including
8 4000 Medicine and Agriculture
3000 B Materials
2000 B Metrology and Instrumentation
Energy Generation, Transmission
1000 and Storage
0
3
’\Q’

Figure 1.4: Technology breakdown of nanotechnology patent literaturg5].

1.5. Innovation in Carbon-Based Nanotechnology

Since the discovery of fulleremein 1985 and carbon nanotubén 1991, carbotbased
nanoparticles have attracted the attention of the namaikagy industry[5]. The discovery of

graphene in 2004 sparked interest in graphitic caldlem®ed nanotechnology. This is a distinct type
7



of nanomaterial in thatt icontainsfullerene nanotube and graphene, ob-dimensional, 1
dimensional, and -Bimensional structure@~igure 1.5), that have namass equivalentThese
unique structuresled to variouselectrical, thermal, and mechanicalachicteristics, enabling
applications in a wide rang# fields. Carbon nanotubes and graphene, for instance, are being
developed in the Computers and Electronics industry for flexible displays and small transistors.
Lithium-ion batteries are a hot issuetlie energy market since graphene applied to the electrodes

has been demonstrated to boost lithium storage capagity

Carbon I'laOStﬂ.lttl.l res

Diamond like carbon

Graphene

,
| Fullerene

2 3
sp’/sp
Several structures such as Single-walled tubes Various forms such as Amaorphous
C60, CT0, C76, C78 and Multi-walled tubes Monolayer, Multilayers Hydrogenated amorphous

C84 Manoribbons, Quantum dots

Figure 1.5: Structure of different carbon structures[9].

1.6. Future of Nanotechnology

Since the nanotechnology movement progresses, patterns in intellecheatyare beginning to
emerge that may indicate industrialization. The United States and Eastern Asia are emerging as

innovation leaders, which might suggest where the largest economic consequences would occur.



Moreover, technology fields where intelleatyproperty protection is slowing i.e. Computers and
Electronics, Chemistry, and the Photovoltaics section of Energy may imply that sections of the
current technologies are shifting from the research phase to manufacture and marketing. As a
result, signifcant nanotechnology applications and products might emerge in these industries. On
the other hand, industries like energy, particularly energy storage, where the pace of patenting is

still high, might see further commercialization in the future.

However, tis not a novel idea to create siliceln@sed elastomers that are electrically or magnetic
conductive, and both in natuf@0, 11} Neverthelessthe fabrication and stability of the final
sampleare always an issue, which is the major focus of this thesis. This thesis significantly
contributes to the development, characterization, and fabrication process of flexible conductive

polymer materials.
1.7. Background Research

1.7.1 Fabrication of Nanomaterials

A wide variety of methods have been usedabricate conductive polymerKim et al. [12]

developed a simple method of mixifi@arbon NanotubesCNT) and (Polydimethylsiloxang

PDMS in association with isopropyl alcohol (IPA) and metieyminated PDMSUIltrasonication

was usedto obtaina uniform dispersion of CNTs inside the PDMBaey achieved high
conductivity with sheet resi st aimaudelastickyZnioreQ/ s q,
than 45% yield strain)the excellent tensile stress of ~3.65 MPa, good strain sensitivity and
stability (gauge factor reaching 10,000 cycles). The fabrication method that they provided was low
cost, simple, and rapid and also has ynadvantages in the fields such as wearable electrical

stimulation and detection devices, and biomedical applications.



Ozhikandathil et al[13], propose a novel method of synthesizing the electrically conducting
nanocomposite using an in situ reduction of gold icosbined with simple mechanical
stimulation of silver nanopartideandMultiwall CarbonNanotubefMWCNTSs). The method is

simple and does not require any strong mixing apparatus stletwdisasonic bath or shear mixer,

and can be carried out in a geaidaboratory environment. The in situ reduction of gold ions from

gold chloride aqueous solution by the curing agent in the PDMS hence forms the gold decorated
and homogenously dispersed PDMS matrix by simple hand mixing. The process resatted in
electically conducting nanocomposite with lower electrical resistivity up toc3.6%Q - mApart

from the simplicity, a major benefit of the proc
conductivity can be achieved with smalleramountof c o n d u ¢ t iproducinfjdn lulea |,

flexi bl e and el ectri cal litg. Moreoved thenanocomposedh &S n an o

micro-patterned to manufacture flexible sheets widttical signal routing lines

Cavas et al[14], tried to ncorporate carbon nanoparticles like MWCNTSs (pristine and carboxyl
functionalized) angiraphene oxid€GO) to enhance the mechaal properties of PDMS coatings

for marine applications. While optimal dispersion of nanofillers into polymer matrices is difficult,
one of the primary goals of this research was to investigate the PDMS mechanical reinforcement
by creating alternative diersing ways of pristine MWCNTSs into the PDMS matrix. To have a
better dispersion of nanoparticles in the PDMS matrix, xylene was used as a solvent. Based on the
findings, the mechanical properties of nanocomposites have been influenced by the presence of
MWCNTs and the form of carbon nanopatrticles. By adding 0.50 wt.% MW@ PDMS, the

highest tensile strength (0.59 + 0.07 MPahd elongation values (116.67 + 1L8&lwere

obtained, although there was a steady reduction as the MWCNTSs content increased
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Misraet al.[15] created thin, multilayer materials with vertically aligned carbon nanotube (CNT)
arrays and poly dimethyl silaxe (PDMS) polymer layers toharacterizetheir mechanical
performanceunder compression. It is possible to create multilayer structures with low density
(0.120.28 g/cm) by using CNT arrays that wesynthesizedvith graded mechanical properties
along treir thickness. The resulting materials have a fibrous, hierarchical structure and distinct
mechanical characteristidd5]. Also, Zhang et al. [16] introducel a transparent stretchable
conductor with weHaligned CNT ribbons integratedtaa CNT/PDMS film made oPDMS. The
CNT/PDMS film is capable of retaining stable conductivity under repeated stretching to strains of
up to 100% because of the good ifttdse contact and stable CNTamgement in the CNT ribbons

[16].

In other work Ozhikandathil et al[17] alsointroduced a novel procedure of synthesizing the Au
MWCNT hybrid composite and deposition of a glass substrate by drop casting to a coffee ring
pattern is explored to make MWCNT bundlescbme locally sensitivéor LSPR (Localized
surface plasmomproperties which shows advantageous of MWCNT for LSPR sessicly as
chemical and bio specidderren et al[18] examined the impact of microwave irradiation on the
electrical conductivity of PDMS nanocomposites with distributed MWCNTSs. The characteristics
of microwavecured nanocomposites were compared to those produced using a regular oven by
the thermal technique. Due to better nanoparticle dispersion and likely CNT alignment, the
microwavecuring approach significantly increased the electrical conductivity of the
nanocomposites. Nanocomposites with 1 wt.% CNTs treated witstepanicrowave irradtion

had a conductivity increase of 142.8% over thermally cured nanocomposites.

Wu et al.[19] presenthe fabrication and evaluation of a flexible temperature sensor based on a

composie of flake graphite, carbon nanotubes, and polydimethylsiloxidigh-temperature
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sensitivity and good linearity are displayed by the sensor. The screen printing procedure is used to
create theFG (Flake Gaphitg/CNT/PDMS temperatursensitive films. Therheology of the
FG/CNT/PDMS inks demonstrates their superior printabihiy. et al.[20] showa technique for
fabricating conducting composites based PDMS that can be used to pattern conductive
structures. These composites are created by combining conductivetoana@rometersized
particles with a PDMS gel. According to the results of the experiments, it is possible to build and
incorporate 2D andC3 conducting microstructures into the PDMS base material. These composite
microstructures exhibit excellent conductivity as well as good mechanical and thermal
characteristics. The benefit of using PDM&sed conducting composites is the simplicity with
which these microstructures can be bonded to and embedded in-B&3d& microchips, greatly

enhancing the functionalities that can be achieved.

In a study bySepulvedaet al.[21], the underlying aligne€NT morphologyis how the elastic
response of vertically aligned CNT/PDMS nanocomposites behaves. A flexible PDMS substrate
is embedded with multiwalled carbon w&mbes (MWCNTS) afl vol.% to produce a flexible
polymer nanocomposite (PNC). The findings imply that even after wetting and curing PDMS, the
CNTs maintain their alignmeniVu et al[22] looked into the mechanical characteristics of PDMS
and a combination of PDMS and carbon nanotubes both statically and dynamically. To avoid
agglomeration, an ultrasmndevice was used to stir the PDMS/CNT nanocomposites. The
thermoforming technique was used to create the test specimens of hanocomposit&s fir150

15 min. The elastic modulus monitoring outcomes from a nanoindentation test follow a similar

pattern tathe outcomes from the tensile test method.
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1.7.2 CNT/PDMS Applications

Wang et a[23], introduced a layeby-layer fabrication of MWCNTSs and nickel ferrite (Ni&)
nanoparticles, followed by a PDMS coveihich was used to create a flexible and robust EMI
shielding cotton fabric. The cotton fabric was effectively produced with effi@ésttrical,
magnetic, and thermal conductive pathways thanks to the strong interfacial contacts between
MWCNTs and NiFexOs. The polymer blend fabrics have excellent electrmoalgnetic
characteristics, exceptional EMI shielding effectiveness, and sianifyc improved thermal

conductivity.

Hong etal. [24] have devised and manufactured electrical routing andreted packaging using
bio-compatible flexible substrates. The achieved packaging technology may incorporate electrical
circuits, stationary components, and moving components on flexible substrates. They employed
polyimide as the electrical circuit's sutade material, and PDMS is used as the outer covering to
seal the entire device. When flexibility is required, this adaptable package can be applied to
communication or sensing goods. It will be beneficial in wearable health monitors as well as

flexible electronic equipment.

Raju et al[25] have introduced a new approaclsémsing and detecting exosomes in body fluids
and cell cultures. This is an optical technique, basetdedrSPR of silver nanoparticles. They use

a synthetic peptide to provide a straightforward ldies strategy for capturing and detectbed)-
derived vesicle$EVSs) based on the sensitivity of the silver plasmon band to the surroundings of
the silver nanocomposite PA.SPR detection approach was employed to quantify EVsiriltined
findings suggestethat a labefree method based on the reactivity of the /8PR band tdhe

local environment could be useful for detecting exosoBeset al.[26] fabricateda temperature

sensing flexible Wheatstone bridge that was fully inkjet printed. The materials for the positive and
13



negative thermal coefficients are a mixture of poly@ylenedioxythiopheng: poly(4-styrene
sulfonate) (PEDOT:PSS) and dimethyl sulfoxide (DMSO) and a carbon nanoparticle ink. Printing
the solitary substances onto PEN substrates is followed by encapsulation. The Wheatstone bridge
sensors demonstrate a sensitivity of 4/fC at a bias current of 1 mA and exhibit good linearity

and little hysteresis over a temperature range €20 70°C.

In other work, by using the ninhydiRDMS composite, they introduced a novel method to
identify ammonia. By incorporating ninhydrimto the PDMS polymer matrixa composite
polymerfilm is created. In addition, an optical kalo-a-chip device for ammonia detection is
designed by introducing the ninhydymlymer composite into a microfluidic device. Varying
optical absorption charactstic is a result of the chemisorption of ammonia onto the composite
[27]. Tsaoet al.[28] demonstrated a brasrew technique for creating tempéire sensor arrays

by electreresistively dispensing polymer onto stretchable polyimide films. The sensor array can
be used as an artificial human skin for robots' sensory systems. The-sdeidtive composites

used PDMS as their matrix, and various@active fillers, including carbon black, graphite
powder, and carbon natfibrils, have been studied. The shapes and sizes of various heat sources

are in good agreement with the detected temperature contours.

Ramalingame et a[29] developed a Versatile tactile pressaemsor array based on multiwall
carbon nanotubes (MWCNT) and PDMS-basedptedswee fiel d
sensor was introduced which has high sensitivity with minimum load range. Morao4¥e8

tactile sensor array design, which mightfog into robot fingers, is presented. The pressure
sensor's great sensitivity provides accurate grabbing, with the capacity to detect minuscule items
as small as 5 mm and weighing 1Lgi et al.[30] demonstrateé a brandnew resistive sensing

array that can both store and remotactile imagesMWCNTSs and silver nanoparticles were
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dispesed through PDMS polymer with the aid of the dielectrophoresis (DEP) procedure to create
the sensing materiaConductive CNT networks within the polymer are broken when the sensing
element is pressed, raising the element's resistivity. After the exfemal is removed, the
polymer still exhibits resistivity, and by reforming the conductive CNT networks with DEP,
resistivity can be restored to its initial vallidis study explores the characteristics of devices with
various electrode gaps and shows #ifectiveness and reliability of the suggested sensing

elements.

