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ABSTRACT

HIGH PERFORMANE MULTIMATERIAL FIBERS AND

DEVICES
Mehmet Girayhan Say

M.S. in Materials Science and Nanotechnology
Supervisor: Mehmet Bayeénder
June 2016

Fabricating low engy requiringand selfpoweredflexible electronicdevicescan
decreaseworld energyneedsince energy demandeems to bene of the most
fundamental problemin the near futureAn excellent solution to overcome this
drawbackis fabricating functional and energy ef@ot materialsFabricatinghigh
piezoelectric coefficient materials that are compatible witissproduction easy to
producejow cost andon-toxic is highly demanded in order to desigighly sensitive
sensorsand selipowered devicesThis thesis intoduces piezoelectric polymer
(PVDFTrFE) based several sensor typesenergy harvesting devices such as;
prosthetichand, cardiac sensomlectronic skin, which represent promising device
architectures for flexible electronicSemiconductormetal compogte, piezoelectric
materials or polymers can be drawn by thermal fiber drawing and by applying iterative
size reduction technique, the geometry, size and length of fabricated structures can be
controlled which also enables us to design novel in fibdoerdarray devices ta
nanoscale. Firsto enhancd®VDFTrFE fiber performancecrystallinity of fiberswas
improved by introducing new designg&nd phase transition mechanism was
investigatedn fabricated films and fiberginally, conductive composite mat&l for
flexible interconnects and electradeas developedAs a whole a variety of novel
piezoelectric and conductiveompositefibers were fabricated byising novelsize
reduction techniqueand fiber deviceswere designedfor flexible electronis
applcations
Keywords Piezoelectricity, PVDHTFE, Polymer fiber drawingg-skin, Conductive

composites
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Chapter 1

Introduction

Electronic devices and sgshs thatare established on flexible substrates have
received great attentidrecause silicon wafer technologgslimited flexibility [1-7].
Organic solar cells, flexible displays and cameras, artificial skiase recently
demonstrated on plastic flexdocomponentsuch as substrates, circuit components,
and electrodef8-14]. Designing high performan@adflexible devicesuch as ekin
and tactile devices, several materials technologies have been used, for example,
triboelectric polymers OFET technalgy, piezoelectricand pyroelectrianaterials,
inorganic semiconductors, pressure sevesiianomaterials and composifés-21].

In addition tothe materials for eskin, sensors and artificial muscle, energy harvesting
applications, there istill a hugeneed to develop piezoelectric and conductive
composite materials that can pave the i@ynew functions and designs. [248].
Although conventional electronic and photonic mateaadsvery efficient in terms of
functionality and performance, integratiof these materials as a part of a circuitry
into a flexible, arved and stretchable substragenot implemented easilyrhese
requirements can be accomplished by soft electronic fiber devitesh are non
invasive, biocorpatible, and highly stabl¢22, 23. Semiconductor, conductive,
composite, piezoelectric materials or polymers can be drawn by thermal fiber drawing
and by applying iterate size reduction technique [2the geometry, size and length
of fabricated structures can be controlled, whido &nables us to design nofibkr,
fiber-array devices at nanoscale.

Recently Bayindir Group researchers hpvaducedkilometers long, welbrdered,
uniformly distributed piezoelectric poly (vinylidene fluoride) (PVD#jcro and
nanoribbons that dematnates spontaneous piezoelectricity [ZHjese structures can
be drawn thermally withPolyether 8lfone (PES)or Polycarbonate (PC) claddjn
which encapsulates the innepjezoelectric material New effats to enhance
piezoelectricity in fibers, drive u® choose materials that have superior properties
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such as, easy to produce, geometrically controtiggh piezoelectric coefficients, and
crystal phase stability. To achieve these requirempalg vinylidenefluoride -
trifluoroethylene(PVDFTrFE) polymer has been selected as excellent candidate
for fabricating multimaterial piezoelectric micro and nanostructures.

In this work, we desigedand fabricatd functional pressure sensitive devices from
the PVDFTrFE micro and nanowires that were fabricateoy our group. To
demonstratd i ber s & d e v jseveral ppplications such s agtificial skin,
cardiac devices and model hand were designed, which are good examples of flexible
electronic devices. All devices were fabricated by following commexildle device
design structure: flexible substrate, piezoelectric polymer and flexible electrode
respectivelyTypically, it is veryimportantto fabricate highly crystalline piezoelectric
materials that have high piezoelectric coefficients, therefoldyhagystalline PVDF
TrFE microwires were fabricated and phase transition characterization were confirmed
recently by our group. Additionally}corductive polymer/Carbon nanotubemposite
film was prepared and composite mi@od nanowires were fabricatddr flexible

electrode applications.

1.1. Piezoelectricity

Piezoelectricity is a natural phenomenon that was observed by Pierre and Jacques
Curie brothers in 1880s. Il n Greek, t he
conveys energy generated from presswhere piezoelectric materidemonstrates
surface charges when they are mechanically disturbed. Piezoelectricity can be
observed in many different materials such as ceramics, polymemsvan biological
substrates [29 31] alsq various applicationsan be utilize in the field of sensing
[32], actuation [33, 34Jandenergy harvesting [25, B3n order to design functional
piezoelectric devices, there are several requirements need to be considered, for
instancehavinghigh pgezoelectric coefficienf|exibility, biocompatibilityand eag to
process [3p Although ceramic based materials and composites are known to have
high piezoelectric coefficients, they are depreciating in value from high production
costs, toxicity, andhigh processing temperaturg¢87]. With the discovery of
piezoeletric polymer PVDF [38 piezoelectric polymers become promising
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candidates for the replacement of ceramic materials, because of their high piezoelectric
coefficients, bigcompatibility and flexibility [25, 3% PVDF andits copolymer
PVDFTrFE are known as efficient polymer piezoelectric materiatsj can be
fabricated in the forms of thin films or nanowires, which pave the way for high

efficiency and functional devices [30, B0

1.11. Piezoelectric Effect

Piezoeletric materials are diffieent than other dielectrics thenechanical
compression or tension changes the dipoles, these procedures generates voltage. There
are two types of piezoelectric effect, namely, direct and converzegbectric effect
(Figure 1) Fordirect piezoelectric case, applied force changes polarization and creates
voltage on electrodes. When a potenisahppliedto both ends of the material, this
changes the distance of crystal planes and results a varrashape of the dielectric

materal. Thiseffectis termed as converse (indirect) piezoelectric effect.

- [ Direct Piezoelectric effect ] s s ( Converse Piezoelectriceffect } .

Figure 1.Direct and Converse effect. a) Permanent grotation after poling procesb,c)
Compression or tension along the direction of polarization réawtgoltage same opposite
direction of the poling voltage (Direct piezoelectric effect). d,e) If a voltage of the same
polarity or opposite polaritjo that of poling voltage is enforced , the element will get longer
or shorter, respectively.

Piezoelectric materials areystalline ceramic materials aralso manufacturing
materials that have high piezoelectric coefficiemtbich requires post processing,
which is called poling process. At the beginning, below the Curie temperatures each
crystal has symmetry and has a dgohoment but naet overall polarization.
Exposingmaterial tolargeelectricfield gives an alignment that cassenet dipole to
theelement and net polarization. Thipales are nearly aligned after poling process.

18



AR AR NI
A IR 0 A I
R R

Z |
0
o b AT IR

Figure 2. Poling process. Initialldipoles are oriented randomly. Applyitaggeelectric field
force thedomainsto becomeoriented. After DC field is removed, mmant polarization is
obtained.

Polarization axis

1.1.2. Constitutive Equations

Properties of piezoelectric materials such as ceramics, polwterare different
in particular crystal plane directions. Electromechanical properties of piezoelectric
materials standardized by IEEE Standards ezq®lectricity, which assumedaw
electric field and mechanical effects piezoeleatraterials showihear behaviof41].
Polarization direction and typichlysteresissurve and schematic of the material in
order to characterize @eelectric propertiesere given irFigure3. Relation between
polarization andapplied electric field (Egnl) which correspnds to switching

respase of the material is givéay [42]:

6 O -0 1)
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Figure 3. Polarzing directions and effects of electriield for polarizing mechanism. a)
Typical curve of change in the polarization with electrical fibl@d) Direction of forces on a
piezo element. Indirect or direct polarization can be characterized by polarization hysteresis.

