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Abstract 

Abstract 

The advent of portable electronics has propelled an immense enthusiasm to generate energy 

from the ambient environment. The availability of mechanical vibrations in the ambient 

environment is almost everywhere, making it a potential source of energy generation. 

Various mechanisms have been adopted to tap ambient mechanical vibrational energy. 

Piezoelectric, triboelectric, and electrostatic mechanisms have been used to convert these 

ambient mechanical energies into useful electrical energy. Piezoelectric materials have 

recently gained significant attention to harvest the ambient mechanical energy due to its 

inherent polarization. Piezoelectric polymers, specifically poly (vinylidene fluoride -

trifluoroethylene) [P(VDF-TrFE)], due to its higher piezoelectric coefficient have been 

extensively explored. Moreover, they can sustain higher stress, strains and strain rates 

compared to inorganic piezoelectric materials. Additionally, they are flexible, transparent, 

and chemically stable, thus making it suitable for self-powered device applications. 

However, the energy harvesting ability of piezoelectric polymers are unsatisfactory and 

cannot be effectively used to power electronics devices. Extensive effort has been made to 

enhance the energy harvesting performance of P(VDF-TrFE) films by employing various 

strategies. The performance can be improved by tuning the fundamental properties such as 

piezoelectric coefficient, dielectric constant, strain, surface charge, and capacitance. The 

specific objective of the the work presented in this dissertation is to increase the energy 

harvesting performance of P(VDF-TrFE) by tuning the structural, surface charge and 

capacitance of the device. 

The structural properties of the P(VDF-TrFE) is tuned by a creating porous P(VDF-TrFE) 

film. The porous P(VDF-TrFE) film showed an increment in the power density by 88 times 

compared to that of the compact P(VDF-TrFE) film attributed to the lower dielectric 

constant, higher p phase content and higher compressibility of the porous P(VDF-TrFE) 

film. A self-charged supercapacitor was demonstrated by utilizing the porous P(VDF-TrFE) 

film as the separator. Fabrication of the porous P(VDF-TrFE) energy harvester is extremely 

difficult due to the dielectric breakdown of the porous film on application of an electric 
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field. This problem is circumvented by fabricating a self-poled porous P(VDF-TrFE) 

sponge, which also eliminates the tedious and costly annealing and poling processes. The 

output performance of the P(VDF-TrFE) film in the triboelectric energy harvester mode 

depends on the surface charge density. Enhanced energy harvesting performance of the 

P(VDF-TrFE) is demonstrated by utilizing the combined effect of triboelectric surface 

charge and polarization induced surface charge of the self-polarized P(VDF-TrFE) film. 

The device is used to fabricate a self-powered wide range pressure sensor which can detect 

pressure ranging from 0.05 to 600 kPa with high sensitivity. Lastly, the capacitance of the 

device is tuned by using a slime-based ionically conducting current collectors for 

triboelectric nanogenerator (TENG). The use of ionic current collector leads to the 

formation of an electric double layer which increases the capacitance of the device thus 

improving the energy harvesting performance. 

11 
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Figure 4.1. 
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(b) The power required by the various electronic devices. 

Schematic of the piezoelectric energy harvester. 

Schematic of the triboelectric energy harvester. 

Schematic of different modes oftriboelectric energy harvester. (a) The 

vertical contact-separation mode. (b) The lateral sliding mode. (c) The 

single-electrode mode. (d) The free-standing mode. Reproduced with 

permission from the Royal Society of Chemistry. 

First-order lumped-parameter equivalent circuit model of the 

triboelectric device. 

Schematic of the self-powered system. 

Experimental protocol followed in this dissertation. 

Schematic representation of the fabrication ofthe porous P(VDF­

TrFE) film. 

Schematic representation of the fabrication of the self-poled porous 

P(VDF-TrFE) film. 

Schematic diagram of the piezoelectric energy harvester. 

Schematic diagram of the fabrication process of the TENG with the 

ionic conductor as the current collector. 

Schematic diagram of the measurement setup used to measure the 

energy harvesting performance. 

FESEM image ofthe porous P(VDF-TrFE) film prepared with variation 

of the volume percentage of DMF:acetone at (a) 100:0, (b) 75:25, (c) 
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Figure 4.2. 

Figure 4.3. 

Figure 4.4. 

Figure Captions 

50:50, and (d) 25:75. (e) FESEM image of the compact P(VDF-TrFE) 

film. Scale bar= 100 11m. (f) Variation of% porosity with the change in 

the volume percentage ofDMF:Acetone. 