As mentioned earlier this thesis significantly contributes to the development, characterization, and
fabrication process of flexible conductive polymer materidls.the best of our knowleég
combining Nanéfillers with the base polymer in low wt.% has been investigated a lot in the
literature ands mostly limited to one kind of filler. This research will go beyond the amount that
literature reported mostly for CNT and PDMS, and also usseicond filler to see the difference.
Comparisorof different mixing methoslis also the other purpose of the research. The literature
mostly used PDSM as the base polymer, which is a none conductive polymer, here also a
conductive polymer will be repladefor PDSM to see the effect of the base polymeithe

conductivity.
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Chapter 2. PDMS/CNT Composites

PDMS/CNT composite is a type of composite material that is made up of a polymer matrix,
polydimethylsiloxane (PDMS), and carbon nanotubes (CNTs) that aredeietb within the
matrix. PDMS is a widely used silicofiimased polymer that is known for its excellent elasticity,
biocompatibility, and optical transparency. CNTs, on the other hand, are cylindrical structures
made up of carbon atoms that have a high asjp¢io and excellent mechanical, thermal, and
electrical properties. The combination of these two materials leads to the formation of a composite
material that exhibits unique properties such as high mechanical strength, electrical conductivity,
and impraoed thermal stability. This has led to the widespread use of PDMS/CNT composites in

various applications such as sensors, energy storage devices, and biomedical devices.
2.1 Polydimethylsiloxane

Polydimethylsiloxane which is a silicottsed elastomer has beddely used in the manufacture

of microfluidic devices as a structural materjall]. Biocompatibility, optical transparency,
mechanical and chemical stability, low electrical conductivity, low ,castl ease of micro
patterning arenly a few of the unique qualities of PDMS, which have made it appealing for the
development of biological and chemical micro dev[8&3. There are also two features that PDMS
got benefits from them: it is a thermosetting polymer and also has uncommon rheological
properties. The chemical formular PDMSis CHs[Si(CHz)20]nSi(CHg)s, wheren is the number

of repeating monomeanmnits [SiIO(CH)]. Figure2.1 shows the chemical structure of the PDMS.
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Figure 2.1: Chemical structure of PDMS[33)].

Due to weak adhesion between PDMS and metals, integrating and patterning of conducting lines
and magnét particles on PDMS hakeenfound mmplicated[1]. Finding a way to embed
functionaly electrically conductive and magnetic material in bulk PDMS is highly crucial for
applications such asgsial routing, EMI shielding, interfacing to signal processing electronics, and
actuation purposes. When a metal/metal alloy integration, is flexed, bent, or twisted¢rack®

will appear on the surface of the integrated conductive lines, leadingctacgkediscontinuity

[34].

Electricalandthermal conductivity are two propemig¢hat conductive polymearana@omposites

can exhibit. Furthermore, heat dissipation applications for the management of excessive heat
generated in integrated circuits have shown a lot of interest in polymer composites with high
effective thermal conductityi. Electrically conductive polymer composites, on the other hand,
have a wide range of applications in electreaicd nanotechnology industries. They have unique
features that allow them to be employed as smart materials in applications such as sensors,
optoelectronics, and print electronics. Obtaining hybrid conductivities, on the other hand, is a
difficult task to achieve in terms of balancing the composites' entire package of features. One or
more fillers may be utilized, although preserving the mechaaqualities of the polymer matrix

becomes increasingly challenging as the number of fillers gi@bys
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As mentioned earlieone of the features of PDMS is its low electrical conductivity.modify

the electrical properties of PDMS, conductive nanoparticles can be added to the polymer matrix
[36]. These conductive polymers are attracting much attention recently in the applications such as
MEMS, microelectronics, microsenspmicroactuata, and microfluidic and lalon-chip (LOC)

[37]. And have the potential to be used in flexible systems. Therefore, developing a micro
patternable nanocomposite polymer suca@nductive PDM$Shased polymer is of great interest.
Although micromachining and MEMS techniques have their roots in the shiased IC
community and have been gaining popularity, there have been advancements in material and
manufacturing methods. Polymer microfabricatiecmiques such as soft lithographwicro
molding and microinjection molding have been creatg®]. MEMS, in conjunction with
microfluidics, can provide accurate control of fluids on micromauscales, for instance, in drug
delivery systems. To achieve such systems, all of the necessary compousnie mownsized

and integrated into a fully functional system. To achieve complex operations such as the detection
of disease markers or environmental toxins in small (e.g., nanoliter) specimens of fluid and
tracking, these systems may include variougt®ador sample/drug storage, chemical reaction

chambers, fluid control, analyte isolation and sensing, and measurement.

Several forms of filler have been utilized to incorporate into the polymer matrix from the initial
discoveries in polymer compositesariicles can be categorized into two size ranges: micro and
nanoparticles (NPs). Organic and inorganic NPs are two types of nanopatrticles that have just lately
been discovered and categorized based on their physical and chemical characteristics. The so
called "Nanagscale" effect is based on the fact that NPs have a large specific area due to their tiny
size. When NPs are utilized as fillers in polymer matrixes, this effect can lead to improvements,

and it increases the chance of constructing polyraeoconposites with higher performan{s].

18



2.2 Carbon Nanotubes

Since the PDMS is an electrically roonducting elastomeimtegratingelectrically conducting
material such a€arbonNandubes (CNT), Gaphene (G), Carbon Black (CB)pld (Au), and

silver (Ag) will increase the conductivity of the composite. Theeotdisadvantage of PDMS is its

low mechanical performance. Among these fillers, CNTs have attracted more attention to be used
asa rancfiller for polymer composites due to their unique properties such as excellent electrical

and mechanical propertieswalensity and high aspect rati@9].

In 1991, lijima et.al.[40] announced the finding of a novel allotropic carbon form with a
unidirectional structure. This substance was given the nMuoédiWalled CarbonNanotubes
shortened 28"MWCNTSs. The arc discharge approach was used to crSatge-Walled Carbon
Nanotube’s (SWCNT) two years later. The graphene sheet is characterized by the hexagonal
arrangement of carbon atoms. A SWCNT or MWCNNT is formed by wrapping single or several
graphene sheets, respectivellgjgure 2.2). For SWCNTSs, this wrapping results in a seamless
cylinder, whereas for MWCNTS, it results in layered graphene cylinders organized around a central

hollow core[35].
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” Graphene
sheet

Figure 2.2: Structure of Graphene sheet, SWCNT and MWCNT[4(Q].

CNTs have been the subject of much research from both a basic and practical standpoint since
their invention. based on experiments and simulations, by adding CNTs into a polymer, even in a
small amount,the electrical conductivity of the coposite will rise dramatically, without
significantly reducing the intrinsic properties of the polymers. Duthédigh aspect ratio of
CNTs, makinganelectrically conductive path inside the polymer would be more probablewat
concentration of fille.which define as electrical percolation, and will lead to a eeéctive
product. Understanding anutedicting the overall electrical conductivity of the composites with

the incorporation of the conductivity mechanisms are essential for engineerirogappd. These
extraordinary combinatiaof the unique qualities of PDMS and superb electrical conductivity
and mechanical properties of CNTs, have made -BBWMS nana@omposite a favorable material
candidate for many applications, such as wearable serdectiical routing, electromagnetic
shielding, energy harvesting, et¢4l]. Even thoughthe mechanical properties of all

MWCNTs/PDMS nanocomposites were betternthhose of neat PDMS, there was a gradual
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decrease in these values when MWCNTs content was further increasedth&lddermal
conductivity of carbon nanotubes covers a wide raf§@nonrenhanced conduction methods
result in thermal energy transfer. Teggocesses are influenced by a variety of factors, including

the number of active phonons, the length of the free route, and the distance for phonon diffusion,
all of which are influenced by the length and diameter of the RS]s Choosing the suitable
technique for the development of CNTs insiaeolymer matrix should be done carefully
depending on the kind of NPs and the needed attributes. The way the fillers are disseminated inside
the polymer matrix is determined by the techniques and production methods, hence the final

characteristics of the condue polymer are heavily influenced by th¢&b].

CNTs content in the matrix is another factor that affects the dispersion of nanoparticles, since
above a critical CNTs concentration, CNTs tend to form aggregates which can cause deterioration
of the mechanical properties of nanocompo$ités Furthermore, Good dispersion and lgegn

stability of CNTs in various matrices are required to fully realize the entire potential of CNTs.
Moreover, due to the increased contact at the interface between the polymer matrix and the fillers,
improved filler dispersion improves the mechanicalrabgeristicsof carbonnanotubepolymer

composites

Chemical treatment and mechanical treatment are the two approaches that may be used to produce
homogeneous and lofsigrm stability of CNT inside the polymer matrix. Chemical treatments
include the wetmedanicchemical reaction method that is using acid treatment, electrophilic
addition of functional groups under microwave irradiation, and plasma treatment. While
mechanical treatments atensideed as physical mixing of the nanoparticle in the base matrix

using ultrasonication, shear mixing@nd magnetic stirring. Among these, us@nication with
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increased power offers significant energy teagglomerate particle clusters with substantial

impaction on nanoparticle clusters, allowing for homogenousun@gito be obtained.
2.3. Methodology

2.3.1 Materials

CNT15 withan outer diameter of 8 to 15 nm and length of 10 to 15 um with >95% purity was
used and purchased from Cheap TulBd3MS waspurchased fronB8YLGARD 184 Silicone
Elastomer Kit (Dow Inc., USAA PDMS mixure was prepared by mixing the base elastomer and
curing agent at 10:1 by weighsing an Ultrasonic Processor (750W, Vi@a | | [tWhas placed

in a desiccator hooked up to a 256@Bvacuum pump (Welch, USA) to remove air bubbles within

the mixture. Tk PDMS was pl aced i BOminutestocoatace at 60
2.3.2 PDMS/MWCNT fabrication

In this work a composite of MWCNTBRnd PDMS has been developed. To obtain a homogeneous
distribution of MWCNTSs inside the polymer and also make MWCNTSs functionalizeptamized
dispersion technique using isopropyl alcohol (IPA) in combination with-s¢irécation was used.
Because both MWCNTs and PDMS are quite soluble in isopropyl alcohol (PA)yasused as

a solvent. IPA has an amphiphilic structure (three hgahtwon units and one hydroxyl group). The
hydrophobic component of the carbonaceous nanotube complexes (CNT/IPA complexes), adheres
to the highly hydrophobic MWCNT surface, generating 4€bated MWCNTSs with hydroxyl

groups on the outer laygt?].

By mixing and sonicating MWCNTs and IPA and consequently exerting physical forces on the
MWCNTSs by the ultrasound source to overcome van der waals forces between aidachezes,

powerfully aggregeed MWCNT bundles will tempordyi get detached and space between
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MWCNTs will be filled with IPA. After sonicatingfor around 10 minutesgz small amount of
silicon oil (MEP) was added and blendatb the solution for 10 minutes by sonication. MEP has
—(CH3)2SiO structural unit and merimportant, it is a nomolatile polymeric organosilicon
material[12]. MEP clings to the hydrophobic MWCNT surface via penetrating the IPA phase in
individual MWCNT/IPA complexes. Then, PDMS will be added to the MWCNT/IPERV
sample and sonicated for 10 more minutes. By this method, PDMS will make direct contact with
the MEP phase around MWCNT and consequently will have a stable and homogenized
MWCNT/IPA/MEP/PDMS solution as you can sedrigure2.3. Then the sample will be placed

in the oven at 70C for 30 minutes until IPA is vaporized.

Figure 2.4 also showshe schematic preparation method of the whole mixtauding the
pouring and peelingff method. Basedrothe mold geometrydifferent shapes and sizes can be
simply generated. By this methathe final sample will ensure high flexibility, elasticity, and
electrical conductivity along with biocompatibility and mechanical stabiitgure 2.5 showed

step bythe step fabrication process.
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CNT/IPAIMEP/PDMS-A CNT/MEP/PDMS-A CNT/PDMS

Figure 2.3: Schematics od CNT/PDMS composite fabrication. (&) dispersion of aggregated12].

CNTs in IPA solution usingltra-sonication. (d) addition of MEP which wrapped the CNT/IPA.
(e) PDMSA wasadded and attached to MEP. (f) IPA is evaporated by heating. (g) fabrication of
CNT/PDMS composite by addirecuring agent (PDM) for crosslinking of PDMS[12].
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Figure 2.4: Mixture preparation following with pouring method
Step 1: Sonication (10 min per addition) Step 2: Oven Drying (70°C for =30 min) Step 3: Curing Agent + Mold and add PDMS upper

layer

Step 4: Oven (65°C for =30 min) Final Product Quantities
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Figure 2.5: Step-by-step fabrication process
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2.3.3 Electrical Measurements

To measure the resistancewa-point probe multmeterhas been used. The prolvesreplaced
on top of the conductive lines with a known distance and then resigRigr®asread from the
multi-meter(distance between measuring probewas 10.min) e r esi sti vity (p,
met etm),andonductivity (o, nmeetar,sSIny), eath bei calculatedeising n s  p -

Equationg2.1) and(2.2), respectively.
Y O (2.1)
p (2.2)

Where R is the resi st sectoeardgnm?andlisthe l¢n@h between i st t
the probe tip in meters (mligure 2.9 displayshe conductivity of the CNT30 and CNT15 in

different wt.%.
2.3.4 Thermal Measurements

A constant 5V potential was applied to the conductive lindbd®C-regulated power supply and
thetemperature was measured by a thermocoliirire2.6). DAQEXpress software was used to
record the temperature in reine. Figure 2.7 also shows schematic of setup configuration for

temperature test.
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Conductive Line

Figure 2.6: Setup configuration for temperature test.
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* DAQ d Tip Side view
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Figure 2.7: Schematic of setup configuration for temperature test.
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2.4. Resultsand discussion

2.4.1 Electrical Properties of MWCNT/PDMS composites

Different ratios of MWCNT/PDMS compositeave been testetb reach the bestlectrical
conductivity. In our experimestwo different MWCNTSs haveeenexamined, CNT30which has
anouter diameter of 230 nm and length of 180 um, and CNT15which hasanouter diameter
of 815 nm and length of 160 pm. CNT15 hasa higherlengthto-width aspect ratio that might
affect the resultsDifferent percentages frod8 to 50 wt% of MWCNTdhave been analyzed

Figure2.8 shows theresistanc®f the conductive lines by increasing the MWC{NRble2.1).