Basic constitutive equations for linear piezoelectricity were established by IEEE
Standards in 1987.
0O Q0 Q, 2

- Qo Q, (3)

This formulations can be written in matrix form:

O 0O

Q 0
4
D9 0 . @)
Piezoelectric coefficient d carelwritten in 3 dimensions,
ryT[ m Q 0l
T m Q -
, Q -
Q | IT[ Tt 1 5
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0 ... Polarization (C/R)

0. .. Electric Displacement (CAn

Q. . .Dielectricpermittivity (F/m)

O. . .Appliedelectric fied (V/m)

- .. .Strainvector (m/m)

Q. . .Piezoelectricoefficient (m/V or C/N)
, . . .Stressvector (N/nf)

“Y. . .Elasticcompliance (r/N)

Applications of piezoelectricity generally depends on electromechanical
considerations, which plays a majmle in conversion of mechanical energy into
electrical energy. They are used in various applications, such as pressure sensors,
memories, microphones,sars, energy converters etc. {43. There are many more
examples of piezoelectricity related applions, which carrgreatimportancedue to
their use in mechanics and elamtics. Figured4 gives applicatiorsummary of the

piezoelectric technology by utilizing direct effect and converse effect.

Piezoelectricity
Piezoelectric ‘ Resonant \
sensors for Voltage Generator

Direct effect Converse effect

Non-resonant

measurements
(stress, pressure
etc.)

(Nanogenerators)

| |

[ Ultrasonics ] [RF Engineerin% [Resonant Sensors]

Figure4. Applications of Piezoelectricity
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In geneal, there are several drawbacks of piezoelectric materials, such as
brittleness, toxicity, high cost production. Desired properties of piezoelectric materials

are

Compatible with mass production (low cost and easy processing)
High piezoelectric coefficids

High mechanical resistance (high durability)

Non-toxic components

=4 =4 -4 -4

Piezoelectric polymers are good candidates to fulfill these requirements and since
the discovery of pieaectricpolymers, mmely PVDF and its copolymer VDRFE,
they have beemised inbiology-related applications such as nanomedicine, tissue
engineering and biocgmatible implants and devices [46

1.2 Carbon Nanotubes

Carbon nanotubes are rolled up version of 2D dsimeral material graphene which
was discovered by lijima in 199#7].Carbon nanotubes (CN&re unique materials
due totheir mechanical and electrical properties. They are mechanically strong, 1D
structures and they have remarkable chargnsport propertiegnd theyconfine
electronsto move along the length. There @ kinds of CNT: single wall carbon
nanotubes (SWCNT) and multialled carbon nanobes (MWCNT) as shown in
Figure 5 The SWCNT is a hollow cylinder based on carbon atoms with a diameter
between 0.5 to 5 nm and the lengths are on the order of micronetastimeters.
MWCNT has multiple nested cylindrical structures with the spacing of 0.34 nm.

Diameters of MWCNT are ranging from 5 to 120 nm.
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Figure5. Representation of SWCNT (a) altWWCNT (b)

The structure of nanotubés derivedfrom the graphensheet. The concept of a
chirality is used to classify flerent types of CNTs. Figure$hows the honeycomb

lattice of graphene and the lattice vectoraicdinday, defined on xy plane[49]:

Noh .0 - Nod. &
H —hh + Z=h-

¢ C C C

constant, a

I Cée

s | att

where a is Bravai

CNT is defined by three parameters: the chiral veCtpthe translation vectdr and
the chiral angle d. For differ erametelsypes
are given in the Table 1.
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Figure®. lllustration of conceptual construction of a honeycomb lattice. OCBA is a typical 1D
unit cell for SWCNT. Zigzag and arinair structures in CNT lattice.

Symbol Name cCNT aCNT zCNT

Ch chiral Vector Ch=nai+maz=(n,m) Ch=(n,n) Cn=(n,0

Ch length of Ch=|Ch|= Ch=(Wot Ch=0¢
chiral vector ¢y& € & d&

- diameter H_ m Y5 m ©E
- < “ < “
W X
— & ta a

P chiral angle @ &P P ond P mJ

cE a

e € a a

Table 1. Table of structural parameterd aquations for CNTs. cCNT stands for chiral CNT,
aCNT arnchair CNT, zCNT for zigzag CNT.

Chirality concept is important in oedto understand typnd thestructureof CNT.
There are three types of CNT, chiral CNTs, armchair CNTs and zigzag CNTs. These
three types of geontés are illustrated in Figure 7
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Figure7. Adopted from [48 Three types of SWCNT: a) chiral, b) armchair, ¢) zigzag CNT

The motion of electron in one dimensional structures such as nanowires, CNTSs,
nanotubes etc., is in the fowhscattering and ballistic transport. Electronically, CNTs
can be metallic or semiconducting, and this variety makes CNTs very attractive for

many application§0].

For ideal conditions, electron can be transported without any scattering, this is
known as ballistic transport (Figurg.8NTs can be considered as a 1D quantum wire,
the motion of electron is in representation of a quantum conductance, quantum

capacitance and kinetic inductarj48, 51].
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Figure8. Schematic representation of two wirevites and types of electron transportation.
A) A guantum wire between two contacts. b) SWCNT between two contacts. ¢) lllustration of
electron scatteringd) lllustration of ballistic transport where an electron travels with a
constant energy and momentum

Electron scattering can be controlled by several parameters: by lowering the
temperature, using very pure materials and smaller the condegihin order to
increase the possibility of the charge transport that is ballistic. Ballistic transport is a
nanoscale phenomenon and quantum electrical properties statisamitiderstanding

of quantum conductance/resistance.

The main expression for the ballistic curremt

0 —0 ® (6)

Then, the quantum conductan€keis,

0 — —0  0f 7

where, 0 if the total number of propagating modes or chanfl@lss t he Pl anc

constant, e is the electron char¢®, is the unit of quantum conductanc®.

XR° "or— p @
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Chapter 2

High Peformance Piezoelectric Sensors
andDevices

We demonstrated possible applications of high piezoelectric coefficient
piezoelectric nanowiressuch as pressure sensors, cardiac devicekineand
prosthetic had. We built proof of concept artificial skin for large area sensing and
pressure location. Cardiac devices were designed in order to sense blood pressure from
the various boglpoints that could inform us abdugalth status of an individual. Next,

a modelhand with pressure sensors, which mimics a real human &addan detect

small pressure changes and capable of doing human hand functions such as hand
shaking, holding an object was demonstrated. In addition to all these applications, the
discriminationof the collected charges from the triboelectricity is demonstrated by

manipulating the crystal structure and phaassition of the piezoelectric micsires.
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2.1.Introduction

Dielectric materials play a significant role in flexible electronwhich requires
light weight, nortoxic chemical composition, high chemical resistance, high dielectric
constant and good flexibilityas observed in some polymemghich are tle key
properties in the field [1, §2Designing organic piezoelectric materisgoduces the
opportunity of manufacturing flexible, wearable and stretchable-pselering
devices, where there is a greater demand for developing high performance,
piezoelectric materials. PVDF and its copolymer PVDFE seem to bé¢he best
candidates$or polymer piezoelectricity [53%4]. However, only the beta phase ofsbe
materials represents high piezoelectric coefficiérim among their three diffent
conformations (alpha, beta angamma), because of dthns stereechemical
conformation. Alhough, the piezoelectric phase can only be obtained by poling with
electric field and mechanical manipulation, recently developed electrical polarization
independent processes are promising for fabricaticbhigh piezo&ectric coefficient
materials [25 55]. Improvement in thehigh piezoelectric coefficient polymers
dependson dimensional factors as well as the fabrication method. Piezoelectric
polymers in form of 1D structures were known to be presenting better performance in
comparison with the 2D ar8D structures. Despitéis, they are less efficient in terms
of performance and electrical output, 2D and 3D forms of piezoelectric polymers are
still aheadin the market, because of easy handling, large scale integration and
inexpensive manufacturing presses [56, 30, B9The challenging part is the
manufacturingof macroscopic devices perfectly integrated with metal electrodes
which can simply interact with piezoelectric components in 1D structures such as
nanowires and nanotubes.