(a) FT -IR spectra of the P(VDF-TrFE) compact and porous film with 

variation of the volume percentage of DMF:acetone at (1) 100:0, (2) 

75:25, (3) 50:50, and (4) 25:75. (b) The relative proportion of~ phase 

for the compact and porous P(VDF-TrFE) film. (c) FT-IR spectra of the 

porous P(VDF-TrFE) film indicating the interfacial interactions. (d) 

XRD spectra of the P(VDF-TrFE) compact film and the porous foam 

with variation of the volume percentage of DMF:acetone at (1) 100:0, 

(2) 75:25, (3) 50:50, and (4) 25:75 

Schematic of the working of the piezoelectric energy harvester. 

Schematic diagram of the porous P(VDF-TrFE) piezoelectric energy 

harvester. (b) Digital image of the porous P(VDF-TrFE) piezoelectric 

energy harvester. (c)Voltage output generated from the porous 

P(VDFTrFE) piezoelectric energy harvester when subjected to a 

pressure of 600 kPa at a frequency of 5 Hz. (d) Current density generated 

from the porous P(VDFTrFE) piezoelectric energy harvester when 

subjected to a pressure of 600 kPa at a frequency of 5 Hz. (e) Variation 

of voltage output of the porous P(VDF-TrFE) piezoelectric energy 

harvester with the variation of applied pressure (exerted at 5 Hz 

frequency). (f) Power density of the porous P(VDF-TrFE) piezoelectric 

energy harvester across various resistances when subjected to a 

mechanical pressure of 600 kPa at 5 Hz frequency. (g) Stability of the 

porous P(VDF-TrFE) piezoelectric energy harvester when subjected to 

a mechanical pressure of 600 kPa at a frequency of 5 Hz for 1 0000 

cycles. (h) Variation of voltage output of the porous P(VDF-TrFE) 

piezoelectric energy harvester with the variation of applied frequency 

(exerted at 600 kPa pressure). 
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Figure 4.5. 

Figure 4.6. 

Figure 4.7. 

Figure 4.8. 

Figure 4.9. 
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(a) Voltage output generated from the non-porous P(VDFTrFE) piezoelectric 

energy harvester when subjected to a pressure of 600 kPa at a frequency of 5 

Hz. (d) Current density generated from the non-porous P(VDFTrFE) 

piezoelectric energy harvester when subjected to a pressure of 600 kPa at a 

frequency of 5 Hz. 

(a) Compressive stress-strain behaviour of the porous and compact 

P(VDF-TrFE) film. (b) Variation of dielectric permittivity with the 

change in applied frequency for the porous and compact P(VDF-TrFE) 

film. 

(a) FE-SEM image of the CNT electrode. (b) Cross-section of the 

electrode showing the embedded portion ofCNT in PDMS. (c) Digital 

image of the CNT embedded in PDMS electrode. (d) Digital image 

showing the high flexibility of the electrode. 

Electrochemical performance of the self-charged supercapacitor. (a) 

Cyclic voltammogram (CV) of the self-charged supercapacitor at a scan 

rate of 20 m V s-1• (b) Galvanostatic charging and discharging curves of 

the self-chrged supercapacitor measured at current densities of 0.050, 

0.075, 0.10, and 0.25 mAcm-2• (c) The areal capacitance of the self­

charged supercapacitor method at various current densities. (d) Areal 

capacitance retention of the self-charged supercapacitor when subjected 

to a mechanical pressure of 600 kPa at a frequency of 5 Hz. 

(a) Schematic of the self-charged super capacitor. (b) Demonstration of 

the self-charging of the supercapacitor when subjected to a compression 

pressure of 420 kPa at a frequency of 5 Hz exerted for 40 s and then 

discharged at a current density of 0.1 mAcm-2
. (c) The control sample 
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with filter paper (impregnated with gel electrolyte), showed no 

increment in the OCP under the similar experimental conditions. (d) 

Demonstration of the self-charging of the supercapacitor when subjected 

to a compression pressure of 120 and 350 kPa exerted at a frequency of 

10 Hz for 10 s. (e) Demonstration of the self-charging of the 

supercapacitor when subjected to a compression pressure of 350 kPa at 

a frequency of 5 Hz and 10Hz exerted for 10 s. (f) Demonstration of the 

stability of the supercapacitor by self-charging (by exerting a 

mechanical pressure of 600 kPa at a frequency of 10Hz for 50 s) and 

discharging (by a discharge current of 5 mAcm-2) for 50 cycles. 