The measuring distance of the probe for resistance is 10 nyn TRe results indicated thay b
increasing theumberof MWCNTSs in the polyrer matrix, resistance will decreaseponentially
However,while CNT30 and CNT1%5lecrease at different ratdsthreach the sameesistance at

35 wt.%

It is pertinent to note that no prior literature has reported on the addition of carbon nanotubes
(CNTSs) in polydimethylsiloxane (PDMS) at a concentration exceeding 30 wt.%. However, in our
study, we surpassed this concentration level by incorporating CNTs up to 50 wt.%. It is imperative
to mention that as the concentration of CNTs was increased to 80 avido, the curing time of

the composite material increased to six hours. This phenomenon represents a significant challenge
that has not been addressed in previous studies that were limited to CNT concentrations of up to

30 wt.%.
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Figure 2.8: Resistance variation by MWCNTs percentageNT30and CNT15) (error bar indicates range,

n=10).

Table 2.1: Measured resistance for PDMS/MWCNT composite with varying wt.% 6 cnt30and CNT15.

Percentage (wt. %) CNT30 ResistanceRi0 (kq) | CNT15 ResistanceRio0 (kq)
18 131.@0 + 26.22 30.00 + 3.59
20 83.63+ 26.99 21.60 + 4.96
25 73.10 £ 26.13 11.30 £ 1.53
30 58.55+ 16.94 6.02+1.76
35 8.43+ 2.64 6.05+1.14
40 6.42+ 3.04 4.63 +2.22
50 4,16+ 1.32 3.78 +1.88
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In Figure2.9, a transversal cut of our miehmes is shown in clarity, which is taken with a scanning
ultrafast electron microscope (SUEM). Although there is no obvious sepakstoeen the

PDMS and the conductive composition, it is still possibledigtinguishthe two materials,
demonstrating how strongly they have bonded. This demonstrates that even though the electrical

lines and PDMS are attached, neither material will dggperto the other during preparation.

315 pm
-

162.5 um

PDMS/CNT
conductive line

F=-===1=

Bulk PDMS

100 pm

Figure 2.9: SUEM image of a crosssection of a micro conductive line

Thecrosssectionakrea of the line was also calculatede2.8x10® m? andthe distance between
the probes was0 mm. using both the crossectional area arldngth, it was possible to calculate

the resistivity and conductivity using Equation (2.1) and (Z'aple2.2).
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Figure 2.10: Conductivity of the CNT30and CNT15in different wt.% (error bar indicates range, n=10).

Table 2.2: Electrical properties of PDMS/MW CNT compositeswith CNT30and CNT15.

CNT30 CNT15
Percentage Resistivity, o | Conductivity,, | Resistivity, o | Conductivity, ,,
(wt.%) (QAm (S/m) (@ Am (S/m)
18 0.3686 2.71 0.084€ 11.90
20 0.2341 4.27 0.0605 16.51
25 0.2046 4.88 0.0310 31.51
30 0.1639 6.10 0.0173 57.55
35 0.0236 42.37 0.0169 58.95
40 0.0179 55.86 0.0129 77.22
50 0.0116 86.20 0.0106 94.33

Figure2.10 shows a linear increase of conductivity with MWCNT content for composites with

both CNT30 and CNT15 hehighestconductivityachieved wa84.44 S/nfor CNT15 while the
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second highest is 86.20 S/m for CNTB6that 50 wt.%.This is attributed ttheincreasing aspect
ratio of the fillers whichimproves theonductive pathinside the polymej41]. However results
reported inthe literature achievedgignificantly higher conductivitiesOzhikandathilet al.[13]
reported a conductivity of 285.7 S/m using the same mixingeemhratiormethod butwith the

addition of aqueous gold chloride and silver nanopatrticle to their saution

A flexibility test was conducted on the composite material whereby the conductive line was
subjected to bending, and the resultant resistance was measured to detect any possible alterations.
The findings indicated that the resistance remained unafféetgpite the bending, and no cracks

were detected on the line. Thus, it can be deduced that the composite material under scrutiny

exhibits considerable flexibility.
2.4.2 Thermal Characterization (Joule heatingstudy)

Figure2.11 shows the temperature profiles mfcro-lines with 30 wt.% and50 wt.% CNT 15.

Both samples were measur@adoom temperature (23). As soon as the current passed through
the lines the temperature increased drastically and reached 106 °C andd@530Wt.% and
50wt.% MWCNTS, respectively. The test was carried out for 15 minutes, and after turning the
current off, the temperature dropped immediately to 40°C before slowly cooling to room
temperature. fle Emperature raise was due to the resistaicthe line, and afigure 2.11

indicates for higher resistand¢betemperature increased more.
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Figure 2.11: Temperature variation by time by applying voltage for PDMS + MWCNTs 30wt.% and PDMS
+ MWCNT s50 wt.%.

2.5, Conclusionand Future Research

In this chapterMWCNTs were mixed with PDMS to fabricate conductive lines. Previous works

have not investigated composites that contain more than 30 wt.% MWCNT. Two different
MWCNTSs of different sizesvere evaluated tmvestigate the efet of t he fil l er ' s
conductivity. The best conductivity that could reach by this metvad94.33 S/mfor CNT15at

the 50 wt.%. However, other wobly Ozhikandathikt al.[13] reachedresistiviiyo f 0. 0035 Q-

(or conductivity of 285.7 S/m). Thougdheir process wasimilar[13] they also used aqueous gold
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chloride solution and silver nanopartigl® their solutionsWhile the results obtained show a

novel fabrication method, there is still room for improesrm

Adding other fillers such as silver and gold might hawetter impact on the conductivity and it
needs to be investigated. Also, the base polymer which was PDMS in this study is an insulative

polymer. Using a conductive polymer could also be amastang subject to work on it.

Finally, theJoule heating studyasconductecn linesof CNT15 at 30 and 50 vt of showed
that by passingacurrentthrough the lingthetemperature inceasedrom room temperature to 100
i n | ess .{The eesultsandicate thiiteéseePDMS/MWCNTixturesare suitable for

temperaturesensitive devicesuch as temperature sensors, thermocouples, or therrudfut
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Chapter 3. Integration of Silver Nanoparticlesinto MWCNT/PDMS

Composites for Improved Electrical Properties

Integrating  silver  nanoparticles  into MWCNT/PDMS  (muwitalled  carbon
nanotubes/polydimethylsiloxane) is a promising approach for developing new materials with
improved properties. MWCNT/PIIS is a composite material that combines the strength and
electrical conductivity of carbon nanotubes with the flexibility and durability of PDMS. The
addition of silver nanoparticles can further enhance the electrical conductivity and antibacterial
propeties of the material. The integration of silver nanoparticles into MWCNT/PDMS can be
achieved by several methods, such asitin synthesis, electrochemical deposition, and physical
mixing. The resulting composite material can have a wide range of pbsgylecations in fields

such as electronics, biomedicine, and energy storage.
3.1 Introduction

Combiningmetdlic conductivenananaterials such as gold nanoparticles and silver nanopatrticles
with CNTs, the advantageousharacteristicof two components in lyid materials, and their
applicationsarealso mentioned in the literatufé2-44]. Among all the metéc fillers, the Ag-

CNT component has attracted much attention duis ftential application aanopticalllimiter

[45], advanced materi@dl6], and catalysf47]. Silver nanoparticlesAgNP) are well known for
having outstandingiological, mechanical and electrical properti¢48]. In a work by Liang et
al.[49] For the first time, fully stretchable whifgolymer lightemitting diodeg(PLEDS were
successfully fabricated using a polyurethane acryatdA) film coated with graphene oxide
solderedGO)silver nanowir§ AQNW) percolation network (GEAgNW/PUA) as the transparent

conductive electrode (TCE)n the GOAgNW network, GO sheets were wrapped around the
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AgNWs and their junctions, reducing irearowire frictional resistance and preventing nanowire
disjoining and sliding.According to the resultsthe GOAgNW network stretchability was

improved,while electrical conductivity did not decrease under high tensile §¢@jn

Amjadi et al.[50] reported a strain sensor with high stretchability and sensitivity based on
AgNW/PDMS elastomer nanocomgites.The maximum stretchability of the sensor is 70%, and

it has a strong piezoresistivity with tunable gauge factors (GFs) ranging from 2 to 14 depending
on the loading oAg NW [50]. Choiet al.[51] could electrojte Ag-plated MWCNTS,to examine

the impact of plating time on the thermal conductivity ofglgted MWCNTsreinforced epoxy
matrix compositesAccording to the findings, the composites' thermal conductivity improved with
longer plating times. Particularly, the A@/EP sample demonstrated a greater than 150% increase
in thermal conductivity when compared to the CNTs/EP sample that had been r¢s&jvéd
research by Xin et al52] silver could be successfully added to carbon nanotubes by usiNg the
N-dimethylformamide (DMF).The outcomes demonstrated that when compared to pristine CNTS,
Ag-CNTs could significantly enhance the mechanical and electrical conduciititg polymer

The highest electrical conductivity that they could reach was 10052{min other work done by

Ma et al [53], to improve the electri¢@onductivity of carbon nanotubes (CNT), a straightforward
method for coating them with AgNPs was creat8dver-decorated CNTs were created by
functionalizing CNTs using ball milling in the presence of ammonium bicarbonate and then
reducing silver iongn N, N-dimethylformamidel00 S/m was the highest conductivity that they

could achievg53].
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3.2 Methodology

3.2.1 Materials

As discussed i€hapter2, the highest conductivity that could reach Wds33S/m with CNTL5.
Here, AgNP has beercombined with CNT150 enhance the conductivitf the polymer The
AgNP wasless than 100 npwhich contains PVP dispersant, 99.5% trace metals (fBigisia

Aldrich, USA).

AgNP wasincorporated at different ratios. Previous results showed that the highest conductivity
for MWCNT/PDMS composites samplgas achieved at 50 wt% filler (CNT15) and 50 wt%
polymess (PDMS). Samples were prepared at the same ratio AgitP andMWCNT accounting

for half composite by weight. By varying the MWCNTAgQNP ratio, four different compositions
(Table3.1), were achievedThe area of the line was8x10® m? and the distance between each

measuring probe wa®Inm.

Table 3.1: Composition of different samples with varying MWCNT and silver content

Composition (wt%)
Sample MWCNT s (CNT15) AgNP PDMS
C30S20 30 20 50
C35S15 35 15 50
C40S10 40 10 50
C45S05 45 5 50

3.2.2 Fabrication

To ensure a homogenous distribution of AQNP witihi@composite, two mixing methods have
been employedviethod 1 is similar to the method of fabricating for MWCNT/PDMS composites
described irSection2.3. MWCNT wasadded to IPA al:100by weight, then ultrasonicated for
10 minutes. MEP is added at 1:5 to PDMS and ultrasonicated for 10 mitngieshePDMS is
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added,and the solution is ultrasonicated for another 10 minétgBlP is added and the mixture
is ultrasmicated a final time for 2 minutes. The solutionisthenplaca a f ur nace at
minutes to evaporate the IPA. In method 2, themnechangewhenAgNP is added, instead of

ultrasonicatn to exert mechanical foraen the particleshear mixing is used

3.3 Results

Figure 3.1 demongrates the variation of the resistance in different sampfexed by ultra
sonication and shear force method. As it shows, in the-sgingcation method by incasing the
amount of the CNTSs, the resistance will decrease constantly, and the lowestaesistsh66m

for C45S05. On the other hand tiveshear mixing method, resistance is descending until 35 wt.%
(C35S15 and after that by adding more CNTSs, resistance started to increase. the possible theory
for this action ighelack of forceexerted orthe mixtureto de-agglomeratéhe CNTs inside the
polymer. Also,Figure 3.2 showsthe conductivity change by each sample for both shear mixing
and ultrasonication. According to the resultsehighest conductivity that could reach was P41

S/m whichwasachieved fothe C45S05 sample by ultsonication.

Detailed information regarding resistance, resistivity, conductantystandard deviationan be

find in Table3.2 andTable3.3.
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Figure 3.1: Resistancevariation in different MWCNT/ AgNP ratio s, mixed with ultra -sonicationand shear
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Figure 3.2: Conductivity variation in different MWCNT/ AgNP ratio s, mixed with ultra -sonicationand shear
mixing (error bar indicates range, n=3).

Table 3.2: Measured resistance for PDMS/MWCNT/AgNP compositedlendedwith ultra -sonicationand

shear mixing(n=3).

Sample Ultra -sonicationresistancgkq ) Shear mixingre si st anc e
C30S20 8.02+ 0.70 7.4+0.9
C35S15 4.08+0.73 45+1.0
C40S10 3.78+ 0.77 6.2+ 1.0
C45S05 3.66+ 0.81 9.6+1.1
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Table 3.3: Electrical properties for MWCNT/AgNP, blended with ulrasonciation and shear mixing(n=3).

Ultra -sonication Shear mixing
Average Average Average Average
Sample| Resistivity, o Conductivity, ,, Resistivity, o Conductivity, ,,
(QAm (S/m) (Q A (S/m)
C30S20 0.01665 60.06 0.01804 55.41
C35S15 0.01025 97.9 0.00918 108.84
C40S10 0.01398 71.49 0.00851 117.47
C45S05 0.02174 45.99 0.00825 121.21

3.3.1 Scanning Electron Microscopy

To have a clear view of the wholexture, SEM images have been takBigure3.3 shows aap-
downview of the conductive lineA mixture of PDMS,CNT15 andAgNP (C45S09j is shown.
Fromthe SEM images, larger silvaangarticles(white dots)can be seen to hawank to the

bottom (area A) and smaller silveangartides floated at the top (area B), area C is PDSM mold.