Human skin is theargest organ of the human body. The skin coms$t
mechanoreceptors that can receive tactile information from the surrounding
environent. As demonstrated in Figure &pidermis of the mammal skin is hosting
different types of pressure sensors, eactheint operas with different frequencies
[57, 59.
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Meissner corpuscle

Pacinian corpuscle Ruffini's corpuscles Merkel's disks Free nerve endings

Classification Meissner Corpuscle Pacinian Corpuscle Ruffini Corpuscle Merkel Disks
Stimuli Frequency (Hz) 3-40 40-550+ 100-500+ 0.4-3
Receptors/cm? 140 21 49 70

Temporal changes inthe Temporal changes inthe Downward pressure,  Spatial deformation,

Effective Stimull skin deformation skin deformation lateral skin stretch sustained pressure

Low frequency vibration& High frequency vibration ~ Finger position, stable Pattern/form detection

Sensory Function 4 2 ] / )
motion detection detection grasp, tangential force texture perception

Figure 9 Schematic of human skin with various mechanoreceptors. Mechanoreceptors for
receiving tadte information. Adopted from [57] and [%8

Large area, flexible, conformable and stretchable desigpired by human skin
are developed in order to sense pressure actuation and exhibit these signals in an
electronic environment like theechanoreceptors and neuronsHectronic skins or
artificial skins showed up to fulfitheaforementioned requineents. There are several
types of transduction mechanism and methodologiparoaches to createskins
[13]. In case of piezoresistivity transduction, characterization depends on change in
the resistance or conductance of the sensitive material. Patpmgosites filled with
CNT, graphene and metal nanostrucsurave been proposed recently [59, 21, 6], 61
Next, change in the capacitance would allow the researches to sense pressure depended
capacitance in the sensitive material. Cb&sed elastomers@PEDOT PSSPDMS
structures were used to impient an artificial skin model [62, §3The ability to
convert mechanical actuation to electrical signals makes the piezoelectric structures
(thin films or micro and nanowires) best materials for t#tsia. PZT and ZnO are
known as common piezoelectric material that can be implementhv@tbonductive
electrodes makinthe simplest configuratiorotdesign eskins [64 65. Piezoelectric

polymers such as PVDF and its copolymer PYDFE was used in severatamples
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of the artificial skins. In addition, transistor baseskins have been proposed to be
used aspressure sensitive rubbers in drain section of the transistor as a resistive
material, which controls the currerflow thought the resistor, where the
characterizabn depends on current mapping [16,66,1},19

In recent years, flekle biomedical devices attracteuts of attention because they
cangive informationabout the health status of the patients or the individuals. Cardiac
devices can count hehrtates, measure blood pressure emitect heart ratesignals
from several body partsHuman skin requires idealevices that ardlexible,
conformably mountablen the skin and operate without beidgcomposed doreak
down. Several devicesan sense btml pressure of the animal or human, even
respiration processes. These devica® mainly based on piezoelectric or
piezoresistive materials such as P40 #VDFTrFE [61, 64, 36, 6]7 In addition to
pressure sensors that can inform human health statusthgtio hands are very
i mportant to individualsd |ife quality.
hands increases more rapidly that can sense pressures like the humsrsbaasithg
mechanism. Examples of several model hands can be suminagiZiezoresistive
nanoomposite sensors were placedoa glove that can sense finger movements [68,
69], andthesensors can be embedded into an industrial level prosthetic hand and that
device can senseuch like the real human hand [78lowever amodel hand that is
a closereplica of the human hand that can sense touch, shear forces and pressure
actuations from the environment still have nlo¢en proposed. The design
considerations, materials and methods to achieve the prosthetic hand requiagihents
a prototy will be demonstrated in the egming sections. Several types of artificial

skins, prosthetic hand and pressure senareshownin Figure 10
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Figure 10 Examples of pressure sensitive electronic skirsjel hands and sensoa$.[62],

b) [59], f) [68], g) [53.

2.2 Nanostructured Piezoelectric Polymers

Owing to their unique properties (electrical, methal and thermal) one
dimensional systessuch as nanowires, rods, nanotudresecertly been investigated
intensively [7]. Geometical confinementat small scales around 100 nm has an
influence on the properties of the materials. Piezoetegtliymers such as PVDF and
PVDFTrFE have different chain orientation and crystallization when geomérical
confined. The rast common piezoettric polymer PVDF hadifferent phasedJ , b,
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9, U, U, among them, U ipezoelectridfeerakledtrii e nonp
b pe[a5 30 18] . During the recent-TrBE@sar s, P
commonly used in applications andhaskeepl vy
and high piezoelectric coefficients (d33 and d31). In addition to its remarkable
properties, PVDHTFE is flexible biocompatible, light weight and ntoxic. Several
approaches are represented to confine PYEHE polymer into 1D structures for

achiewng high piezoelectricity andesigning functional devices [BO'ypically, these

1D structures PVDHTFE structures can be synthesizeingfour main techniques:

template assisted method with wgia porous matrix or membrane [39,-72,
nanoimprinting[55, 7884], electrospinning [53, 85, §6and thermal fiber drawing

[23, 25.

Template assisted approach uses the infiltration of the polymer solution or polymer
melt into he asprepared porous matrix. Usintpis technique, nanowires and
nanotubes, whit are subdl0O0 nm in diameter can be fabricated. However, this
technique suffers from low piezoelectric coefficients, large area fabrication and
uniformity [72, 73]. Uniform arrays bpiezoelectric nanopatterns can be obtaiogd
thenanoimprinting metho@78]. This lithography type uses the inverse replica of the
patterns on the mask, where the mold isgressed above the meljitemperature of
the polymer [88 The maximum piezoelectric coefficient ever reported is 210.4
pm/V, which is a nanograss stture with a dimension of 20 nr&j]. Electrospinning
is another tool to obtain nanoscale polymers, where under the intense electric field
polymer solvent soludn is extruded from a nozzle [53, 87,]8Blevertheles, this
fabrication techniquéacks creabn of aligned fibers and the diameters are mostly not
below 300 nm. Finally, a recent novel fabrication technique is called thermal fiber
drawing techniquethis become a dominant technique to fabricate highly crystalline,
high piezoelectric coefficientamoribbons. The ability of the getting waligned,
ordered, long and highly crystalline piezoelectric miandnanowires would pose
fabrication method that paves the way for functional, highly iseesdevices and
sensors [2b

The piezoelectric propees and crystalline structure of the piezoelectric materials
can be investigatedy PFM (Piezoresponse Force Microscopy), XRD-Réy

Diffraction) and FTIR (Fourier Transform Infrared) analysis. PFM is a scanning probe
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technique that extracts piezorespohysteresis loops, which is created bydipole

orientation while a certain voltage manipulates the domains of the cry&@algq.

From the PFM signal, the magnitude of the piezoelectric coefficient d33 can be
calculated. The macromolecular oriergatiand crystalline structure of the material

can be determine by wide angleR&y diffraction and FTIR spectroscopy. The peak
assigned to the piezoelectric b phase is
and (200) orientatiarnintensity changes arnts shifts from this value, determines the
crystallinity of the polymer. FTIR spectrometry asverification of XRD analysis;
corresponding b peaks c azathelpkeasebktheeatenalne d i
[90, 91. A broad explanation of the datanaysis of the XRD and FTIR

characterization will be given in chapter 3.
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Study d33 ¢ Fabrication Method Geometry Phase
pm/V)
[39] 10-20 Template- Assisted Nanowires (510 b
nm)
[72] 6.5-8 Template- Assisted Nanowires (50 nm) b
[73] - Template- Assised Lamellas (30 nm) -
[74] 2545 Template- Assisted Nanowires (40 nm) b
[75] - Template- Assisted Nanotubes (250) b
[76] - Template- Assisted Nanotubes (200 nm| -
[77] - TemplateAssisted Nanorod (120 nm) b
[78] - Nanoimprinting Nanocells (50 nm) b
[79] - Nanoimprinting Hexagonal (400 nm -
[55] 210.4 Nanoimprinting Nanograss (Sub20 b
nm)
[80] 48- 81 Nanoimprinting Nanopatterns (200 b
nm)
[81] - Nanoimprinting Nanodots (80 nm) b
[82] - Nanoimprinting Nanocells (250 nm), b
[83] - Nanoimprintng Nanodots (40 nm) b
[84] - Nanoimprinting Nanopattern (300 b
nm)
[85] - Electrospinning Nanofibers(500 nm) b
[53] - Electrospinning Nanofiber (260 nm) b
[86] - Electrospinning Nanofiber (700 nm) b
[25 58.5 Thermal Drawing Nanowire (5 nm) o)
(PVDF)
This 320 Thermal Drawing Nanowire (400 nm) b
Study
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Table2. Piezoelectric Properties of Nanostructured PVIDFE Polymers Reported in the

Literature

Figure1ll demonstrates the PVBHFE micro and nanoribbons that are produced
as a results of first angecond step iterative fiber drawing processes. We etched and
extractedhepiezoelectric fibers out of the PES cladding in a length of 15 cm for large
area applicatins (Fig.11D). Images of etching and extraction of fiteers are given

in the figure 12

Figure 11 Optical and SEM imaged dst step and 2nd step PVBFFE Fibers. A) Cross

sectional image of the first step PVTF microfiber in the PES cladBjrighotograph of etched
P (VDF-TrFE) nanoribbons. C) SEM image of second step nanoribbor®pijal image of

etched fibers for large area applications.

