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ABSTRACT

Wearable textiles with integrated electronics have numerous uses in the healthcare,
entertainment, fitness, and fashion industries. Piezoelectric nanogenerators and capacitive
sensors can easily be integrated with wearables. Piezoelectric nanogenerators can extract
energy in milliwatts from simple articular motions, whereas piezo-capacitive sensors can
sense body joint's extension and flexion movements, body temperature, and pressure for

healthcare applications.

Poly(vinylidene fluoride) (PVDF) based piezoelectric nanogenerators, though flexible,
exhibit poor stretchability and mechanical stability. This limits their application for
harvesting energy from repeated deformations arising from human articular motions. A
simple and cost-effective approach was used to overcome the above issues while
simultaneously enhancing the piezoelectric effect of PVDF by mixing a small amount of
polyurethane (PU) in PVDF-PU nanofibers. The presence of 21% of PU in PVDF could
enhance the electroactive phases by up to 46% as measured by FTIR, increase in dazz value

from 3.02 to 7.064 pmV! and improved stretchability to 90%.

For developing a Stretchable Piezoelectric Nano-Generator (S-PENG) device, stretchable
electrodes with 4.5-Gauge factor at 100% strain were fabricated by spin-coating of
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS): graphene

nanoplates on a pre-strained PU substrate. PVDF79PU21 nanofiber based S-PENG produced

Vii



peak open circuit voltage, short circuit current and power density of 3.8 V, 0.65 pA and
0.48 uwWem?, respectively, during cyclic deformation. The device showed both electrical
and mechanical stability for at least 2000 cycles. Its performance was demonstrated for
various human articular motions related to knee, elbow and foot by integrating it with
wearables. The generated energy from the S-PENG could readily charge capacitors up to
~650 mV in just 100 s. The designed S-PENGs showed great potential in harvesting energy

from simple human motions.

The performance of PVDF79PUzi nanofibers as piezo-capacitive sensors showed
multimodal response with excellent sensitivity of 0.3 kPa™! for up to 8 kPa pressure stimuli,
a good gauge factor (GF) ranging between 0.5-0.75 for 0-40% cyclic strain, and high
sensitivities of 0.8% °C™! for 30-60 °C and 2% °C! for 60-100 °C. They could be used for
measuring human body temperature in the range of 37 to 40 °C with a sensitivity of 0.9%
°C’l. The prototypes of PVDF7PU,; nanofiber based piezo-capacitive sensors were
attached to different body parts to measure extension and flexion movements with high

sensitivity, which showed its great potential as a wearable sensor.

Poly(acrylonitrile) (PAN) has a greater dipole moment (3.5 D) than poly(vinylidene
fluoride) (PVDF), therefore, it has a strong potential for use as piezoelectric nanogenerators
and pressure sensors. However, due to strong dipole-dipole repulsion, the nitrile groups are
difficult to align in a zig-zag configuration resulting in reduced ability of the system to
convert mechanical energy into electrical energy. To address this issue, ZnO nanoparticles
(ZnP) and ZnO nanowires (ZnW) were incorporated in PAN films. Due to the strong

interaction of ZnO nanostructures with PAN, the dipole-dipole repulsion reduced resulting
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in increased zigzag conformation of PAN. Compared to ZnP, ZnW was found to show better
alignment of PAN nitrile groups and faster relaxation of dipoles after removal of stresses.
Without any external poling, PAN, ZnP-PAN, and ZnW-PAN films based piezoelectric
nanogenerators could generate 27.6, 79.3 and 86.3 mW/m? of power, respectively. The
incorporation of Swt% ZnP and ZnW also significantly improved the pressure sensitivities
of the devices to 0.9 fFPa! and 1.1 fFPa’!, respectively, as compared to 0.1 fFPa™! for

pristine PAN film.