Figure 3.3: SEM image ofC45S05. (Area A refers to zone of largeAgNP, Area B refers to snall AgNP, and
Areac C refers to PDMS mold.)
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Figure 3.4 shows a closeip of aPDMSCNT/AgNP line. Due tofabrication taking placen an
ambient atmospher# is possibleoxidation occurregwhich hasaconsiderably negative effean

the conductivity To determinevhetherAgNP oxidized witln the sample, chemical analysis has
beencarried outTable3.4 shows thattie oxygen levedt the silver particleis thesame througbut
thesampleas clarified bytheanalyticaldata This indicates that there no oxidatiorof the silver
within the compositeSpectrum 1, 2, 3 andi$at A section which contains larger AQNP, spectrum

4is at B sectiorwhich mostly has smaller AQNP and spectrum 5 is pure PDMS.

Figure 3.4: Chemical analysis of PDMS, MWCNT andAgNP

Table 3.4: Analatycal data ofthe PDMS, MWCNT and AgNP.

Spectrum Carbonin % | Oxygenin % | Siliconin % Silver in %
Spectrun 1 13.82 27.20 15.19 43.79
Spectrum 2 13.01 20.52 15.42 51.05
Spectrum 3 56.45 28.99 13.10 1.45
Spectrum 4 58.11 30.08 11.43 0.38
Spectrum 5 52.91 27.81 18.59 0.69
Spectrum 6 40.40 29.36 19.43 10.81
Mean 39.12 27.33 15.53 18.03
Std. deviation 20.86 3.49 3.08 23.21
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3.3.2 Thermal Characterization (Joule heating study

Two samples with differenMWCNT/silver content(C45S05 and C35S1%)ere testedA 5V
potential was applied to the conductive lines fiye DC-regulated power supply anthe
temperaturavas measured by a thermocouftegure 2.6). DAQExpress software was used to

record the temperature in regahe.

Figure 3.5 demonstrate théemperature profile for these two midines. before applyig the
voltage,thetemperature was 2 (room temperature). At the moment that voltagesapplied,

the temperature started to raise very fast. In less than a minute the temperature for C45S05 which
had resistance and conductivity 66 km and121 S/m,respectively, reached 6&. For the
C35S15 linethe pattern is the same, due to higher resistancen{4uid lower conductivityl(08.8

S/m), the temperature increased more to aroun8C/8emperatures remained constant for the

next 15 minutes and a®@n as the voltage cut ofthe temperature decreased drastically and

reached room temperatuiéhe test has been done 3 times for the straight line.
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Figure 3.5: Temperature variation by time by applying voltage for C45S05 and C35S15.

3.4. Conclusionand Future Research

Comparing the results betwetre two mixing methods show us that by using uloaication,
theresistivity of the samples will redu@®ntinwusly by the addition of MWCNTs. Whilst, by
using slear mixing in the last stepsat is clear inFigure 3.1, by incresing MWCNT by more
than 35% resistivity wilbeincreasedThe main reasofor this phenomeon is theaggregation of
fillers inside the sample. By adding MWCNdEmore than 35%, shetorcesexerted on the fillers

areunable to disperse M@NT/Silver NP and consequently, conductive paths will drop.
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Moreover,a comparison of resultsvith chapter 2reveals that, by addition ohgNP to the
CNT19PDMS, the highest achieved conductivity will increase to 121.21 S/m, while this was
94.33 S/m foCNT15PDMS samplat 50 wt.% Thereforeheaddition ofAgNP will be beneficial

to enhace theconductivity.

However, by addinggNP, it wasexpected to have far betiawnductivity than 121.21 S/m. SEM
images revealed the readonthis failure. smalleand larger silver NP have been separated in the
tapered shape line. LarggNP stayed at the center which is deeper and snmadjdiP have been
floated to the edge of the line. And because it is smallehhiithakeshe connection, conductive
paths have no been createdffectively. Also, according tétheJoule heatingharacterization, these
lines havea fast response to the applied voltage. So they might ¢@od choice for thermal

sensing applications.
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Chapter 4. Development and Electrical Characterization of

PEDOT:PSS

PEDOT:PSS is a conductive polymer blend that has gained widespread attention due to its unique
electrical properties and potential applications in various fields, such as flexible electronics,
sensors, and energy harvesting devices. The develomhBPBDOT:PSS involves the synthesis

of two different polymers, namely, PEDOT and PSS, which are blended together in a specific ratio
to achieve the desired electrical conductivity and -it)nming properties. The electrical
characterization of PEDOT:PSShblves several techniques, such as {omoint probe
measurement, impedance spectroscopy, and cwwodlage curve analysis, to evaluate its
conductivity, charge transport properties, and stability under different conditions. These studies
have shown thaPEDOT:PSS exhibits high electrical conductivity, good transparency, and
excellent stability, making it a promising candidate for various applications in the emerging field

of flexible electronics.
4.1.PEDOT:PSS

PEDOT is a highly conductive polym#ratis popular for usen flexible-conductive materials.
The electrical conductivity of thin films and single crystalan reach 6259 and 8797 S/cm,
respectivel)({54-56]. Since the initial PEDOT patent was secured byds AG in early 1988, the
material has been used in a wide ran§epplications, suclsenergy harvestingevices [57].
Nevertheless, PEDOT is insoluble in water, which is a significbstaclebarring itswidespread
adoption inmanufacturing processebor simplicity of processing, the polymer is frequently

ionically crosslinked with a watesoluble polymer, PSS forming an organic semiconductor
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PEDOT:PSY58] (Figure 4.1). PSS acts as a courden by leveling the charge of PEDQT

increasing thetability of the polymer

Figure 4.1: Chemical structure of PEDOT:PSS[59]

PEDOT:PSS is one of the most significant and effective conducting polyBathsfundamental
research and commercial applications have benefited greatly fi{601.iFiims of PEDOT:PSS

is well-known for their thermal stability, allowing them to be heated in air at 100°C for over 1000
hours with just minor changes in electrical conductiy&{]. Due to its excellent electrical
conductivity, high transparency in the visible range (>90%), great thermal stabwitgrenental
stability, flexibility, and alsoea® of growth in thin film form, PEDOT:PSS israorganic

conducting polymer that is actively utilized in flexible organic electroj@its62]

However PEDOT:PSS, by itself, has a laenductivty of ~100 S/mdue to itsPSSchaing[63].
The majordrawbackto the inclusion of BSis thereduction of the electrical conductiviof the
mixtures, which limits the utilization of the polymer foa wide range of applicatits [58]. This
decrease in conductivitgquires aecond dopant he inclusionof CNTs(Figure4.2) to enhance

the electrical conductivity of the PEDOT:PSS has attracted much attention in recet4/e6b$
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(c)

CNT CNT/PEDOT: PSS

PEDOT: PSS Composite

Figure 4.2: (a) Chemical structure of PEDOT:PSS, (b) Schematic structure of PEDOPSS, and (c)
Schematic representation of MWCNT polymer composit¢62]

To improve the conductivity of the polymer, madifferent approaches have been explored.
Additional chages frequently result in high@onductivity due to increased electron mobility
throughout the structural chain and ionic dispersion between the PEDOT and PSS components
[58]. Tunable electrical propertieseobtained byhestructural engineering of PEDOT:P3Sing

physical, chemical, and mechanical technid68$.

Thermal treatment and the insertion of conductive nanofillerfoaeenostamongthe methods

used in the physical approal@6-68]. Chemical alterations are accomplished by procedures such
as solvent treatment and the insertion of salts and §8Js70] The nechanicaltechnique
involves techniques such as ultrasonic vibration of the polymer substrate during casting for
structural refining71-73]. Besidesmprovedelectrical properes the mechanical and structural
properties of the polymer are highly favorable for applications like optoelectronics and
electrochemical devicesand flexible and portable electronic applications such as ggner

harvesting and storage devicg$8, 74] As a result, due t@a lack of intrinsic mechanical
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properties, to perform as ideal engineering components, they are frequently strengthened with finer

nanoparticle$75].

A growing number of studies 0REDOTPSS composite films as flexible electredeve ben
published in the last decade, and show thetlectrical properties of PEDOHSS are extensively
influenced by the film morphologyand chemicaand physical structurg which can be altered
using severalpostprocessing techniques including treatmerith thermal, light and solvent
processess well aghe use oadditive fillers. Huang et a]76] investigatedheinfluence of heat
treatment orthe conductivity of spircoated PEDOT:PSS in both air aNd atmospheres from
100 to 250 °C.Additionally, the effect of annealing temperature on thefguerance and
conductivity oforganic photodetectors and solar sgihde byPEDOT:PSS layer has been studied
and it shows that theptimum device performance, in particylexternal quantum efficiency
(EQE) andopencircuit voltageg(Voc) at 250 °(76]. Multiple studies show thalhermal treatment

is a viable option for increasing the conductivity of PEDRSS[77].

In organic electronic devices, PEDOT:PSS films are commonly used as a hole injectiofdayer.
maintain a reasonable device performance, conductivity and work funotmovements are
required59]. Ultraviolet UV) irradiation as a light treatment is the most favorable technique that
canbe employedo increasdéhe conductivity and work function of the PEDOT:PSS composite.
Moujoud et al[78] used Xray PhotoelectrorSpectroscopy{XPS) andUltraviolet Photoelectron
Spectroscpy (UPS) to explore the electronic and structural changes in PEDOT:PSS films after
UV treatment andto determine theneansof conductivity improvement. Moreovehe addition

of organic solverstsuch as dimethyl sulfoxide (DMSO), tetrahydrofuran (THFN{dimethyl
formamide (DMF), glycerolpoly ethylene glycol PEG), sorbitol and diethylene glycol to

PEDOT:PS3eads to an increase @nductivityatroom temperaturgg3]. Among these, glycerol
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and EGhaveattractedsignificant interestas mmerous studies suggest that glycerol or EG doping

dramaticallyenhances theconductivity of PEDOT:PS§&9, 80]

The conductivity of thePEDT:PSS can also nhanced by adding conducting fillessich as

silver nano particleggraphene oxidand CNTs [81]. The inclusion of carbon nanotubes to the
polymer matrix has caught researchers' curiosity as a poteatmafiller for increaing the
conductivity of PEDOT:PS$82], andcompositcPEDOT:PSB8VWCNT flexible electrodes have
recently been employed hgh-performance super capacit¢@3]. These MWCNTs have a high
aspect ratio, making them a good filler for forming a continuous and homogeneous conducting
network in a polymer matrix. The synthesis of MWCNT networks in the padymatrix and the
interactionbetween the thiophene rirg PSSand carbon nanotubes enhance the conductivity of
the PEDOT:PSBMWCNT composite, allowing for easier charge transport through the polymer
matrix. Moreover, the presence of carbon nanotubdeiRPEDOT:PSS polymer matrix improves

the composite mechanical strengt62].

Mannayil et al.[62] studied the effect of MWCNTnclusion n a PEDOT:PSS matrix with
concentratios of 0-2 wt% MWCNT by spin coating PEDOT:PSS/MWCNT on glass substrates.
According to their resultsheaddition of 2 W& of MWCNT leads taconductivity increaisg from
100S/m to 2@ S/m.In another study, Hasan et 4] investigated theffects of aciebased post
treatment and polyethylenimin@EI) concentration on the thermoelectric charastm$ of
PEDOT:PSSand SWCNT filmsusedto harvest energy from the human bahd were able to
design a unique wearalileermoelectric generator with vertically alignedype PEDOT:PSS and

n-typesinglewall carbon nanotubeSWCNT).

This chapter describdbe invention of carbon nanotub@sed conducting polymer composite

films, which provide excellent opportunities for developing easyanufacture, flexible, light
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weight, and lowcost electrodes for electrical routing. For the fabrication of condumbivgposite,

the current work uses a simple synthesis procedure. The novelty lies in the fabrication of highly

stable and flexible composite film and its application on electrical rouEwen thougtthere are

many reports on PEDOT:PSS / MWCNT compositmgilsynthesized using various techniques,

to the best of our knowledge, PEDOT:PSS / MWCNT as a flexible and stable composite

synthesized by ultraonication technique is rarely reported.

4.1 Methodology

4.1.1 Materials

MWCNT with outer diameter of 8 to 15 nm and d#im of 10 to 15 um with >95% puritywere
purchasedCheap Tubes Inc.USA). PEDOT:PSS was purchased frddigmaAldrich, as a
1.3wt % di spersion in water (density of

purchased fronsigmaAldrich. The mixtures were mixed usin/&X 750ultrasonicato(Sonics

& Materials, Inc, USA).
4.1.2 Mold Patterns

SolidWorks was used to dgs three differentnolds (Figure4.3), which were then made withn
Form 2 Stereolithography (SLA) 3D Printer (Formlabs Co., USAl) channelare2 mm wice

andhave a depth @300 pm
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4.1.3 Fabrication of PEDOT:PSSMWCNT Composites

MWCNTs are metallic in nature, antheir integration in a polymer matrix can improve the
composite's conductivity. MWCN1ased conductive film networks require good dispersion of
MWCNTSs inthe polymer matrix, as well as homogeneity and stability of their dispersed solution
[62].