Each of the individual fiber is 400 nm width and a bundle of PVDFrFE fiber
consists of approximately 400 hundred nanofibers, which takes shape of a flexible,

long bundlesand represents highiezoelectricity.

35



1.step (Removing the PES) 2.step (Etching the PES)

Figure 12. Optical images of 1st step extracted piezoelectric fibers and 2nd step etched
nanaibbons. A) First stepWDF-TrFEfibers extracted out from the PES cladding. B) Optical
image of etched second step nanoribbons, Inset shewme fiber surface.

2.3 Large Area Artificial Skin

For designing large area applications we used second step 15 cm long PVTF fibers
which aredense, flexible and lightweight. One of the important applicatiomsing
piezoelectricity is a device thatan sense pressure changes like our skin, is an
electronic skin[53, 62] In this section, we designed and characterized large area,

transparent and flexibledlby 10 artificial skin matrix.

2.3.1. Fabrication

Fabrication step is started withgparing PDN& layer, which provides device with
flexibility and holds all components together. In the preparation of PDMSahdse
curing agent are mixed ih0:1 ratio. The mixture is degassed for 1 hour undér 10

Torr vacuum pressure, after pouring PDMS onto PMMBssrate, structure is held at
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room temperature for 2 days. Next, 20 PVTF fikemesetched out from claddings in
lengths of 15 cm, which are etched by DCM solution. Subsequently,aosiygle
surfaceof the nanoribbons are coated with 10@ mhick gold ly using ebeam
evaporator (VAKSIS MIDAS PVD)Electrode design starts with mask preparation
that is a classical, simple method for fabricating larga @egices. Acetate is used as
mask material, electrode structures and lines are drawn by Epilog |&g®y system
and masks are placed onto Polyester (PET) film, then is &daminum deposited by
thermal evaporatofVAKSIS Elif). Afterwards Al is deposited PET films are cut in
desired lengths and first electrode layer is placed onto PDMSdayeay thevertical
dimensions. Gold coated fibers are placed on each Al electrode araf¢iségcked
usingsilver paste and circular coppipes. 10 fibers are placed the same way with

first part of the device encapsulateidh 1 mm thick PDMS (Figure 13
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a) Wi W2 W3 W4 W5 W6 W7 W8 WS W10

B6

B7

B8

B9

B10

c)

Encapsulation Layer

Second Layer (Bit Line)

First Layer (Word Line)

PDMS Il PVIMA Substrate Bl Cu Tape
[ Al Contact Au Coated vdf-TrFe Fibers

Figure 13. Fabrication steps for the artificial skin using second step fibers. a) Schematic
representation of electrodes for large arekie device, word (WAW10) and bit (BiB10)
lines are shown. b) Images of polymer masks for aluminum electrode fadrjcaset show
the electrode schematic. ¢) Schematic illustration of artificial skin, materials and structures are
shown. d) First layer of artificial skin with gold coated piezoelectric fibers, copper tapes and
PDMS layer.

The second layer of the deei was fabricated as it was done in the first step. Al
coated PET electrode layer was placed onto PDMS layer, fibercommnected othe
conductive parts and the entire device was then encapsulated with PDMS layer.

Finally, the device is peeled awayrimdhe sadficial PMMA substrate (Figure 14

38



“a

Figure14. Optical image of fabricated large area electronic skin. Optical images of first and
second | ayer images of electronic skin with
map transparency drilexibility.

The final structure of the device is flexible, capable of being rolled, transparent and
can sense pressure changes from 20 -@esonal points, which collect pieoharges
from both lateral and vertical nanoribbons.

2.3.2. Characterizian

Depending on whethd?VTF dipolesare inperpendiculaorientationto the fiber
axis when a masts pressed or removed from the system, a positive or negative
piezoelectric potential is produced and collected from thearojpes, respectively.
Figure 15a containsthe equipment of thexperimental setup. Voltage valuegre
collected byTDS1012B two channel szilloscope(Tektronix) Two oscilloscope

probes were connectéd corresponding sensor parts and when a fe@pplied in
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crosssectionatiredion tofiber sensorghedata were collected from two oscilloscope
probes. To demonstrate pressure sensing mechanism of electronic skin, metal marble
was placed on W8 and B8 lines, corresponding electrodes are connected to the two
probes. Releasing thmarble produced maximum 200 mV open circuit voltage

intensity map and generated vokgoealdata is given in Figure 15

B1 Generated Voltage
B2
0.0+

B3
B4

5
B5

S 0.1+
Bs 3
B7
B8 0.2
B9 ¥ T T LS T T T T T

18 1.9 20 21 22 23 24

81D Time (s)

Figurelb. Electrical characterization of electronic skin. a) Optical image of experimental setup
for the characterization of th@ezoelectric device. b) Optical image of artificial skin with
metal marble on W8 x B8 lines. c) 2D voltage signal intensity distribution measured from the
10 x10 e skin matrix. Voltage mapping of the pressure distribution on W8xB8. d) Maximum
open circui voltage generated from the pressure that is applied by the marble.

In Figure 16 smal pressure characterization wdsmonstratedThe aim of this
characterization was to determine minimum pressure value that excites the
piezoelectric fibers. Small vads of masses {2 Pa) were dropped from the certain
height (:3) and the pressure was applied onto the single fiber, immediately charge is

collected from the-skin. Linear relationship between pressure and the output voltage
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was demonstrated. Experimendata and fit were associated linearly. Inset shows the
press and releapeakof the charge collected froasingle nanoribbon in the artificial

skin.

94 | A Experimental Data
l Linear Fit

[

Voltage response of 9 Pa|

Voltage (mV)

Voltage (mV)
o

T T T T T
77.0 77.2 77.4 776 77.8
Time (s)

1 2 3 4 5 6 7 8 9 10
Pressure (Pa)

Figure 16. Small pressure analysis of single pixel element-siie. Experimental setup for

the smdlpolymer drops on to the artificial skin surface. Ima(fe8) showthe polymer mass
falling from the certain height. Data shows the maximum generated voltage by increasing
pressure vakes. Inset shows the voltage péak9 Pa pressure value.

2.4. Cadiac Sensor

Cutaneous pressure monitoring is a popular application for glextdc systems
that can provide information aboutn di vi dual s heal th statu

pressure and heart rate from body parts, for example, chest, arm arfj@4jetkese
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aredevices which aremostly flexible and becaudbey canconformably suit on the
body parts, these pressure and temperature seargoveryconvenientfor wearable

electronics.

2.4.1. Fabrication

The idea of hearth rate monitoring and sensing hmades with piezoelectric
materials coméo partwith the rise of the flexible and stretchable electronics.

Crosssectional schematic illustration of cardiac device and its components were
demorstrated in Figure 1& The fabrication process starts witlegeration of 1 cm
diameter circular PET substrate. Next, 100 nm Au coated piezoelectric fiber was
placed onto the substrate, then contact material copper tape was connected to the fiber.
Finally, whole structure was closed with PDMS and was entaiesl wth flexible

silicone.

a)

PDMS & Silicone

- Cu Contact & Wiring

- Au Coated Fibers
I Pt substrate

Figurel7. Schematic representation of cardiac sensors. a) Schematic of layers and device
construction of piezoelectric nanowire electronic skin. b) Optical image of the designed
cardiac device.

2.4.2. Characterization

Nanoribbonstructure enables us to have high surface areasaradl confined
structuresin a single fiber;this results in a high piezoelectric constants. These
propertieenablethe fiberbased structures to sense small pressure vaves blood
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pressurdrom theskin. To demonstratdevice capabilities, nanofibéased cardiac
device was mounted on the various points of the skin. Measurements from the wrist,
arm and neck were given and corresponding photographs for each meassiveanen
illustrated in kgure 18

a)
3 Wrist
24
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C
) 10+ Neck

Voltage (mV)
<
—_—

T r T T T
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Figure18. Blood pressure measurements on the wrist, arm and neck. a) Open circuit voltage
(Voc) - time plot for a sensor placed on the wrist and photograph of the sensor on the wrist. b)
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Voc- time plot for a sensor placed on the arm and photogratitecfensor on arm. ¢)o¥-
time plot for a sensor placed on the neck and photograph of the sensor on the wrist.