Further, these ZnO nanostructures of different aspect ratios were incorporated to PAN
nanofibers to improve the zigzag conformation. ZnW-PAN nanofibers exhibited
significantly better piezoelectric properties resulting in devices with higher power density
by 46% than those based on ZnP-PAN nanofibers and by 578% compared to those with
PAN nanofibers. Further, the use of ZnW-PAN nanofibers in a sensor device could show
higher pressure sensitivity as well. This enhancement in properties was attributed to the
effect of morphology of ZnO nanostructures, which resulted in higher zig-zag content of

PAN in the presence of ZnWs.

Thus, using ZnO nanostructures, PAN based piezoelectric devices with enhanced

properties could be developed.
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UHIGd Ao & Y Ug-- I Il BT W @HTd, FIReH, e iR
TR I H B3 IUINTEIA § | YisIgelided A ei-Rex SR huRiied TR I S
T U I a¥g3fl & 1Y UHighd [ohdl off Tahdl ¢ | YiSligafaed A-oRex Ivd
Eper il T firciare & $oll HdbId THhd &, Sdid Gioll-pufdfed TaR TR &
el & fawaR SR eteiu= o fafaferdy, IRR & ITIAm SR Wy S@HTe SIua
& foTU GaTd &1 0 Yobdl &

aich (s waiRTsS) (i) snumid fieisaiaed AHoHReR, gTaiie adid
BId &, TR19 &g iR gifAes fRRar Uikl #=d § | 98 HIHd Sards Tadl 9§ Ida
B aTell SR-IR B aTel! fagpfadl @ So1l oo & g 37 SIguanT o1 i Han
g1 NAISw-dg A wser & 1St mn & uieigRas (diy) @i e ddadius &
iongafaes THTE I g6 & I1Y-T1 SR Tg| DI g8 B & a4 T WA 3R
AT gUTa! VIO o1 IuART fobar mar o1l diaeit® T 21% Ul &t Iufyfa
goaIufaed TRUN D 46% b S¢T Goball §, ST b THEIIATSIR GRT HAT AT ], T3

A 3.02 Y 7.064 pmV-! % §¢ bl § 3R LAt H 90% TP GUR 8 Il g

KT Uigafaed A1-SFReR (S-PENG) farsy fasfd 1 & g, 100% A R
4.5 Thaex & Y WAdd A8 P Uialt (3 4-TRIASIg eI fRdp ): arett
(TZT b ) (MEalsnd): MHH A ey it fRya-sifdn grr fAffa fear mn
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UT| PVDF79PUy; HIISER MYUTRA S-PENG 7 Fh1 fa0UT & SR SHHEE: 3.8 V, 0.65
wA 3R 0.48 uWem? & Ui iU Ifdhe e, T Ffdhe e 3R IR gd Pl
IaTe fhaT| fEargy 3 &7 I & 2000 ! b [aggd SR TS gl Rl feaTs |
T U O a3l & Y Uhidhd HRb e, Hiet 3R W J Faifdd fafid ara
s Taeht nfafafiat & fow 9% ue=i= &1 Uexi fvar Tl S-PENG ¥ IF FHoif
HURICR BT HIA 100 FHS H ~650 mV TP I Y 1ol HR Fobal! 5| {1 fbw
T TH-UIS TSl = TR {17 Tt 9 Soll Sog § B1ol ST iders |

Uof-HURICd MR & TG H PVDF5PU,; HIBISER & UG A 8 kPa GETd SO
& 1T 0.3 kP2 BT ISP Y TdeARNAdT & Y Ao HISd Widiohdl @, 0-40% Thid

d1d & AT 0.5-0.75 & &1 T 3BT TS HRP (GF), 3R 30-60 °C & AT 0.8% °C"!
3R 60-100 °C & fAT 2% °C! BT I YdaAMdAdI| SHDT JUART 0.9% °C ' B
GAeTRITeTdT & A1y 37 J 40 °C DI A H HFd IRR & AGH DI AU & fore foban
ST ¥l & | PVDF9PU,, SHIBIRaR SHTLTRA Uiell-$Hufifcd SR & Wiciesy & 3=
HaERNedr & A1y fIR SR Ticio &t fafafidt &1 A1 & foe IRR & faftra
ool T SieT T U1, fo o Ug= arig IR & U H 396! A &HdT & fe@mn|