An improved dispersion process combining isopropyl alcohol (IPA) and-sdtrecation was
employed to achieve a homogers distribution of MWCNTSs inside the polymer matrix as

follows:
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CNT is added to IPA at 1:100 (by madsirst,0.05g of CNTwasmeasured in a glass beaker, and
5g of IPA is added to the CNT. The solutiorulgasonicatednechanicall(750W, 40% power,
pulse 10 seconds on, 15 seconds off) for 10 minutiext, 1:2 (by volume)PEDOT:PSSo CNT-
IPA was achieved by adding.18 mL of PEDOT:PSSo the solution.The mixture was
ultrasonicated for 5 minutes with the same settikggally, 0.2 mLPEGand 0.4 mlglycerolwere
added to the PEDOT:PSSNT-IPA solution. The mixturavasultrasonicateda final timefor 3

minuteswith the same settings

The mixturewaspouredinto the channel and pladén the oven for 20 minutes at 8C until it
cured.The paste poutkinside the?DMS channelwas initiallyabovethe channelbutit shrunkto
less than 30@depth of the channe[)m in the oven due to the evaporation of water from the

PEDOT:PSSolution
4.1.4 Thermocouple calibration

Temperature testwere conductedising a thermocoupleTo ersure thatthe thermocouplevas
working properlyjt was @mpared t@ thermometer inside batch of wateiFigure4.4 shows the
Schematicsetup of the calibration testhe waterwasheatedand the temperatamwasread off
the hermometer andompared with thenermocoupleFigure4.5 shows the comparison between
the bath temperatumaeasured by the thermocouplehich producsa straight line with a slope

of one
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4.1.5 Temperature tests

Two tests have been cadieut.In the first testconductive lines were heated up on the hot plate
and the resistance in different temperatures was chettiest@mperature was increased from 23
°C to 75°C. To read the temperature,thermocouple was used atite tip of the sensr was

positioned in the conductive lif{€igure4.6).

At the secondestthe Joule heating was studig¢be currentwas passed through the line by DC
regulated powerupply, and voltage was set to 5V, atitetemperature of the line was measured

for onehour, tostudytheresponsef the lineconcernngthe currentfigure4.7).

Sensor tip
Multimeter
Copper | conductive I = w
line =
e e omm

electrode

1 Sensor Tip
DAQ - ) o ] 'Y

Hot plate

Figure 4.6: A) Schematicset-up for measuring resistance in different temperatureon hot plate and B)
Serpentine channel with sensor tip implanted.
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Figure 4.7: A) Schematicset-up for electro thermal testwith DC power applied to line and B) Serpentine
channel with sensor tip implanted

4.2 Resultsand Discussion

Four different samples weenalyzedto determine the effects of eaatiditive on the properties

of the composite PEDOT:PSS PEDOT:PSS+MWCNT PEDOT:PSS+MWCNT+PEG and
PEDOT:PSS+MWCNT+PEG+Glycerol. The main purpose of adding PEG and Glycerol to the
mixture is to increase the flexibility of theured compositeTable 4.1 showsthe electrical
properties of these four samples and as you can see, addition of MWCNT to the pure PEDOT:PSS
resulted irreductionresistance. As mentioned earlier the main purpose of PEG and Glycerol is to
increase flexibility. Howevethe addtion of glycerol and PEG also decreases the resistaihee.

width of the channel was 2 mm and according to microscopic imaging height of the line is 0.24

mm, distance betweeneasuremeryrobes of the mukimeter was @ mm (length)
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Table 4.1: Electrical properties of PEDOT:PSS in additionto MWCNT, Glycerol, and PEG (n = 10)

Average Average Average
Components Resistance Resistivity | Conductivity
(a) (_dn) (S/m)
PEDOT:PSS 119.22+ 14.66 0.0057 174.74
CNT/IPA + PEDOT:PSS 87.73 £9.08 0.0042 237.47
CNT/IPA + PEDOT:PSS + PEG 76.35+10.4 0.0036 272.84
CNT/IPA + PEDOT:PSS + PEG + Glycerq 54.97+10.4 0.0026 378.97

By usingCNT/IPA + PEDOT:PSS + PEG + Glyceralconductivity of 378.97 (S/myas attained,
higher than what has previously been reportetha@literature[13]. Thefindings are consistent
with results seen itheliterature which shows a conductivithetween 100 S/m and 300 S/m for

1wt.% MWCNT in PEDOT:PS$13].
4.2.1 Morphological Characterization

SEM imagesveretakenof the PEDOT:PSBAWCNT mixtureto show its morphologyigure4.8
showsan SEM image of the PEDOT:PBSWCNT ¢ o mp o Morghaogidall amalysis
indicated how MWCNT in PEDOT:PSS is randomly oriented. It is clear from the SEM pictures
that the conducting route as a network structure forms by the long MWCNTSs inside the

PEDOT:PSS polymer.
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Figure 4.8: SEM image of the PEDOT:PSS and MWCNT composite

In Figure 4.9, the diameter of each MWCNT is indicatedhe outer diamete(OD) of the
MWCNTSs asreceivedis 8 — 15 nm whereas the ODvithin the PEDOT:PSS is larger. This
increase in diameter can be attributedPDOT:PSSoatingof the MWCNTS. It also reveals
thatPEDOT:PSS not only can be usedaa®nductive solvent but also as a conductive medium.
Moreover, by coating PEDOT:PSS to the outer wall of MWCNTS, agglomeration of the filler has
been reduced and it also helps to havenore homogenous mixture. In the xtuire of
PEDOT:PSS/MWCNT, since MWCNT is embedded in PEDOT:PSS medium, MWCNT and

PEDOT:PSS function as guest and host components, respef@ely
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Figure 4.9: SEM image of the PEDOT:PSS and MWCNT composite along witthe diameter of the MWCNTSs

Once more,the CNTs are uniformly spread throughout this portion of the sample and no
agglomerationsre visible. Agglomerations would be a sign of poor CNT dispersion in the first
step of our preparation, which involved sonicating GNTIPA to break the CNT bundles. These
pictures imply that the CNTs were adequately coated as a result of the PEDOT:PSS and CNTs

being sonicated and dispersed in IPA.
4.2.2 Impedance Analysis

To make sure thaesistivity and conductivitydo not changewith varying channeldimensions
threelines of PEDOT:PSS/MWCNTwith different lengthhave beeranalyzed 10 mm, 20 mm
and ® mm. The wdth of the lineswas set to2 mm, andthe height(verified with microscopic
imaging was0.24 mm. A 2point probewasbeen useé toobtaintheresistance of the ling3able

4.2).

59



Table 4.2: Electrical properties of PEDOT:PSS/MWCNT mixture in different lengths (n = 3).

Length Average Resistance| AverageResistivity | Average Conductivity
(a) (Q A)m (S/m)
L =10 mm 70.4 0.00337 295.92
L =20 mm 1400 0.00336 297.61
L =30 mm 207.5 0.00332 301.D

The results show that the length of PEDOT:PSS/MWCNT mixtureneasured does naffect
its resistivity. A newmoldwith achannel width of 1 mmvasbeenfabricatedo see ifwidth affects
theimpedanceof the PEDOT:PSS/MWCNTcomposite(Table4.3). By comparingthe resultsit

clarifies thatresistivity and conductivity are independent of the dimensions of channels.

Table 4.3: Electrical properties of PEDOT:PSS/MWCNT mixture in different width s(n = 3)

. Average AverageResistivity | Average Conductivity
Length and Width Resistan (q A (S/m)
L=10 mm, W =1 mm 135 0.00324 308.64
L=10 mmW =2 mm 70.4 0.00337 295.92

4.3.3.Temperature Profiles

In the first temperature testopnductive lheswere heated upn the hot plate and the resistance in
different temperaturesas checkedThe setup for this tefr the serpentine chanren be found

in Figure4.6. To read the temperatura,thermocouplevas used anthe tip of the sensor was
placed into the conductive linEigure4.10 shows the channglilled with PEDOT:PSBVIWCNT
mixture. The coppefoil has been embedded into the PDMS substeatd theprobeswereonly

in contact with thecopper lines taneasureghe resistance.
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Figure 4.10: Top view ofA) straight, B) serpentineand C) zigzagchannekfilled with PEDOT:PSS and
MWCNT , with copper foils as electrodes

It is noeworthy to mention that the effective length of the resistance line remained constant at 80
mm for all three channels, namely, straight, serpentine, and ziykagover, the measuring

probes placed on top of the coppat that attached to the conductipelymer.

Figure 4.11 shows the resistance of PEDOT:PSS/MWCNT compo$Res (Rsodenoted that,
distance between the measuring probes were 80asrthjey are heatedihree different samples
wereanalyzedasthe temperature was increased fronf@3o 75°C. The resultsndicate that ¥
increasing temperature, resistance will decrease. This test shows that we can use our conductive

polymer composite as a temperature sensor, as it is sensitive to temperature.
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Figure 4.11: Change in resistance versus temperature of the straight, serpentine, and zigzag chanrgetsor
bar indicates range, n=3.

As it is clear, by increasing 53 °@eresistance decreasbgiar ound 75 Q for al |
mightbedue tothemovement bthefree eletronsby increasing the temperatusich will result

in makinga better conductie path and reduction in the resistance.

In thesecondemperature testhe voltage was applied to the conductive lineadyC-regulated
power supply andhe temperature was measured by a thermocouaeording toFigure4.12
Serpentine, zigzag and straight channels showed similar temperature p/dfilesthere was no
current, the line were at room temperatur¢22.5°C). As soon as the curremtas applied, the
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temperature increadeand afterl2 minutes reacte2 6 . Thecurrent was held fat hour, during
which time theemperature was stalbée 26°C. After the current was shut dowthe temperature

immediately began to dramtil it reachedoom temperature.

28
Straight
— Zigza
27 St
erpentine

Line Temperature (°C)

22I T T e T T T T T T T T T

0 10 20 30 40 50 60 70
Time (min)

Figure 4.12 Temperature variation over time for straight, serpentine, and zigzaghannek (n = 3)

As was shownin the previous test, resistance rasinverse relationship with temperature.
According toFigure4.12, thetenmperature increased by passing\avoltage,which means that
resistance wilbedecreased in the conductive linaad finally according to the oimiaw when
voltage is constant and resistance decreased, current must intl@agemperature dependent

piezo electric effect is seen kigure4.12.
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4.3.4.Simulation of Temperature Profiles of Compositefilament

To simulate our device, COMSOL Multiphysics has been usgdre4.13 shows the schematic
model.The kengthof the channel was set t@ 8m, width was seto 2 mm and height was set to
300um,which is equivalent to the experimahtests. The ottomsubstrate waassunedas PDMS

and air propertiewereassigned to the top layer of the lifidae dectricalconductivity of the line
was set to 370 S/m as wstimatedit experimentally, and 5V has been applied to the conductive

line. Other properties were assigned based on the literature as follows:
1 Heat capaity at constant pressyr€p= 686 J/kg.K
1 Relative permittivity = 217
f Density = 1.74 g/cth

1 Thermal Condctivity = 300W/m.K

Figure 4.13. Schematic of the modeling in COMSOL Multiphysics.
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Threedifferent physics have been employédst one was' e | e ¢ t r jwhichaaferstoghet ”
modeling and simulatioaf the flow of charged patrticles, typically electrons, through a conductor.

This process generates an electric field and can induce other physical phenomena such as magnetic
fields, heat, and mechanical forc8$1e equation for electric current can be alied by the

continuity equabn:

1 4-1
n T—‘n (4-1)
T o
where J is the electric current density vecto
The second physicsusedwat e at transfer in solids and fl ui

energy through a solid material due to temperaturerdiffees This process can occur through
three mechanisms: conduction, convection, and radiakiom equation for heat transfer in solids
and fluids can be written as the heat transfer equation, which is a partial differential equation that

describes the dw of heat through a materi@onservation of energy)

o ‘T Y T o - (4'2)

” . n. QY

or],—0 ) V]

Wherep i s the materi al density, Cp is the spe

temperature, t is time, k is the thermal conductivity of the material, and Q is the heat source or sink

term

Thethirdphg i ¢ was “ | a miismainly ued fmmniodedm@ and dimulation of fluid
flow in which the fluid particles move in smooth layers or streams, without significant mixing or
turbulence between therfihe equation for laminar flows the NavieiStokes gquation, which

describes the motion of a fluid:

65



me HOTrmO 1Phne G v OO £ (4-3)

Wherep is the fluid density, v is the fluid vel:

fluid dynamic viscosityn is the gradient operator and f is any external forces acting on the fluid

To simulate the modetlifferent mesh sizes dfee tetrahedral shapegere studiednormal, fine,

and finer.The normal mesh had a maximeahementize of 756um and a minimunelementsize

of 226um, the fine mesh had a maxim@tementsize of 559um and aminimumelementsize of
113um, and the finer mesh had a maximalementize of 418um and a minimunelementize

of 45.2um. The final results were consistent across all three mesh sizes despite the differences in
size. However, it was observed thittaeasing the mesh size led to an increase in computation
time. Though | would like to highlight that the results presented in this chapter were obtained
using the normal size mesh.

Figure 4.14 shows thetemperature profile exed from simulation results along with the
experimental resultgigure4.12). Three different voltages have been simulaB] 4V, and5V).

This is a clear agreement between prediction and experiments behavior under bothrateady a

transient condition.
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Figure 4.14: Experimental Vs Simulation of temperature change by applying voltage.