Open circuit voltage responses from the body parts can infoabawgheart rate
and heart rhythm. Demonstrations involved a healthy femal@ anale in their
twenties, no allergic reactions or damage to their skin were observed in our
demonstrations. These applications demonstrates that highly sensitive nanofibers can

be used in combinatiaim medical ekctronics and wearable devices.

2.5. ModelHand with Pressure Sensors

Human skin contains cutaneous sensors, in other words mechanoreceptors that can
convert mechanical stimulations to the electrical signals. A model hand for
demonstrating this capability depicts how pressure sensors could ke oséal form
a corporation into a prosthetic devig®]. Prosthetic arms andhbs are very crucial
in the lives' of disabled he technology evolves &high-tech, functional and sensory
systems thais capable of collecting information from the swnaling environment.

Here, we design harde device that senses pressure, fingertip touch and it could be
placed over commercial prosthetic hands. Our device has 22 pressure sensors, which
were placed into model hand that are embedded into flexiblersliowaterial. The

final view is areplica of a real human hand.

2.5.1. Fabrication

Fabrication of model hand starts with mold preparation from plaster blend that
keepsall components of the devitegethelin one piecePrimarily, plaster blend was
prepaed as a gel form, 1 kg plaster powder was mixed with 2 liters of water, and then
the mixture was poured into a pot. A model limb, in this case human hand was pressed
into the mixture and wakept till the mixture wasgot hardenedFigure 1®). The
desiredmodel to the plaster can be given by varyingitipt pressure and holding
time. After the plastehasdried up and hardened, thin layer of silicone was poured
into the mold that gives the structural layer in order to place pressure sensors. 22

pressureensors were placexh themain sensing points of the hand. Connectiverse
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checked for each sensor and they were stacked ohith&ayer of silicone (Figure
19).

Figure 19 Fabrication steps for the model hand with embedded pressure sensors. &) Optic
image of 22 pressure sensors prepared for embedding into the mold. b) Plaster mold
preparation, inset optical images show mold and silicone hand design. c) First silicone

out into the plaster mold and after sensors are placed onto the ddedesiiyer. d) Embedded

22 piezoelectric sensors into thiaster mold with silicone.

General schematic that illustrates pressure sensors in the model lggvehis
Figure 20. The main material that can sense pressure changes is-PVBF
piezoelectic polymer fibers which we developed in our group. The structural
stiffness for fiber holding was provided by commercial polymer PET. For simplicity
of placing sensors in finger positions, two different diameteis@z&ET platform
were usedor placing the sensors properly in the mold structd@) nm gold coated
fibers were winded spirallgn the PET polymer. Copper tape and long Cu wires were
connectedo the conductive parts of fibers and these processes were performed for

each sensor. Finalthe whole structure wasncapsulated with silicone.
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PET
Fibers

.Cu Tape

Silicone Rubber:

Pressure Sensors:

@ o

R=1cm R=0.6cm

Figure . Schematic representation of model hand. Pressure sensors with different diameters
embedded into silicone rubber, inset shows the layers of each pressure sensor.

Final structure and photogphs of the mael handaregiven in Figure 21Sensors
and contact wires can be easily seemftbe images when the hand idchigom the
palm. Whole structure is flexible and can emplaymanhand functions such as
gripping, hading and hand shaking @ure 21right).
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Figure 21. Optical images of model hand with sensors and wires. Photographs of labeled
piezoelectric nanowire sensors with copper contacts embedded into silicone mold, the final
structure is a model hand that can sense pressure valoesdrious points.

2.5.2. Characterization

Model hand characterization lesapn measuring open circuit voltage of each
individual piezoelectric sensors. Each pressure sensor was labeled-RiZ2.P1
Experimental setup consssif metal block that givea certain pressure, PMM#hat
distributes the force and soft foased as support layer. Ithe setup,the model
hand was placed on the soft foam and PMMA was laid on. Continuous pressure was
applied to the systerfrom 3 kg metal block (Figure 2&b). Measurements were
performed by collecting charges from the four oscilloscope probes that were connected
to four individual sensors while metal block was released from the experiment system.
Release open circuit voltage vasuare given for&ch labeled sensoin FHgure 22c-

f. The characterization was performed with the DS1014A four channel oscilloscope
(Agilent Technologies), which enables us to check any crosstalk between the sensors.
The variation in the vthge values (60 V100 V) can dependn the presure
distribution for each sensor. Besides, the model hand has different parts that were

scaled in different heights, thus varying pressureidigion wasunavoidable
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Figure22. Electrical charactération of each pressure sengothe model hand. &chematic
representation for pressure actuation. b) Schematic representatiwiaifeled 22 pressure
sensors. €) Voc release peakof the sensors at full contact position.

Mapping the intensity distribution is the best way to demonstrate charattariz
of multiple sensory systems. In order to illustrate each séreapacity, we present a
2D color voltage map for the model hand that gives an idea foorpehce of the
device (Figure 28 Intensity distribution clearly presents the variatmnvoltage
output values from the sensors. Hereby, outputs demonstrating any hand function will

give an idea about the object that was manipulated by the hand.
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Figure23. Mapping of a model hand for each pressure sensors. Open circuit voltage responses
are ranging from 501 100 V for piezoelectric sensors. Voltage mapping of pressure
distributions for the mass.

2.6. Controlling the Piezoelectricity

In order todeeply understandpiezoelectric effecin our fibers, we performed
several experiments for phaseartsition between nonpolar alpha phase and
ferroelectric beta phase. PVBPIRFE is a weltknown piezoelectric polymer that is
mostly in powder form and was found in alpha phase. However, beta phase is known
as piezoelectric phase anmobst of itsapplicationsare demonstrated by using poler
material[30, 53. Figure24represents the molecular structure of PVDFE. It isthe
copolymer of PVDF (@H2F) and holds TrFE (g&H2Fs) chain. Figure 24-c
demonstrates the nonpolar alpha phase and piezoelectrichasespf PVDHTFE
molecular orientation. In alphzhase casevhich is the phase where the material has
the lowest piezoelectric coefficient, chains and molecules are not properly oriented
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due to improper orientation of dipolehus the overall charge dtected from the
polymer is the low On the contrary, for beta phase, molecules are oriented in a
systematic manner, dipoles are oriented perfectly, and therefore highest

piezoelectricity can be achieved in this form of polymer.

a)
VDF
C
TrFE
G
b c
) Alpha ) Beta

MW : ' b4
Figure 24 Molecular stucture and phases of PVBIFFE. a) Molecular structure of the

polymer that contains VDF and TrFE parts. b) Alpha phase demonstration of PVABEC)
Beta phase demonstration of PVIDE-E.

As a first step foramalyzing crystal structure ofnaterial, we pdormed XRD
analysis of first step fibers that are annealed at both Curie temperatuRCjl2ed
melting temperature (14%) [92, 93] Figure25 demonstrates the XRD results of the
fibers. 148C applied and adrawn fibers demonstrates perfect beta phhbae is
clearly understand from tigel~ 19.9, which corresponds the piezoelectric beta phase.
In case of 148C annealed fiber2d s 10i20.2 teat means crystals are not well
oriented compared to the other fiber, less crystalline maf@@ialThecrystallinity of
asdrawn fiber is between 14€ and 120C annealed fibers that paves the way for
designing functional pressure sensitive devices, without any poling or annealing

treatments.
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Figure25. XRD analysis of treated and-dsawn fibers.

Next, we performed electrical characterization of annealed amttaaa fibers.
Prior to experiment, two PDMS layers were cured and cleastadethanol in order
to get rid ofthe surface charges, namely triboelectric charges. 50 nm gold coated first
step PVDFTrFE fibers were sandwiched between these two uncharged PDMS layers
and were contaed with copper tapes (Figure.ah These processes were performed
on both treated and adrawn fibers and open circuit voltage performaneese
compaed. As demonstratad Figure 26b-c, themelting point temperature annealed
fiber has the highest voltage responsdsch is a clear proof dfighest crystallinity
among the other fibers. Dipoles are well oriented in that case, ath@awas has the
second maximum voltagehen compared to 12X annealed fiber théasthe lowest
voltage value, which concludethat the dipole orientationis not aligned and

crystallinity is minimum among the other fibers.
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Figure 26 Electrical characterization of annealed andrasvn fibes. a) Device structure. b)
Voltagetime response of the fibers. ¢) Comparison of open circuit voltage values of the fiber
devices.