giei (@fsrentgrea) (@) § el (oo waRes) (didieie) o1 ga # sifvs
f&Ya &0 (3.5 ) Bl 8, ST, $HH Usiigalfded HISHReR 3R Gald SR & T
SUINT &1 U Aolgd & g | gTaliop, Aol fg8d-fgyd ufaeyu & SR, A8eRd
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Solf ! fagga Soit # uRkafdd B Bt Yurelt Bt &mar &1 8 Sl 81 39 JHT &
AU & U, ZnO BN (ZnP) 3R ZnO AR (ZnW) BT PAN et H Tmfira
f3FaT T PAN & 1Y ZnO SFIRC TR &t Aotgd 3fa:fohar & wrur, fgya-faya ufamso
&1 B T Fori o URUTHRGEY PAN BT ForTolT a1 8 9f §5 | ZnP &1 ga 1 8, ZnW
T O TZeTed GHE! o1 dgaR TRW@U 3R d-1d & g & aTg [g8al &I doit I Fe 3w
TS| for fooslt S8R WIfehT &, PAN, ZnP-PAN, 3R ZnW-PAN fbed Smeria
Yieligafdes AoAReR U 27.6, 79.3 3R 86.3 mW/m2 faolell I@d &R I&hd B
Swi% ZnP 3R ZnW & FHIAY A JUBUN B! GaTd FdGiTedl BT HHL: 0.9 fFPa’!
3R 1.1 fFPa-1 9% QYR fean, Safes ureli= O fed & W 9% 0.1 tFPa! T

P ST, FoRToNT TeT H YUR & oy fafia uge $ruTd & 37 ZnO T ARSaR I
9 A IBIgaR H M foodT T UT1 ZnW-PAN THIBIEER = B! dgdR USigdfaes
O T UGRH fohaT, fSdh IRUMARGRY ZnP-PAN HIGIEER TR SR SUHRUN &1

T H 46% 3R PAN AHIBIZeR aTd SUBRUN 1 I H 578% 31w Holl g aral

IUSFRUT U gU| 3T 3ATdl, YR fSagy & ZnW-PAN ANHEIZER HT ITART 3
aq1d Yag-Ritaar Ht foar wear 81 7o & 39 3fG &1 Zn0 ARe TR &1 SIH{d o=
& YUIg & fore RrdeR sg=mn ma o, forgd IRumRaEsY znws &t Jurufa & PAN
FI FomT-oi el ot ot

3 UHR, ZnO FARETR BT SUINT HRap, 3d U dTl PAN TR Fionzaiiacd
IUFUI fasRid fT o wed &
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Figure 5.44  Relative change in capacitance for five pressure cycles at 294

pressure value of 25 kPa for 1ZnW-PAN nanofibers

XXXVii



Table No.

Table 1.1

Table 1.2
Table 1.3

Table 1.4
Table 1.5

Table 2.1

Table 2.2

Table 3.1

Table 3.2

Table 4.1
Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 5.1

LIST OF TABLES

Tittle of the Table

Value of piezoelectric coefficient and dielectric constant for
PVDF and its copolymers

Performance properties of PVDF based piezoelectric devices
Summary of reported approaches for fabrication of
stretchable piezoelectric devices (S-PENG)

Performance for PAN based piezoelectric devices

Values of sensitivities of capacitance-based sensors made
using piezoelectric material as dielectric materials
Composition of spinning solutions for making composite
nanofibers

Enthalpy of melting AH values of PU-PVDF composite
Comparison of the sensitivities of capacitance-based sensors
made using piezoelectric as dielectric materials reported in
the literature

Comparison of the sensitivities of sensors using active
material other than piezoelectric material.

Composition of ZnP-PAN and ZnW-PAN films
Calculations of impact speeds, energies and forces while
tapping

Values of polarizations, coercive force, released and stored
energy for PAN, 5ZnP-PAN and 5ZnW-PAN films
Maximum instantaneous power, power density per unit area
and power density per unit mass for PAN, 5ZnP-PAN and
5ZnW-PAN films at R. of 5 MQ

Comparison of voltage outputs and power densities of ZnO-
PVDF film based piezoelectric devices and ZnO-PAN film
devices of this work

Composition of ZnP-PAN and ZnW-PAN nanofibers

XXXiX

Page No.