4.3. Conclusionand Future Research

In this chapter PEDOT:PSS has been used as the base polymedidgto the results, by using
the PEDOT:PSS instead of the PDMS, resistjvaiyd conductivity have beenfluencedand
reached0.0026Q - rand 378.97 S/m, respectively, whil®zhikandathil et al[13], reached
resistivity of 0.003%2 - wmhich gives us conductivity equal to 285.7 SPEG and Glycerol also

add to the mixture to improve conductivity and flexibility and to habetter attachment to the
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PDMS mold. Adding other nangarticles such as gold and silver is an interesting diee to their

potential electrical property and could be investigatetierfuture.

SEM images showethat the conducting route as a network structure forms by the long MWCNTs
inside the PEDOT:PSS polymer and there is no agglomeration inside theepofgnording to

the thermal characterizatiothe resistivity of the polymer is sensitive to the temperature and by
increasing the temperature, resistivity will decrease. Also by appdyietgectrical voltage to the

lines, the temperature of the linesdreasedoy around 4°C. Tests have been taken for three
different lineshapes: straight line, serpentine and zigzag and all of them showed the same pattern.

Moreover,electro thermasimulation also shows perfect match with experimental results.
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Chapter 5. Routing for Energy Harvester

5.1 Introduction

The performance of modern wireless sensor networkspartdbleultra low power electronic
devices depends on an unbounded amount of batterydifiearvest energy from environmental
sources and create a sussdile auxiliary power source, extensive research has been done as part
of the effort[85, 86] Energy harvesting is the process of gatigesmall amounts of energy from

one or more nearby energy sources, storing them, and then using them whenEresrdgds all

around us, and the energy transducer is the most crucial component in energy harvesting.
Sustainable energy harvesting is ¢califor a consistent supply of electricity to the electronics in

addition to the harvester's output power.

Composing a hybrid type of harvester on a single device, which harvests energy from one or more
ambient energy sources using a combination of d@iffeenergy conversion mechanisms, is an
efficient design strategy for increasing the harvesting enditggse mechanisms have included
energytransforming phenomena such as piezoelecf@é, 88] thermoelectric[89, 90]
electrostati¢91], and triboelectri¢92]. Piezoelectric materials can efficiently convert mechanical
vibrational energy into electrical energy. Numerous studies have been done to create cheap and
effective vibratiorbased energy harvesting devices using piezoelectric materialsc&iamics

and piezopolymers are examples of representative piezoelectric materials.

Oh et al.[93] describe a versatile hybrid energy vester for gathering energy from a single or
multiple sources. Piezoelectric and thermoelectric conversions are combined to increase harvesting
power. The piezoelectric component of the harvester uses frequencgnwersion to capture
energy from lowfrequency kinetic motion. Due to its flexibility, the thermoelectric component is

appropriate for obtaining energy from a curved surfabe. harvester enables sustainable energy
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harvesting by capturing energy from two different energy sources (kinetic amdatheThe
average power density produced by piezoelectric and thermoelectric conversiorivegpeas

28.57 and 0.64.

In research bySodanoet al. [94] for use in power harvesting devices, two different types of
piezoelectric materials were experimentally examined. The two kinds are Macro Fiber Composites
(MFC), which were recently developed at the NASA Langley Center, and the widely used
monolithic piezokectric (PZT).Their experimental findings determine the viability of using these
devices in practical applications and estimate the devices' efficacy. The power generated by a
piezoelectric device's vibration is typically in the range of a few milliwattigch is far insufficient

for the majority of applications.

Montero et al[95] presentedh straightforwad printingbased fabrication method for a flexible
piezoelectric energharvesting module with a builh and improved fulwave diode bridge
rectifier. They look into how the electrode configuration affeetsd how well piezoelectric
elements harvest empr According to the findings, thenetaHinsulatormetal (MIM) based
energy harvester (7.8W/cm®) can produce an output power density that is higher than the

interdigitated electroddDE) based harvester (20.8 nW/m

Ghoshet al.[96] introduced a method which,onedimensional aligned poly hybrid electroactive

soft nanowires are used as a compatible overlay electrode with a biomimetgaatlic stretchable

energy harvasrwhich had PEDOT:PSS added toTthe harvester can function as an epidermal
sensor that simultaneously detects and distinguishes both small pressure and thermal deviations
exposed to an epidermis surfdoecause of its excellent mechanisahsitivity ( 100 mV/N),

quick response time { ms), outstanding mechanical and thermal stability, and good temperature

resolution.
70



In this chapter,commercial energy harvesteese used in conjunction with PEDOT:PSS

conductive composite to compare the energy loss.
5.2 Methodology

5.2.1 Materials

MWCNT (multiwall carbon nanotubd&)as been mixed with PEDOT:PSEDMS was prepared
using aSYLGARD 184 Silicone Elastomer KiDow Inc., USA)as the substratesopropyl
alcohol (IPA)wasadded as the solvemlycerolandPolyethyleneglycol (PEG)werealso added

to the mixture to increase flexibility.
5.2.2 PDMS molds

A PDMS mold was prepared by mixing thaseelastomer anaturing agentat 10:1, which was
then placed in a desiccator hooked up Wab-| Dry Pump 2562B01 (Welch, USA) to renove
air bubbles within the mixture. The PDMS mixture was pouremamold and placed in a furnace

at 60°C (Fisher Scientific) foB hours to cure.
5.2.3 CNT-PEDOT:PSS Composites

In a glove boxCNT was added to a solution of IPA at 100:1, then ultrasonidatetdD minutes
using a VCX 500ultrasonic processofSonics & Materials, In¢. USA). To this mixture,
PEDOT:PSS was added at 1:2 by volume and ultrasoni¢&éuV, 40% power, pules: 10 seconds
on, 15 seconds dfffor 2 minutes.0.4 mL glycerol and0.2 mL PEG were addedo the

PEDOT:PSS

The mixture was poured into the PDMS mold and copper electrodes were placed so the tips were

in contact with the mixturel'he mixturewas cured for 3@ninutes at 70 .
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5.3 Experimental setup

A LeadZirconiumTitanate S1181SS1808YB Piezoelectric Bending Transducer (Mide
Technology USA) wasused to absorb mechanical energy and convert it to elec(seifFigure
5.1). The transducer was mounted td.iag V203 Permanent Magnet Shakf@ring Dynamic
Systems Ltd. UK), and anAgilent 33220A20 MHz Function/Arbitrary Waveform Generator
(Agilent Technologies, IndJSA) supplied the input voltag&'{urrLy. Voltages ranging from 1
V to 10 V at frequencies ranging from 10160 Hz were used as inputs the shaker to measure

the resonant frequency of the transducer.

(-) Connection to top of piezo Layer Material Thickness (mm)
Polyester 0.05
Copper 0.03
PZT 5] 0.15
///ACX ///ACX Stainless Steel 304  0.15
Polyimide 0.03
///ACX ///ACX

PZT length 46.0 mm

(+) Connection to bottom of piezo PZT width 20.8 mm

Figure 5.1: Lead-Zirconium -Titanate piezoelectric transducer

Figureb.2 shows the schematic circuit of the setdgxris the voltage supplied by the piezoelectric
actuator,Cs is the 10pF smoothing capacitoD: is a 1IN4001 diode angi s a 30k Q
used forsmoothing the voltageThe output voltage from the piezoelectric transducer was

converted from AC to DC through2KBP02M, 200V 2A Singld’haseDiode Bridge Rectifie.
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The retified voltage was smoothed usi@y, andR: was added to the circuit to test the effect of

PEDOT:PSS charging a 3.6V-lon rechargeable 2032 cell battery.

— PEDOT:PSS

\VAL~

V()

C, i
— § R, _——_ Battery

b =

Figure 5.2: Equivalent circuit of energy harvesing set up from piezoelectric transducer

Figure 5.3 and Figure 5.4 show theschematicsetup for this experimenEigure 5.5 deficts a
Diagram of a piezoelectric actuatorarcantilever beansetup and Figure 5.6 demonstratethe
Waveform of voltage from a piezoelectric actuator and abfiidige rectifier andhe smoothing

action of a reervoir capacitor
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Figure 5.3: Schematic setup for measuring force and voltage.
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Figure 5.4. Schematic setup for measuring current and voltage.
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Figure 5.5: Diagram of a piezoelectric actuator in cantilever beam satip. Actuator is A) at

rest and B) in motion and producing an AC voltage
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Figure 5.6: Waveform of voltage from A) a piezoelectric actuator and B) a futbridge

rectifier and smoothing action of a reservoir capacitor
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5.4. Electrical measurements

A Tektronix DP0O2024B Digital Phosphor Oscilloscofeektronix Inc., USA) was used to
measure the voltage affdrent points in the circuit. The oscilloscope was connected to a computer
using TekVISA v4.1.1, and the voltage waveform was recorded udgiegtronix OpenChoice

Desktopv2.6.

Further electrical measurements were taken using a Keysight B2902A Precmioce S
Measurement Unit (Keysight, USA), which was connected to a computer and controlled using

Quick 1/V Measurement Software v4.2.2045.2760 (Keysight, USA)

A 9712b50 force sensor (Kistler, Switzerland) connected to a Type 5010B charge amplifier
(Kistler, Switzerland) was used to measure the force imparted by the shaker onto the piezoelectric

actuator.The scale was set to 2 Ibf/V, or 8.9 N/V.
5.4.1 Cascading Efficiency

Efficiency was calculated using the following equat{éri), whered is the efficiencyPi is the

input power suppliedseeFigure5.7), cdculated from the measured voltage and curréstV,

andPout is theoutput power provided by individual stagétsshould be noted that theput and

output powers of each cascaded block are interlinked via series of components. The components
performance regarding any stregpacitancend internal resistance are encountered as lumped
parameter by this modeling’he power produced by the pgeectric actuator Rpzr) was
measuredgonsecutively the power flow IREDOT:PSS componerg.p), the rectifier Prc) and

the RCnetwork(Pout) are measured.

0 (5.1)
0
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Figure 5.7: Schematic circuit showing where power between components was measured

The cascading efficiency of the cirtdr) is the product of all the efficiencies for the various

componentsgeeFigure5.8), calculated using equatidng).

Piezoelectric| Ipsr Ip.p AC/DC | Irc | RC smoothing| lour Load
" | PEDOT:PSS > . > >
actuator | vp,; Vep | Rectifier | Vec network | Vour

Figure 5.8. Measured electrical parameters between coponents.

Where bz, Ip:plrcand burare current from piezoelectric, PEDOT:P8&&tifier and RC network,
respectivelyand VpzT, Ve:p,Vrc and Voutare voltagecrosgiezoelectric, PEDOT:PSS, Rectifier
and RC network respectivelyhe Vour is the readilyavailable DC voltage for load connections.
The power can now be calculated uskhg IV for each component (i.e.pR, Pr.p,Prc and Rur).

Using equation (5.1gfficiencyateachcascadedomponent can be calculatesing equation (5.2)
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to equation (5.4(.e,s 4,8 ,s ). The totalefficiency(s ) obtained bycascadeanultiplying

the efficiency of all component as show in equatioB)(5.

3 0 q d)q, Ql (5.2
“© 0 ® O
0 ® ‘O (5.3)
Ly Qg G
0 ") O (5.4)
B 0 ® O
- -y - _ (5.5)

Where — 4 is defined the power transfer capabilities of PEDT:PSS. The encounter of the
PEDOT: PSS’ s s t is duynpedc ia phes ceffidiency cadculation via their output
performancegvoltage and curreht— is the performance metric of the rectifier circuit. The drop

in the diode terminals during their forward conductiontlvedl i o de ' s | ndoefficiens| t her
are lumped byheir power metricsAt this stagethe ac input from the transdudas rectifiedto a

pulsed DC signal. For the simplicity of thealculationsand analysisonly RMS power is
considered in the calculations. determines theamoothing performance of the RC network

Here asmoothingcapacitorconvertghe pulsedC signal to low ripple pure DC valuékhe value

of the capacitor is selected using tH{RC times constantguaranteeinghe minimum ripple in

the output athe transducer's resonance frequency

As this cascaded efficiency calculation approach encoundd the necessary electrical
performance metrics, it is suitable to evaluate the performance of this PEDOT: PSS in an eclectic

charger, charging a simple commercially availabléo battery. In this work, the performance
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of the electric charging is ndelled and analyzed using the lumped parameter. Detailed modelling

work on individual blocks is avoided for a simpler approach.
5.5. Results and Discussion

The resonant frequencirég was determined experimentally by applying 10V to the shaker from
60 to 190 Hz. Figure5.9 shows thepeak to peakoltage at each frequency, and results indicate

thatfrescan be foundo bel35Hz.

16

14 -

12

V.1 peak to peak (V)

Y ! I ! I ! I ' I I I
60 80 100 120 140 160 180 200
Frequency (Hz)

Figure 5.9: Peak to peakvoltage of piezoelectric tranducer, from 60to 190Hz

79



Applying apotential at 135 Hz througie shaker will thus produce the maximum voltage from

the piezoelectric transducer.

A “flick test” was conducted where theeapi ezoe
to peakvoltage producedvasrecordedFigure5.10 showsVpzr, a typical dampened waveform

pattern with a period, T, of 0@3s. taking = 1/T, theresonant frequency is 136 Hz.