Figure 4.10. Schematic representation of the mechanism ofSP-EDLC device. (a) The 

device is maintained at equilibrium condition where the ions are 

uniformly distributed in the P(VDF-TrFE) film. (b) On application of 

the mechanical pressure an electric field is developed which leads to the 

migration of ions. (c) Development of an EDL layer at the electrodes. 

Figure 5.1. 

Figure 5.2. 

Figure 5.3. 

Figure 5.4. 

(a) Digital photo of the self-poled porous P(VDF-TrFE) film. (b) 

FESEM image showing the top view of self-poled porous P(VDF-TrFE) 

film. Inset in (b) is an enlarged FESEM image showing a pore. Scale 

bar: 10 ~m. (c) Cross-sectional FESEM images of the self-poled porous 

P(VDF-TrFE) film. 

(a) XRD spectra of the self-poled porous P(VDF-TrFE) film. (b) FTIR 

spectra of the self-poled porous P(VDF-TrFE) film. 

PFM phase image of the (a) Self-poled porous P(VDF-TrFE) film. (b) 

Non-poled compact P(VDF-TrFE) film. 

(a) Schematic diagram of self-poled porous P(VDF-TrFE) piezoelectric 

energy harvester. (b) The voltage output of self-poled porous P(VDF­

TrFE) PEH, when subjected to a mechanical pressure of 625 kPa exerted 

xiv 
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Figure 5.5. 

Figure 5.6. 

Figure 5.7. 

Figure 5.8. 

Figure 5.9. 

Figure Captions 

at a frequency of 20 Hz. (c) The voltage output from the control sample 

(non-poled compact P(VDF-TrFE) film, prepared by spin coating 

method), when subjected to a mechanical pressure of 625 kPa, exerted 

at a frequency of 20 Hz. (d) The voltage output with the variation of 

fabrication temperature of the P(VDF-TrFE) film (at 50% RH), when 

subjected to a pressure of 625 kPa exerted at a frequency of 20 Hz. (e) 

The voltage output from the P(VDF-TrFE) film (fabricated at a 

temperature of -20 °C in the absence of humidity(< 5% RH)), when 

subjected to a pressure of 625 kPa exerted at a frequency of 20 Hz. (f) 

FTIR spectra demonstrating a peak at 3,600-3,120 cm-1 region 

verifying the presence of the hydrogen bond in the self-poled P(VDF­

TrFE) film. 

(a) Schematic diagram of the P(VDF-TrFE) TEH. (b) Schematic 

diagram ofthe negatively and positively polarized P(VDF-TrFE). 

Schematic diagram ofthe mechanism ofthe P(VDF-TrFE) THE. 

(a) Digital photo of the TEH device. (b) Voltage output of the self-poled. 

P(VDF-TrFE) TEH subjected to pressure of 600 kPa exerted at a 

frequency of 5 Hz. (c) Current density of the self-poled P(VDF-TrFE) 

TEH subjected to pressure of 600 kPa exerted at a frequency of 5 Hz. 

(d) Voltage output response of the non-poled P(VDF-TrFE) TEH 

subjected to a pressure of 600 kPa exerted at a frequency of 5 Hz. 

(a) Voltage output response ofthe non-poled P(VDF-TrFE) TEH subjected to 

a pressure of 600 kPa exerted at a frequency of 5 Hz. (b) Current density of the 

non-poled P(VDF-TrFE) TEH subjected to pressure of 600 kPa exerted at a 

frequency of 5 Hz. 

(a) Charge transfer of self-poled porous P(VDF-TrFE) TEH subjected 

to pressure of 600 kPa exerted at a frequency of 5 Hz. (b) Charge transfer 

of non-poled porous P(VDF-TrFE) TEH subjected to pressure of 600 
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kPa exerted at a frequency of 5Hz. (c) The voltage output pulse of the 

self-poled porus P(VDF-TrFE) TEH subjected to a pressure of 600 kPa 

exerted at a frequency of 5Hz. (b) The voltage output pulse of the non­

poled P(VDF-TrFE) TEH subjected to a pressure of 600 kPa exerted at 

a frequency of 5 Hz. 