Finally, we confirmed that crystal €& and domain boundaries changéh the
annealing processes using Atomic Force Micopy (AFM) by imaging srface
topographiesf each fiber As denonstrated in ure 27 120C annealed fibers have
the biggest crystal size and ?@&5have the minimum even that case boundaries are
nested94]. Topographies clearly statieat fiber drawmg enables us to have crystalline

materials and those can be controlled by annealing.
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Figure 27 Surfacdopographiesf first and second step annealed andrasvn fibers. ab, c)
annealed and afrawn fibers. de) Second step fiber surface topolagie
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Chapter 3

Highly Crystalline Piezoelectric
Microwires

In this chapter, the fabrication steps and phase transition analysis of the thermally
drawn piezoelectricfibers are demonstrated andvéstigated. Highly crystalline,
rectangular shapéens oimeters long PVDHTFE fibers which are capsulated in PES
claddingwere fabricated. The width oféttore of the fibersrangesr om 80 Om t o
O mand for the secondep microribbons, width rangdsr om 5 Om. XR®D 500 |
and FTIR analysis were performéd order toinvestigatethe phase transition and
crystallinity of the powder, bulk film and fabricated microwirellorphology
characterization of the fibevgasperformedwith SEM. According to XRD and FTIR
investigations, phase transition from roolar alpha to beta phaseas observed

clearly between the bulk film and timeally drawnmicrowires.
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3.1.New Designs to Enhance Piezoelectricity

Enhancement in piezoelectricity is becoming main focus of the producers who are
designing high piezoelectricoefficient materials with electrospinning, imprinting,
porous alumina templates, and thermal fiber drawB@ R5, 53, 5p Increasing
piezoelectric coefficients let the researchers to design more stable and sensitive
pressure sensors, energy harveswpgplications that harvest current and voltage
values in high amounts. In addition, phase transition of maté&aasnonpolar alpha
phase to piezoelectric beta phaseuld increase the piezoelectricity of the polymers
or the ceramics. In this study, toh&ve high piezoelectric coefficients and phase
transitionfrom alpha to beta, we fabricatedfart film PVDFTrFE copolymer with
hot pressed technique, in which the temperature conditions exceeds the melting point
of the material that allows us to haveglhly crystalline film. As demonstrated i24],
fiber drawing process could change the crystallinity and the phase of the material from
bulk film to fiber. By applying the same procedures, we proved this information for
PVDFTrFE copolymer by thermal fibelrawing.

3.2.Fabrication of High Performance PVBKFE Fibers

This section represents the fabrication of the piezoelectric fibers from bulk film
preparation to fabrication and characterization of the PYERE microribbons.

3.2.1 Preparation of Piezoadtic Film

Initially, we produced a film from PVDHTFE (Solvay Solexis 75/25powder
usingan Al mold at temperaturef 180 °C and 50 bar pressure (Figure).2Biot
pressing results in a perfectly homogenized and air bubble free slab. Al mold parts
consiss of three parts, one is a platform that holds mold together, second part is a pool
for placing powder, third part is Al block for applying uniform pressure. Hot pressed
film thickness is 2 mm and the width is 10 mm that fits directly into the PES preform.

The film later was inserted in PES preform, which maintains hard solid structure for
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drawing fiber in a controllable manner and provides cladding out of the piezoelectric

film.

Hot Pressed Film . |

%ﬁ?’? e ““‘,"“ ~ —'—#——u ‘L’f,_\ﬁ'

Figure28. lllustration of PVDFTrFE polymer slabs that we produce by &diional press. a)
Powder form of RVDF-TrFE). b) Three pieces of Al mold. ¢) Hot pressed piezoelectric film.

3.2.2. Preform Design

Preform fabrication process consists of three sections: first, preparation of exterior
rectangular PES solid. Second, emtiag piezoelectric film into backside of PES
preform. Third, Consolidation process to become integrated PES preform and
piezoelectric film (Figure 9.

Initially, the cover preform was prepared by rolling PES films around a 7 mm metal
rod to form of a cyhdrical rod. The rod is 37 mm in diameter and 26 cm in length.
After the rolling of PES films, a round of Teflon tap@srolled around the preform
and consolidated undevacuum condition at the glass transition temperature of the
film, for a duration o25 minutes at 248C. The preform becomes a solid cylindrical

rod after the consolidation process. Thise preform was machined in an industrial
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turning machingéo become rectangular shape with dimension 28 mm x 32 mm. First
step for preparing preforra completed with splitting solid PES structure in two halves
and parts were kept in vacuum at 2Q0for two days (Figure@- 1). The second step

is openinga channel for placing piezoelectric maten@hichis an important approach

for multi-materialfiber fabrication processes. A channel was opened to backside of
the dimidiated PES preform and hot pressed PMEFE film was placed into that
channel without any spacing between the PES channel and the piezoelectric film.
Finally, all parts were asswled in one piece and additionBES films were rolled
around the integrated PE®VDFTrFE structureagainuntil the bulk composite had

28 x 28 in crossectional dimensions. Then, final consolidation process was

performed at 248C for 15 minutes.

56



Figure 29. Fabrication steps for preform preparation. As an initial step, PES preform was
fabricated that is a macroscopic copy of the cladding material (1). Inserting piezoelectric film
into the PES solid (2). Final form of rectangular muitterial preforn(3).
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3.2.3. Fiber Drawing

Fiber drawing processes are performed in a custom made fiber tower which consists
of a vertical tube oven, a preform feeding mechanism, and a real time monitoring
system measuring applied stress, temperature and thicknéssdoatvn fiber.

Figure ® summarizes the microribbon fabrication technique. The fabrication of
PVDFTrFE fibers starts witldrawing of the piezoelectric slab embedded into PES
preform. Heating the preform above the glass transition temperature of PES and
melting point of PVDFTrFE, and applying approximately MPa tensile force are
required in order to trigger plastic deformation in fiber drawing process. Since drawing
temperature (280 AC) or the temperature i
than the melting point of PVDATFE (Tn= 145AC), the molten sl &
in the PES cladding during fiber drawing. Fibers in thermal fiber drawing process
results in PVDFTrFE microribbons with various thicknesses by tuning applied

temperature, apied stress, drawing and feeding speed.
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Macroscopic preform ~~

Heat

PVDF-TrFe Fibers

Figure30. PVDFTrFE fiber production. a) Schematic representation of the thermal drawing
of PES / PVDFTrFE composite preforno obtain piezoelectric microribbons. b) Tens of
meters of fiber samples. ¢) Scannglgctron microscopy (SEM) images of creextion of
fibers. d) Macroscopic residual of the preform after thermal drawing process.
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During the fiber drawing process, the macroscopic form of the fiber, whicliesi
preform was scaled down witlkeduction factor of about hundredens of meters of

fibers are drawn with variety of dimensions.

3.3.Material Characterization

Piezoelectric b phase is improved
drawing process for PVDFrFE micro fibers, whichwere investigated using XRD

(X-ray diffraction) spectroscopy, attenuated total reflectance (ATRfourier

due

transform infrared spectroscopy (FTIR) techniques and SEM characterization for

morphology of the fibers. The details about the experimental setupeaulis are
explained in the following chapters.