15

10—- A

=10 -

Vo, 1 peak to peak (V)

-15 -

0.00 0.03 0.06 0.09 012 0.15 0.18
Time (s)

Figure 5.10: Peak to peak wltage produced from piezoelectric actuatoduring fiflick testo

Figure5.11 shows the effect of using PEDOT:PSS in the circuit on passing the voR@das

when there was not any extra resistance in the circuit (i.e. PEDOTaR&B) that case the valie
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went up to 2.3V while adding PEDOT:PSS will result ia voltage reduction to 1.7VThe

maximumvoltage has been measured after the capacitor.

2.5

—PZT

— 7Zigzag
2.0 Serpentine

1.5

VOUT (V)

1.0 1

0.5-

00— N
0 50 100 150 200 250 300
Time (s)

Figure 5.11: Maximum voltage after smoothing recorded fron piezoelectric transducer and
from PEDOT:PSS components.

In other tesd, small weightsvereadded to the tip of the piegdectric energy harvester to see the
effect of the output voltage as well as foréeload of 1.15 g, 2.40 gand 3.05 gwvere added

respectively.
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Figure 5.12: A)Force and B)oltage before and afteradding weight of1.15 2.40and 3.05g.

Table 5.1: Maximum recorded force and voltage after weight added to piezoelectric

actuator
0g 1.15¢ 2409 3.05¢9
Force (N) 0.57 0.48 0.46 0.46
Voltage, Vezr (V) 6.00 0.49 0.45 0.32

According tothe result§seeTable5.1), the forceimparted on the actuatdropspretty low from
0.57N to 0.48Nwhen a load is@ded to the cantilevdiThe scale was set to 2 Ibfif 8.9 N/V,

i.e. the voltage showed by force sensor multiplied by 8.9 to get forééewton (N) ) but the
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voltage decreases svound300 mV from6 V, showing thatadding weighto the piezoelectric
aduator will cause a decrease in voltage b%4SeeFigure5.13). Table5.1 showsthemaximum

force and voltagafteraddinga loadto the tip of the energy harvester.

3.5 —PZT (VPZT)
: (ﬁ —— ' '\ Serpentine (Vip.p)
3.0 1 Zigzag (Vp.p)

A
> Weight
~ 2.5 . attached
= i
> 2.0 -
ot
N 1.5 N
a i
> 1.0-
0.5-

0 10 20 30 40 50 60
Time ()

Figure 5.13: Voltage before and afteradding al.15¢g load, recorded from the piezoelectric

transducer and from PEDOT:PSS components

The ef fi ci encyyrecgrdingthacurrentand coliageaat déferent junctions within

the circuit, and calculating the power ($8gure5.7). Efficiencywas calculated in three different
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circuits, with and without PEDOT:PSS comporsdntsee the effect of implementing conductive

PEDOT:PSS irtharging the battery (load)

Table5.2 showsthe measured rmitage and current, amdlculatecoower.Table5.3 andTable
5.4 are showing measured rms voltage and current, and calculated wbeePEDOT:PSS

components have beamserted into the circuit.

Table5.5 shows the cascading efficiency after each compofreall. cases, the circuit loses about
50% of its power in the bridge rectifier, and another 50% in the RC time con$tant.
performances can be improved by incorporating low power diodes in bridge rectifier circuit
besides the commercial available diodes used in the experinBarsisd on the result, using

PEDOT:PSS in the circuit does not have a significant effect on efficien

Table 5.2: MeasureRMS voltage and currentafter components without any PEDOT:PSS

component
RMS Voltage (V) RMS Current (A) Power (W)
PZT 5.94 (Vpz7) 5.44x 10%, (Ipz7) 3.23x 103, (Pez7)
Rectifier 5.52 (Vro) 2.78x 10%, (Iro) 153x 10°, (Prc)
RC network 3.89 (Vour) 2.00x 10%, (lout) 0.77x 103, (Pour)

Table 5.3: MeasureRMS voltage and currentafter components, with zigzag PEDOT:PSS

componentincluded.

RMS Voltage (V) RMS Current (A) Power (W)
PZT 6.45 (Vez7) 5.44x 10%, (Ipz7) 3.51x 103, (Pez1)
PEDOT:PSS 6.35 (Ve:p) 5.10x 10%, (Ip:p) 3.24x 103, (Pr:p)
Rectifier 5.86 (VRro) 2.77x 10%, (Iro) 1.62x 103, (Pro)
RC network 4.12 (Vour) 1.99x 104, (lout) 0.82 x 103, (PouT)
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Table 5.4: MeasureRMS voltage and currentafter components, with serpentine
PEDOT:PSS componentncluded.

RMS Voltage (V)

RMS Current (A)

Power (W)

PZT 6.55 (Vpz1) 566x 10%, (Ipz7) 3.71x 103, (Pez7)
PEDOT:PSS 6.53 (Ve:p) 5.44x 10% (Ip:p) 355x 107, (Pr:p)
Rectifier 5.91, (Vro) 2.77x 10% (Irc) 1.64x 103, (Pro)
RC network 4.20, (Vour) 1.99x 104, (lour) 0.84x 103, (Pour)

Table 5.5: Cascading efficiency betweercomponents

Efficiency of Efficiency with | Efficiency with

control zigzag line serpentine line
PZT to PEDOT:PSS t 4 n/a (1) 0.92 0.95
PEDOT:PSS to rectifier, t4 . 0.47 0.50 0.46
Rectifier to RC network, tp_y 0.5 0.50 0.51
Total efficiency, ty 0.24 0.23 0.2

In the last stepa 3.6V Ltion rechargeable 2032 cell battery, was testedntb dut the effect of
the PEDOT:PSS on chargingigure5.14 showsthe charging rate of thbattery with and without

PEDOT:PSSThe experiment for each sample took 1 hathile the output voltage from the

piezoelectric was 3.8V. 4\it is clear, the battery charged from 0 to 3V whiembatterywas

connected directly to the circuit. Bytegratingthe PEDOT:PSS to the circuit, the charging rate
will bereduced. Two different samglevith two different patterns (zigzag and serpentine) have

been tested. The result shows the battery will be charged from 0 to 2V after THisueduction

in chargingspeed is due to integrating extngpedancdi.e. PEDOD:PSS) into the circuit.
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Figure 5.14: Realtime A) voltage and B) current recorded fromthe battery during

charging from the piezoelectric transducerand from PEDOT:PSS components

5.6. Conclusionand Future Research

This chapter showed that it is possible to use a piezoelectric actuator to charge small components

like a 3.6V Ltion rechargeable 2032 cell batteintegratingPEDOT:PSSomposite routingnto
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charging a battery is feasibleoweverit will reduce the chargingy around 67%due tovoltage

dropfrom extra resistivity associated with polymer routing.

The efficiency test showed that using conductive PEDOT:PSS polymer in the circuit does not have
anotable impact on total efficiency and it is a promising technology for future electrical routing
researchAlso, it is found thatany weight added to the tip of piezo electriould prevent the

charging as it massively decreases the voltage the acfuathrces.

To the best of our knowledge, using a conductive polymaap compositéo charge the batteries
was notgiven attention in the literaturéAs the next step and for future researatiding metal
particles such as Gold could be an effective apgrda increase the efficiency of the conductive

polymer, however, it might reduce the flexibility of the sample which is another drawback.
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Chapter 6. Conclusion and Future work

In this study, the fabrication of conductive lines using MWCNTs and PDMS westigated. The

effect of filler aspect ratio on conductivity was evaluated, and the best conductivity achieved was
94.33 S/m for CNT15 at 50 wt.%. However, adding other fillers such as silver and gold could
further enhance the conductivity, and using rdewtive polymer instead of an insulative polymer

like PDMS could also be explored.

Comparing the results between wg@nication and shear mixing showed that the former method
led to a continuous reduction in resistivity with increasing MWCNTSs, whildatier resulted in

an increase in resistivity above 35% MWCNTSs due to filler aggregation. Additionally, the addition
of AgNP to the CNT15/PDMS sample increased conductivity to 121.21 S/m, but the conductive

paths were not effectively created due to thgasation of smaller and larger silver nanoparticles.

PEDOT:PSS was used as the base polymer in another experiment, resulting in a resistivity of
0.0026 Q- m and conductivity of 378.97 S/ m.
conductivity and flexibility.SEM images showed no agglomeration inside the polymer, and the
conducting route formed a network structure by the long MWCNTs. Thermal characterization
showed that resistivity decreased with increasing temperature, and the lines had a fast response to
apdied voltage, making them suitable for thermal sensing applicatAiss, according to the
modeling, there is a clear agreement between prediction and experiments behavior under both

steady and transient condition.

Lastly, it was shown that a piezoelectactuator could charge a 3.6V-ibin rechargeable 2032
cell battery, but integrating the PEDOT:PSS composite routing reduced charging efficiency by

around 67%. Conductive polymer nano composites have not been extensively studied in battery
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charging, and @ding metal particles such as gold could improve efficiency in future research,

although it may reduce flexibility.

Overall, this study demonstrated several promising approaches for the development of conductive
polymer composites for various applicatiosisch as electromagnetic shielding and electrical
routing Further investigation of different fillers, base polymers, and fabrication methods could

lead to improved conductivity and efficiency.

89



References

~N o

10.

11.

12.

13.

14.

15.

16.

17.

Khosla, A. and B.L. GrayMicropatternable multifunctional nanocomposite polymers for
flexible soft NEMS and MEMS applicatioB&CS Transactions, 20125(3): p. 477.

Lutic, D. and E. PopoviciGuozhong CAO, Nanostructures and nanomaterials h8gis,
properties and applicationREVUE ROUMAINE DE CHIMIE, 200550(6): p. 497.
Feynman, R.PPlenty of Room at the Bottoim APS annual meetind.959.

Nieto, M., F. Lopéz, and F. CruRerformance analysis of technology using the S curve

model:the case of digital signal processing (DSP) technolodieshnovation, 1998.8(6-

7): p. 439457.

Jordan, C.C., |. Kaiser, and V.C. Moo&§13 nanotechnology patent literature review:
Graphitic carbonbased nanotechnology and energy applications anme tloe rise.

Nanotech. L. & Bus., 2014.1: p. 111.
Perez, C.Technological revolutions and financial capitaD03: Edward Elgar Publishing.

Gangopadhyay, R. and A. DEpnducting polymer nanocomposites: a brief overview.
Chemistry of materials, 20012(3): p. 608622.
Zaouk, R., B.Y. Park, and M.J. Maddatroduction to microfabrication techniquem
Microfluidic Techniques2006, Springer. p.-B5.

Al-Jumaili, A., et al. Review on the antimicrobial properties of carbon nanostructures.

Materials, 201710(9): p. 1066.

Khosla, A. and B. GrayRPreparation, characterization and micromolding of mwialled
carbon nanotube polydimethylsiloxane conducting nanocomposite poluaderials
Letters, 200963(13-14): p. 12031206.
Ueda, T.get al.Flexible enclosure for fluidic sealing of microcomponemi$/icrofluidics,

BioMEMS, and Medical Microsystems.\24008. International Society for Optics and

Photonics.

Kim, J.H., et al. Simple and costffective method of highly conductive aatastic carbon
nanotube/polydimethylsiloxane composite for wearable electroficentific reports,

2018.8(1): p. +11.

Ozhikandathil, J., A. Khosla, and M. Packirisanfyectrically conducting PDMS
nanocomposite using in situ reduction of gold ranectures and mechanical stimulation
of carbon nanotubes and silver nanoparticlE€S Journal of Solid State Science and
Technology, 20154(10): p. S3048.

Cavas, L., et alReinforcement effects of multiwall carbon nanotubes and graphene oxide

on PDMS marine coatingslournal of Coatings Technology and Research, 2I&®): p.

105120.

Misra, A., et al..Synthesis and characterization of carbon nanatpb&/mer multilayer
structuresACS nano, 20115(10): p. 77137721.

Zhang, Y.,etalPo | y mer

embedded

Advanced Materials, 201@2(28): p. 30273031.
Ozhikandathil, J., S. Badilescu, and M. PackirisaRigsmonic gold decorated MWCNT
nanocomposite for localized plasmon resonance sgnSitientific reports, 2015%: p.

13181.

90

car bon

nanotube

r

b



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Herren, B., et alEnhanced Electrical Conductivity of Carbon NanotiBsesed Elastomer
Nanocomposites Prepared by Microwave Curidglymers, 201911(7): p. 1212.

Wu, L., et al.,Screenrprinted flexible émperature sensor based on FG/CNT/PDMS
composite with constant TCBRournal of Materials Science: Materials in Electronics, 2019.
30(10): p. 95920601.

Niu, X., etal.,Characteri zing and patterning of
Advanced Materials, 20079(18): p. 26822686.

Sepulveda, A., et aliull elastic constitutive relation of neisotropic alignedCNT/PDMS
flexible nanocompositeblanoscale, 201%(11): p. 48474854.

Wu, C:L., et al, Static and dynamic mechanical properties of
polydimethylsiloxane/carbon nanotube nanocompositeis. Solid Films, 200951717):

p. 48954901.

Wang, Y., et al.Layerby-layer assembly of PDM&bated nickel fette/multiwalled
carbon nanotubes/cotton fabrics for robust and durable electromagnetic interference
shielding.Cellulose, 202027(5): p. 28292845.

Hocheng, H., et al.Study of novel electrical routing and integrated packaging on bio
compatible fletble substratesMicrosystem technologies, 20105(3): p. 423430.

Raju, D., et al.LSPR detection of extracellular vesicles using a siRBMS nane
composite platform suitable for sensor netwoiksterprise Information Systems, 2020.
14(4): p. 532541.

Bali, C., et al.,Fully inkjetprinted flexible temperature sensors based on carbon and
PEDOT: PSSMaterials Today: Proceedings, 20B63): p. 739745.