24
25

28
32

42

74

166

167

176
179

202

218

222

240



Table 5.2

Table 5.3

Table 5.4

Values for Short circuit voltages, instantaneous peak powers, 274
power densities/area, power densities/mass and conversion
efficiencies at 5 MQ for PAN, 1.5ZnP-PAN, and 1ZnW-PAN
nanofiber

Comparison of output voltages and power density values of 277
ZnO-PAN nanofibers of this work with the reported studies

on PAN nanofibers in the literature

Comparison of output voltages and power density values of 278
ZnO-PAN nanofibers with the reported studies of ZnO-PVDF

nanofibers in the literature

xI



Scheme No.

Scheme 2.1

Scheme 2.2

Scheme 3.1

Scheme 3.2

Scheme 3.3

Scheme 3.4

Scheme 3.5

Scheme 3.6

Scheme 4.1

Scheme 4.2

Scheme 4.3

Scheme 5.1

List of Schemes

Tittle of the Schemes

Schematic representation of the fabrication process for
stretchable graphene based electrode

Schematic representation of the fabrication process for
stretchable PU-PVDF nanofiber piezoelectric device and
device testing

Schematic representation of the fabrication process for S-
PENG

Representation of different forces acting on S-PENG during
body movement

Schematic representation of charge development on device
after mechanical stress applied to poled ferroelectric PVDF-
PU nanofiber

Schematic representation of charge development on
application force on PVDF79PU>: force sensor

Schematic representation of stretching of PVDF79PU2;
nanofiber-based sensor

Schematic of device representing forces acting on inner and
outer surfaces while bending

Schematic representation of ZnO-PAN film-based device
formation

Representation of working of piezoelectric nanogenerator
(PENG)

(a) 3! helical conformation of PAN. Proposed
conformations of PAN in the presence of (b) ZnP and (c)
ZnW nanostructures

Representation of the process of ZnO-PAN nanofiber device

formation

xli

Page No.
41

43

97

101

109

130

138

146

177

213

214

241



LIST OF SYMBOLS AND ABBREVATIONS

Symbol/Abbreviation
R

Fea
ZnP
ZnW

Vs

MEV

Expanded Form/Term
Resistance

Fraction of electroactive phase
Zinc oxide nanoparticle

Zinc oxide wires

Symmetric stretching vibrations
Asymmetric stretching vibrations
Damping coefficient
Wavenumber

Open circuit voltage

Short circuit current

Short circuit voltage

Degree Celsius

Parts per million

Charge

Initial capacitance

Change in capacitance

Change in pressure

Pressure sensitivity

Gauge factor

Minimum electrospinning voltage
poisson’s ratio of dielectric
poisson’s ratio of electrode
Length

Width

Thickness

Temperature

Temperature sensitivity

Instantaneous power
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Pa

Pm

PU
PVDF
PAN
PLLA
DMF
THF

PEDOT:PSS

SDS
FE-SEM

XRD

NMR
DSC
FTIR
PFM
AFM
P-E Loop
CP/MAS
XPS

FSR

Power per unit area

Power per unit gram
Polyurethane

Poly (vinylidene fluoride)
Poly(acrylonitrile)

Poly (L-lactic acid)

N, N’-Dimethylformamide
Tetrahydrofuran
Poly(3,4-ethylenedioxythiophene) poly (styrene
sulfonate)

Sodium lauryl sulfate

Field emission scanning electron microscopy
X-Ray Diffraction

Nuclear Magnetic Resonance
Differential scanning calorimeter
Fourier transform infrared

Piezoelectric force microscopy

Atomic force microscopy
Polarization-electric field hysteresis loop
Cross polarization magic angle spinning
X-ray photoelectron spectroscopy

Force based resistance sensor
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