3.3.1 XRD Phase Characterization

XRD characterization of the PVBHRHFE microribbons, bulk film, preform parts
bul k

the diffractiona n g | e

and pol ymer
2d

degrees and a dwell tin30second per step.

powder samples were

scanned between 10

t o

EB Powder

FWHM=0.82
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Figure31. XRD analysis of all PVDHTFE powder form
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Figure 32 a, b explains the phase transform
phag) and pi ez o ede)ekomihe XRDfresulisgFig ) 3ghé mainipeak
at around 2d~20A was f withdiffracttoreof (L1€)/ @00 | ect r
plane The bulk film has reflections from 17.2 and 35.4 that were the diffractions f
(100) and (310/020) pl anephase[58,hA0]jcAs r epr €
demonstratedh Figure 31 the powder form of the polymer was dominated with the
al pha phase, although we observed 2d~20A
peaks 2Ada%h%. 2d~40.6 are dominant in the
at 20A i thecasewheredilibrs havemuch highe than the bulk film case
(Fig.32b), this meanghat the dominant phase in the fiber is the beta phase and
abundanceofnompl ar U refl ecti on phisprdvesthatthere. 2, 35
is a phase transition from U to b in f
piezoelectricity can be achieved by thermal fiber drawing. In addition, full width half
maximum (FWHM) vales of each beta peak proves that the crystallinity of the

materials increases when the FWHM of the materials decreases in the [§t¥ctra

In addition, when we applied annealing to thermally drawn fibers, we observed
enhancemenaind decrementn beta plase also phae changing to alfa phase
(Fig.32c). Two different temperature values mechosen according to DSC analysis
of microfibers[91,92] Fr om t he DSC results, 120 AC |
crystals are not aligned perfectly in that candio n s . 140 AC is the m
PVDFTrFE fibers, in that conditions material is more crystalline. From the XRD
resul t, 120AC applied fiber has the smal
reflection due to incomplete crystallizatiomhich is a sign for nonpolar alptphase.
140AC applied fiber has the highest inte
that dominant phase is beta-As awn f i ber al so had a peak
to beta phasdgutwe di dndét observe any amorphous p
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Figure 32 XRD analysis of all PVDHTFE samples that were involved irbdir drawing

process. XRD pattesnof asdrawn and bulk film(a), Magnified image if XRD spectra at
2d=20A, which corr espon(l)XRD paternp of ennealedidite ct r i c
that presents the degree of crystalline of the fibers, which are treated with different temperature
values that correspond to the Curie (120AC)
material(c), XRD spectra of the preform that was left frtme fiber drawing process, phase
transitionfrom alpha to beta was representedl (d

In order to understand phase transformation mechanism deeply in fiber drawing
process, we preformed XRD analysis for remaining drop of RVEHE film as seen
in Figure 32d. Remaining drop was divided into three sectionsection 1 and 2,
nonpolar alph peaksZd ~ 3 5 . 2dA~ 4aOnatéapserved in both bulk section and
the transition between bulk and the fiber section. In fibers we observed ferroelectric

beta phase2(l ~02A) , whi ch has the maximum value ¢

3.3.2. FTIR Characterization

Another tool that we used to analyze phase transformation of microribbons is
Fourier transform Infrared Spectroscopy (FTIR) with an ATR attachment (Thermo

Scientific Nicdet iS10). FTIR transmission data were taken with a wavelength scan
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resolution of 0.482 crhand a total of 128 scan steps, the wavelength interval is

between 600 and 1600 crhbandg53].
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Figure 33 FTIR spectra analysis of the-dsawn, thermally anraded fibers and the bulk

film under the light is polarized perpendicular to the direction of the fiber drawing. (a)
FTIR spectra of the bulk film and the-dsawn fibers, beta phase is dominant. (b) FTIR

spectra of the thermally treated fibers, beta pfsmdeminant.

ATR-FTIR results are demonstrated agilre 33 the polar beta phase peaks
appeared at 840, 843, 1285 and 1429 éon both fiber and bulk film. Nonpolar alfa
phase 612, 765, 796, 854, 870, 970'amere not observed for all samples. Onehef t

strongest peak at 840 and 843 coan be referred to symmetric stretching bands of

C-F and GC bonds. Similarly, the peak at 1285 ¢tuntefined for symmetric & and
C-C stretching and symmetric-C bending. The peak at 1429 ¢émeferred for

symmetricC-H bending[30, 53]

For

temperatur e

any peaks corresponding to alpha phaseteMiperaturéreatedannealedjibers and

asdrawn fibersrepresenperfectlyb phasgFigure 33.h.

3.3.3. Morphological Characterization

PVDFTrFE fibers were studied for morphological characterization by using

scanning electron mioscopy (SEM). Figure 8B represents cross sectional and
SEM i
PVDFTrFE microribbonsout of the PES cladding using mechanical extraction or
WY DF€THE).cSEM inagesdare sakea Lsing

l ongi tudi nal

etching in DCM,

mages

of 400 Om

t hi

FEI Quanta 200 FEG Electron Microscopy with low voltagagh contrast detector
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under vacuum at 6xI0Pa chamber pressuré/e used 10 kV acceleration beam
voltage within 10 mm working distance. Cresectional characterization of
nanoribbons requires a special sample preparation usingmittratome for SEM
imaging. Firstly, fibers were embedded in a resin (Technovit 720@Y., using Leica
EMUC61 EMFC6 UltraMicrotome with a diamond knifdiber crosssection cut is
performed Before SEM images, 5 nm Au/Pd was sputtered on the smoothed surfaces.

b)

Figure 34 SEM micrographs of PVDFrFE micro fibers produced by thermfber
drawing. a) Crossectional of the piezoelectric fiber in the PES cladding. b) Magnified image
of (a). ¢) Lateral image of extracted fiber. Inset: Etched fiber. d) Closer look at the
microribbons that shows the piezoelectric film layers.
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3.4.Iterative Fiber Drawing

For size reduction in PVDFrFE fibers one step oféhmal fiber drawing is applied
that bridgethe macroscopic and the nanoscopic world. The fabrication of PMBE
several micron and suiicron fibers, which comprisesf additionalfiber drawing
step, starts with the drawing of PVBKFE film embedded in PES preform.
Millimetric fibers obtained from the first thermal sizeduction step were cut and
arranged in hexagonal lattices inside a protective jacket, vacuum consolidated and

redrawn. Figure 35 sumarizes the fiber fabrication.

Inserting wires into preform

1]

Stacking

Figure 35. Schematic representation of iterative size reduction technique for-R¥BF
fibers.
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The thickness of the ribBanthefirstsem®s be't
Om t o 5 0 Osecond stéepnApprdximately, 85 fibers were used in the second

step fiber drawing.

PVDF-TrFE Bundle
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Figure 36. Optical and SEM micrographs of PVDDHFE microribbons. aPptical image of
PVDFTrFE microribbon array embedded in PES cladding. b) Optical image of secpnd ste
PVDFTrFE microwires extracted out of their cladding-d) SEM images of second step
fibers.

We extractedPVDFTrFE microribbons out of the PES cladding biching in
dichloromethandDCM), which cannot dissolve PVDFFE. Additionally, a better

SEM obe®rvation of the ribbon shape is accomplished by breaking the fibers after a
liquid nitrogen treatment. Figure 36 and 37 demonstrates the morptadlogi

characterizatiomnd the imagesf the micoribbons by opticamicroscopeand SEM.
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Figure 37. SEM imaes of the second step microribbons for morphological characterization.
a) SEM images of arrays of PVBRFE microribbons. b) Magnified inge of the rectangular
shape PVDHFTFE fibers, approximately-2 O m th.rt) Awlosdr look at the PVBFrFE
microribbons that shows the crystallinity and the shape preservation of the material.
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Chapter 4

Conductve Polymer/CNT Composite

Films andFibers

A flexible, stretchable and conductive polymer/carbon nanotGb&l’) composite
film, micro andnanofbers that can be used as flexible interconnects and for energy
storage applications are fabricated and characteN¥edptimizeda composition of
Conductive Polyethylene (CPE) and metallédV CNTs by dissolving in Xylene and
prepared a thin film nanocomgite with a uniform ~ 1®S/m conductivity. Further,
we applied three steps of thermal fiber wdray in order to produce micro and
nanowires by using nanocomposite film and cladding polymer. Morphological
characterization of the composite film and fibeesgvperformed in order to observe

distribution of CNT in the polymer matrix.
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4.1.Introduction

Flexible and stretchable nanocomposite conductors have beeim aseidle range
of applications such as conductive substrate for active matrices,dpglgetronic
circuits, pressure sensors, biomedical devices and energy applicafipbi, 0599].
Nanomaterials have superior electronic and mechanical properties, large surface areas
and recently compatible with the fabrication processes. Dispersidnone
dimensional nanomaterials such as carbon nanotubes (CNT), metallic nanowires and
nanoparticles in the elastomeric substrétesstly polymers)enhances the composite
conductivitywhile themechanical propads are preserved or improved [99ne of
the effective method to create nanocomposites is that embedding one dimensional
nanomaterials such as CNTSs, silver and copper nanowires or naclepaaid 2D
material graphene [95, 14M3. Although the fillermaterial property is crucial in
evaluatinghe composite performance, host material namely substrate properties such
as stretchability, elasticity and flexibility, which mainly brings Polydimethylsiloxane
(PDMS) to theproduction line However, different attributes of alternative stretchable
materals, for instance elastomers (rubbers), gels, conductive polymers (polyaniline,
polyurethane etc.) and organic semiconductors have been utilized to design functional
composites that have predominant properties against the PDMS based nanocomposites
[98, 104-107]. With decent combination of these functional fillers and elastic
materials, highly conductive and flexible composites can be designed for flexible and
stretclable electronics applications [998, 109.