Ozhikandathil, J., S. Badilescu, and M. PackirisarRplymer composite optically
integrated lab on chip for the detection of ammonijaurnal of The Electrochemical
Society, 20181658): p. B3078.

Tsao, L:C., et al.Flexible Temperature Sensor Array Using EledResistive Polymer
Forhumanoid Artificial Skinin TRANSDUCERS 202007 Irternational SolidState
Sensors, Actuators and Microsystems Confere2@@’. IEEE.

Ramalingame, R., et alHighly sensitive capacitive pressure sensors for robotic
applications based on carbon nanotubes and PDMS polymer nanocomgositeal of
Sengrs and Sensor Systems, 208@): p. 8794.

Lai, Y.-T., Y.-M. Chen, and ¥-J.J. YangA novel CNTPDMSbased tactile sensing array
with resistivity retaining and recovering by using dielectrophoresis effectrnal of
microelectromechanical systen2§11.21(1): p. 217223.

Friend, J. and L. Yeodfabrication of microfluidic devices using polydimethylsiloxane.
Biomicrofluidics, 20104(2): p. 026502.

Schneider, F., et alBrocess and material propé&ets of polydimethylsiloxane (PDMS) for
Optical MEMS Sensors and Actuators A: Physical, 20081(2): p. 9599.

Sun, K., et al.Flexible polydimethylsiloxane/multvalled carbon nanotubes membranous
metacomposites with negative permittivieplymer,2017.125 p. 5057.

Reich, S., C. Thomsen, and J. Maultz€£arbon nanotubes: basic concepts and physical
properties 2008: John Wiley & Sons.

Jouni, M., et al.A representative and comprehensive review of the electrical and thermal
properties & polymer composites with carbon nanotube and other nanoparticle fillers.
Polymer International, 20186(9): p. 12371251.

91



36.

37.

38.

39.

40.

41].

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Liu, C., Nanocomposite conductive elastomer: microfabrication processes and
applications in softmatter MEMS sensorBIRS OnlineProceedings Library (OPL), 2006.
947.

Engel, J., et aMulti-walled carbon nanotube filled conductive elastomers: materials and
application to micro transducerg 19th IEEE International Conference on Micro Electro
Mechanical System&006. IEEE.

Xu, B., et al.,Making negative Poisson's ratio microstructures by soft lithography.
Advanced materials, 19991(14): p. 11861189.

Bauhofer, W. and J.Z. Kovach, review and analysis of electrical percolation in carbon
nanotube polymer composit€omposites science and technology, 2@%910): p. 1486
1498.

lijima, S. and P. AjayarGSmallest carbon nanotublature, 1992358 p. 2323.

Feng, C.Micromechanics Modeling of the Electrical Conductivity of Carbon Nanotude
(CNT)Polymer Nanoomposites2014.

Thostenson, E.T., Z. Ren, andW. Chou,Advances in the science and technology of
carbon nanotubes and their composites: a revieamnposites science and technology,
2001.61(13): p. 18991912.

Hu, Y., et al.,Carbon nanostructwes for advanced compositd®eports on Progress in
Physics, 200669(6): p. 1847.

Lin, Y., et al.,Advances toward bioapplications of carbon nanotubesarnal of Materials
Chemistry, 200414(4): p. 527541.

Chin, K.C., et al.Gold and silver coed carbon nanotubes: an improved brezahd
optical limiter.Chemical Physics Letters, 200891-3): p. 8588.

Wu, H., et al.,Properties investigation on isotropical conductive adhesives filled with
silver coated carbon nanotub&omposites sciercand technology, 20087(6): p. 1182
1186.

Guo, D.J. and H.L. LiHighly dispersed Ag nanoparticles on functional MWNT surfaces
for methanol oxidation in alkaline solutioGarbon, 20054 3(6): p. 12591264.

Zhan, C., et alConductive polymeranocomposites: a critical review of modern advanced
devicesJournal of Materials Chemistry C, 20B(7): p. 15691585.

Liang, J., et al.Silver nanowire percolation network soldered with graphene oxide at room
temperature and its application for fylstretchable polymer lighemitting diodesACS
nano, 20148(2): p. 15901600.

Amjadi, M., et al. Highly stretchable and sensitive strain sensor based on silver nariowire
elastomer nanocomposit@CS nano, 20143(5): p. 51545163.

Choi, J:R.,K.-Y. Rhee, and SJ. Park]nfluence of electrolessly silv@iated multiwalled
carbon nanotubes on thermal conductivity of epoxy matrix nhanocompd@itegosites
Part B: Engineering, 20180: p. 379384.

Xin, F. and L. Li,Decoration of carbon nastubes with silver nanoparticles for advanced
CNT/polymer nanocompositeSomposites Part A: Applied Science and Manufacturing,
2011.42(8): p. 961967.

Ma, P.C., B.Z. Tang, and-K. Kim, Effect of CNT decoration with silver nanoparticles on
electricd conductivity of CNIpolymer composite€arbon, 200846(11): p. 14971505.
Wang, X., et al.High electrical conductivity and carrier mobility in oCVD PEDOT thin
films by engineered crystallization and acid treatm&aience Advances, 20189): p.
eaat5780.

92



Cho, B., et al.Singlecrystal poly (3, 4ethylenedioxythiophene) nanowires with ultrahigh
conductivity Nano letters, 2014L4(6): p. 33213327.

Gueye, M.N., et alStructure and dopant engineering in PEDOT thin films: Practicalstool
for a dramatic conductivity enhanceme@hemistry of Materials, 201@8(10): p. 3462
3468.

Chen, H:W. and C. Li,PEDOT: fundamentals and its nanocomposites for energy storage.
Chinese Journal of Polymer Science, 2@BR)5): p. 435448.

Adekoya, G.J., R.E. Sadiku, and S.S. Rdgnocomposites of PEDOT: PSS with graphene
and its derivatives for flexible electronic applications: A revieMacromolecular
Materials and Engineering, 202306(3): p. 2000716.

Shi, H., et al.Effective approacheas improve the electrical conductivity of PEDOT: PSS:
a review.Advanced Electronic Materials, 201K4): p. 1500017.

Yue, R. and J. XtRoly (3, 4ethylenedioxythiophene) as promising organic thermoelectric
materials: A minireview.Synthetic metals2012.16211-12): p. 912917.

Groenendaal, L., et alRol y ( 3, 4 ethylenedioxythiophe
present, and futuréddvanced materials, 20002(7): p. 481494.

Mannayil, J., et al.Solution processable PEDOT: PSS/multiwalled carbon nanotube
composite films for flexible electrode dipptions.physica status solidi (a), 2018L518):

p. 1701003.

Ouyang, J., et al.On the mechanism of conductivity enhancement in poly (3, 4
ethylenedioxythiophene): poly (styrene sulfonate) film through solvent treaBogmher,
2004.45(25): p.84438450.

Kim, G.H., D.H. Hwang, and S.I. Wodhermoelectric properties of nanocomposite thin
films prepared with poly (3, -éthylenedioxythiophene) poly (styrenesulfonate) and
graphenePhysical Chemistry Chemical Physics, 201410): p. 35363536

Kepi ¢, D Pieparatioredf PE®OT. PSS thin films doped with graphene and
graphene quantum dotSynthetic metals, 201498 p. 150154.

Yeo, J:S., et al. Significant vertical phase separation in solveaporannealed poly (3,
4-ethykenedioxythiophene): poly (styrene sulfonate) composite films leading to better
conductivity and work function for higterformance indium tin oxidigee
optoelectronicsACS applied materials & interfaces, 20485): p. 25512560.

Yoo, D., J. Kim, andJ.H. Kim, Direct synthesis of highly conductive poly (3, 4
ethylenedioxythiophene): poly-§yrenesulfonate)(PEDOT: PSS)/graphene composites
and their applications in energy harvesting systelemno Research, 2014(5): p. 717

730.

Samal, M., et alGraphene quantum rings doped PEDOT: PSS based composite layer for
efficient performance of optoelectronic devic&se Journal of Physical Chemistry C,
2015.11934): p. 1961919627.

Wang, Q., M:R. AhmadiarYazdi, and M. Eslamianinvestigation of rarphology and
physical properties of modified PEDOT: PSS films made wsitingrafting method.
Synthetic Metals, 201209 p. 521527.

Zhao, Z., et aliImproving the conductivity of PEDOT: PSS hole transport layer in polymer
solar cells via coppefll) bromide salt dopingACS applied materials & interfaces, 2015.
7(3): p. 14391448.

93



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Zabihi, F. and M. EslamiarGharacteristics of thin films fabricated by spray coating on
rough and permeable paper substratésurnal of Coatings Technology andsRarch,
2015.12(3): p. 489503.

Soltantkordshuli, F., F. Zabihi, and M. Eslamiagraphenedoped PEDOT: PSS
nanocomposite thin films fabricated by conventional and substrate vibiadgisted
spray coating (SVASCIEngineering Science and Technolpgy International Journal,
2016.19(3): p. 12161223.

Habibi, M., et al. Controlled wetting/dewetting through substrate vibratassisted spray
coating (SVASC)lournal of Coatings Technology and Research, 203 8): p. 211225.

Su, Y., et al. PEDOT: PSS&xfoliated graphene to improve the corrosion resistance of
waterborne epoxy coatinnt. J. Electrochem. Sci, 20184 p. 45954610.

Yang, W., et al.Flexible conducting polymer/reduced graphene oxide films: synthesis,
characterization,and electrochemical performanclanoscale Research Letters, 2015.
10(1): p. 7.

Huang, J., et alinfluence of thermal treatment on the conductivity and morphology of
PEDOT/PSS filmsSynthetic Metals, 2003.393): p. 569572.

Friedel, B., etal., Effects of layer thickness and annealing of PEDOT: PSS layers in
organic photodetectorddacromolecules, 200942(17): p. 67416747.

Moujoud, A., et al.On the mechanism of conductivity enhancement and work function
control in PEDOT: PSS fiimtoru g h UV | i gphysica statues adidin(@)n2010.
207(7): p. 17041707.

Ouyang, J. and Y. Yand;onducting polymer as transparent electric gléelvanced
Materials, 200618(16): p. 21412144,

Thomas, J.P. and K.T. LeunD,ef ect mEDOMi z®&SPpl anar Si
very high efficiencyAdvanced functional materials, 20124(31): p. 49784985.

Mahakul, P.C., et alRreparation and characterization of PEDOT: PSS/reduced graphene
oxidé carbon nanotubes hybrid composites fonsparent electrode applicationkurnal

of materials science, 20152(10): p. 56965707.

Sun, DM.,etalA review of carbon nanotube and
transistors.Small, 20139(8): p. 11881205.

Zhao, D., et al.Highly flexible and conductive celluloseediated PEDOT: PSS/MWCNT
composite films for supercapacitor electrod®€S applied materials & interfaces, 2017.
9(15): p. 1321313222.

Hasan, M.N., et alWearable thermoelectric generator with vertically alignedD@H :

PSS and carbon nanotubes thermoelements for energy harvéstmgational Journal of
Energy Research, 20226(11): p. 1582415836.

Wang, X., et al.Harvesting ambient vibration energy over a wide frequency range fer self
powered electronicACS nano, 201711(2): p. 17281735.

Zhou, S., et al.Modeling and experimental verification of doubly nonlinear magnet
coupled piezoelectric energy harvesting from ambient vibrat®mart Materials and
Structures, 201324(5): p. 055008.

Wang, W, et al.,Optimum resistance analysis and experimental verification of nonlinear
piezoelectric energy harvesting from human motigmergy, 2017118 p. 221230.

Sun, X., F. Wang, and J. XNpnlinear piezoelectric structure for ultralefrequency bnd
vibration energy harvesting with magnetic interactinternational Journal of Precision
Engineering and Manufacturif@reen Technology, 2018(4): p. 671679.

94



89.

90.

91.

92.

93.

94.

95.

96.

Atalay, T., et al. Evaluation of energy efficiency of thermoelectric generator witt t
phase therm@yphon heat pipes and naparticle fluids. International Journal of
Precision Engineering and Manufactur@geen Technology, 2018(1): p. 512.

Kirihara, K., et al.,Thermoelectric power generation using nonwoven fabric module
impregnated with conducting polymer PEDOT: PS$nthetic Metals, 201225 p. 4%

48.

Wang, F. and O. Hansellectrostatic energy harvesting device with-otithe-plane gap
closing schemesensors and Actuators A: Physical, 20041 p. 131137.

Fan F-R., Z-Q. Tian, and Z.L. Wangflexible triboelectric generatorNano energy,
2012.1(2): p. 328334.

Oh, Y., et al.,Flexible energy harvester with piezoelectric and thermoelectric hybrid
mechanisms for sustainable harvestimgernational Journal of Precision Engineering and
ManufacturingGreen Technology, 2018(4): p. 691698.

Sodano, H.A., et alUse of piezoelectric energy harvesting devices for charging batteries
in Smart Structures and Materials 2003: Smart SenBechnology and Measurement
Systems2003. SPIE.

Montero, K.L., M:-M. Laurila, and M. MantysaloEffect of Electrode Structure on the
Performance of Fully Printed Piezoelectric Energy Harvest&EE Journal on Flexible
Electronics, 20221(1): p. 2431.

Ghosh, S.K., et alTemperaturéepressure hybrid sensing adrganic stretchable energy
harvesterACS Applied Electronic Materials, 2028(1): p. 2482509.

95



96