Due to their sizg high aspect ratios, higlhigace area, outstanding mechanical and
electrical properties, carbon nanotubes are excellent fillers for the comducti
composites. Dispersioof both single and multiwalled CNTs in the polymer matrix
improves the overall conductivity performance of tlmenposite where the whole
structure is still flexible and stretchable. There are two ways to prepare CNT/polymer
composites by dispersion of nanotubes. In the first approach, CNTs are dispersed in a
solvent by mixing or ultrasonication and then CNT/solveant be dispersed in the
polymer. Alternatively, nanotubes can be dispersed in both polymer/solvent mixture.
There are several types of composite couples in the literature such as CNT/elastomer
composites, and CNTéaductive polymer composites [110, 11The conductivity
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values are ranging in these fabrication types of composites from 0.1 S/cmS¢(cid?2
[99]. A CNT/rubbercomposite was demonstrated in 9 which nanotubes were
dispersed in the ionic liquid and embedded in fluorinated copolymer and the
composites shows the conductivity values of 57 S/cm. There are many PRWS/C
composites that have beeenonstrated in the literature and shoRBMS as an
excellent candidate for the host flexible substrate. SWEBdrogel PDMS elastic
conductor compote [10§ has the conductivity of 1.08 S/cm. Several elastomer
composite values can be listed accordingly, MWCNT/PDMBimosite [113#10°
S/cm, crosstackedsuperaligned MWCNT film/CNT [11% 63 S/cm, doped CNT
film/PDMS [62] 1100 S/cm, respectively. Aide range of polymers can be used in
polymer/CNT composites. Some of the most common polymer nanocomposites
produced by dispersion of carbon nanotubes in the polyraghmare polycarbonate
(PC) [116], polyaniline (PANI) [28, 98, 117, Ii®ith conductivty ranges 0.110
S/m, Polyurethane [1170.5 S/m. These polymer composites ratios, weight
percentage from 0.02 %wt to 3% wt. Many models, various functionalization,
fabrication approaches and material couples for CNT/polymer composites are
demonstrated ah tabulated, in addition various applications such as, flexible
electrodes, substrates, electronipgra and aerospace industries [112]113

A fabrication technique, which is capable to produce extreme high aspect ratio,
well-ordered, highly conductivelexible, stretchable and high elastic modulus, is
demanded. We developed a promisi\WCNTs / carbon loaded polymer
nanocomposite material for flexible electronics based on thermal size reduction
method. Initially, we optimized composition of ConductRelyethylene (CPE) and
metallic CNTs by dissolving in Xylene and prepared a thin film nanocomposite with
a uniform ~ 18S/m conductivity. Further, we fabricated a bulk rod using our
conductive films for processing it through three steps of size redyatocess, which
is based on thermal fiber drawing technig@S][We obtained kilometer long,
conductive, ordered, flexible, stretchable micro and nanowires with@@0 G m,
8 Om a 806 nnbiddiameters in step 1, step 2 and step 3 fiber mygwocess,
respectively. Raman Spectroscopy, SEM, and TEM investigations, four probe
conductivity measurements were performed in order to characterize préyptiieas

and micro anchanofibers.
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4.2.Material Characterization

Microscopy and spectroscodgchniques are performed for CNT, conducting
polymer CPE and composite material characterizations. Electrical and mechanical
performance of composite film and fibavsrealso performed for demonstrating their

possible applications in flexible electronics.

4.2.1.CNT Characterization

For characterization of metallic multialled carbon nanotubes, both microscopy
and spectroscopy techniques are used. Scanning electron microscopy (SEM) and
Transmission Electron Microscopy (TEMjereperformed in order to ahae form,
morphology and shape of the nanotubes.

SEM allows us to analyze CNT structures and forest both in nano and micro scale.
An environmental (FEI Quanta 200F) SEM was used to observe CNT forests and
bundles. Small quantities of MWCNT were mounted arSEM stub, whichis
connected them with a copper tape. Since the nanotubes are conductive, we did not
perform sputtering gold on to nanotubes. Parameters for imaging CNTs: accelerating
voltage: 51 0 Kk V, a spot size of 3 Olmagasnol wor k
MWCNTSs are demonstrated in Figure 38aand38 Bundl es of 5 Om M
beobservedasilyand they form a CNT forest without dispersion in any environment.

A TEM (FEI TECHNAI F30) was ugkto observe structure, size and homogeneity
of carbonnanotubes. MWCNT samples were dispersed in ethanol, a drop of mixture
was placed on grip and images were recorded. TEM imagessoidled carbon
nanotubes were recorded and diameter of @aciotube was measured as 12inm

length of several micrometerBEM images are illustrated in Figure 8&.
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Figure 38 SEM andlrEM images of MWCNTSs. a) SEM image of MWCNT forestSEM
image of CNT bundles-d) TEM images of MWCNT.

4.2.2. Conductive Polymer Characterization

Carbon loaded or conductive polyetaye (CPE) isan industrial level polymer
whose the material is loaded with extra carbon, which enhances the overall
conductivity of the material. However, its conductivity is limited, therefore CNT
addition would improve its conductivity without any damageoriginal structure. In

order to understand polymer's thermal behavior, which gives an idea for consolidation

and fiber drawing temperatures DSC and TGA characterization techniques were used.

Dynamic differential scanning calorimetry analysis was peréa by using DSC
Q2000 (TA Instruments) under nitrogen atmosphere, weighing of sample$ ang.4
Mel ting point of t hehicpisillustratedin Figuse 38 This u n d
experiment was performed in order to choose cladding polymer torfilter
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fabrication process. Therrgravimetric Q500 (TA Instruments) analysis was used to

determine the phase transition point of the conducting polymer CPE. The polymer has
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Figure 39 DSC and TGA analysis of CPE polymer

Mechanical performance of the polymer was characterized by tensile test. 5 x 1 cm

polymer was gripped in Universal Testing Machinesilon- Model 5969), in order

to analyzemechanical strengtbf the film. Figure 40demonstrates the strestrain

curve of the polymer, inset: image of the setup. The stretchability of the polymer

exceeded 350% under the tensile strain, which shioaithe material can be used in

flexible and stretchable electronics applications.
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Figure40. Mechanical characterization of CPE which corresponds the flexibility and
stretchability of the conductive polymer

Electrical conductivity performance of the filmaw also measured, which is 5 S/m
in bare form. This value was increased by addition of nanotubes in the polymer matrix.
Calculations and experiments regarding conductivity issue will be givamexh

sections in this chapter.

4.3.CPE/CNT Blend Fabricatioand Characterization

As presented in Figure 4fabrication of elastic CPE/CNT film consists of several
steps. Prior to fabrication of the film, carbon nanotubes areedeedbe processed.
Firstly, MWCNTSs were dispersed in ethanol solution to ratio &t bath sonication
for 30 min. Next, ethanol was vaporized from the mixture and remaining CNTs were
annealed in vacuum furnace at 300 AC for
materials and hydrogen bonding.

To make a composite film, process#dlmg of CNTs, 2 grams of CPE and 20 ml
of Xyl ene were mixed under the conditions
Mixing step is important to disperse CNTs into polymer matrix. Afterward, mixture
was drop casted in a Petri dish and the diak shaken for 20 minutes. The film was
air dried for 3 days to removeykne solvent in fume hood. The bulk film was then

hot pressed in between two aluminum 6x6
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preventing stacking the composite onto Al plate thiretayof Teflon filmsthatwere
usedtocoverop | at es. The final form of the f

square shape.

Figure 41 Schematic representation of MWCNT/CPE blemdiaterials and film casting
technique is represented.

2 %wt of compsite films were fabricated in order to have elastic, flexible and
conductive substrate. This weight percentage was chosen because after 2%wt of the
mixture the nanotubes were not dispersed well enough inside the solverthand
polymer starts precipitatinin glass beaker, therefore uniform films cannot be
obtained.

Composite film characterization was performed by SEM, Raman spectroscopy and
conductivity measurements, which will be mentioned in the next subsection.

SEM images were obtained 2 wt% MWCNThductive polymer CPE composite
to observe the dispersion of nanotubes in the polymer matrix and morphology of the
composite fiims. As demonstrated in Figure, MMWCNTsweredispersed randomly
in the polymer matrix. Bundles of carbon nanotubes are loeatseleral points on
the CPE and overall distribution enhances conductivity. Images are taken from both

composite film and the preform inside the PC tube.
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