Figure 5.10. (a) Stability of self-poled porous P(VDF-TrFE) TEH for medium­

pressure range (30 kPa). (d) Stability of self-poled porous P(VDF-TrFE) 

TEH for high-pressure range (350 kPa). (c) The voltage output of the 

self-poled P(VDF-TrFE) TEH at different% relative humidity (%RH) 

at a mechanical pressure 150 kPa exerted at a frequency of 5 Hz. 

Figure 5.11. (a) Voltage output of the non-poled P(VDF-TrFE) pressure sensor for 

low-pressure range (0.1 to 5 kPa). (c) Voltage output of the non-poled 

P(VDF-TrFE) pressure sensor for medium pressure range (5 to 50 kPa). 

(d) Voltage output of the non-poled P(VDF-TrFE) pressure sensor for 

high-pressure range (50 to 600 kPa). 

Figure 5.12. (a) Voltage output of self-poled P(VDF-TrFE) pressure sensor for low­

pressure range (0.05 to 5 kPa). (e) Voltage output of self-poled P(VDF­

TrFE) pressure sensor for medium-pressure range (5 to 60 kPa). (f) 

Voltage output of self-poled P(VDF-TrFE) pressure sensor for high­

pressure range (60 to 600 kPa). 

Figure 5.13. (a) Response time of self-poled P(VDF-TrFE) pressure sensor upon 

application of mechanical pressure of 600 kPa at a frequency of 5 Hz. 

(b) Variation ofthe output voltage ofthe self-poled P(VDF-TrFE) TEH 

with a range from 0.05 to 600 kPa. (c) Voltage error in percentage 

between linear fit and actual characteristics of the TEH for the range 

of 0.05 to 600 kPa. 
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Figure 5.14. Practical application of self-poled porous P(VDF-TrFE) pressure sensor 

for human-machine interface and smart robotics. (a) Pressure sensor 

attached to the finger of the humanoid robot to detect pressure exerted 

by human touch. Scale bar: 4 em. (b) Voltage output generated from a 

gentle and hard finger tapping on pressure sensor attached to humanoid 

robot finger. (c) Photograph of pressure sensor attached to the foot of 

humanoid robot to detect robot motion. Scale bar: 10 em. (d) Voltage 

output generated during slow and fast foot tapping of the humanoid 

robot. 

Figure 5.15. Practical application of the pressure sensor is to monitor the landing of 

a quadcopter robot. (a) Pressure sensor application to detection of 

landing pressure oflarge quad copter robot. Scale bar: 20 em. (b) Voltage 

output detected during the landing of the large quadcopter robot. (c) 

Photograph of the pressure sensor to monitor the landing of a mini 

quadcopter robot. Scale bar: 20 em. (d) Voltage output detected during 

the smooth landing of the mini quadcopter robot on the pressure sensor. 

(e) Voltage output detected during take-off of the mini quad copter robot 

from the pressure sensor. (f) Voltage output detected during the crash 

landing of the mini quadcopter robot on the pressure sensor. 

Figure 5.16. (a) The self-poled P(VDF-TrFE) pressure sensor arranged in a matrix 

for the pressure-mapping application. (b) Application of pressure on to 

the self-poled P(VDF-TrFE) pressure sensor by finger tapping. (c) 3D 

pressure map of pressure exerted on self-poled P(VDF-TrFE) pressure 

sensor upon finger tapping. (d) 2D pressure map of pressure exerted on 

self-poled P(VDF-TrFE) pressure sensor upon finger tapping. 

Figure 5.17. (a) Photograph of the self-poled P(VDF-TrFE) pressure sensor to detect 

pressure exerted by a robotic arm during object manipulation. Scale bar: 

20 em. (b) Voltage output during objects (light and heavy weight) 

xvii 
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manipulation (loading and unloading) on the self-poled P(VDF-TrFE) 

pressure sensor by the robotic arm. 

Figure 5.18. (a) Digital photo of the self-poled P(VDF-TrFE) pressure sensor device 

demonstrating high flexibility (with a bending angle = 180°). (b) 

Bending cycle stability of the self-poled P(VDF-TrFE) pressure sensor. 

(c) Digital photo of the pressure sensor attached to the finger to detect 

finger movements. (d) Voltage output detected by bending the finger. 

Figure 6.1. 

Figure 6.2. 

Figure 6.3. 

(a) Schematic diagram of the IS-TEH. (b) Digital photo of the highly 

transparent IS-TEH. (b) Digital photo of the ionic conductor showing 

high transparency. (c) Transmittance spectra of the PYA slime (ionic 

conductor) with respect to a glass slide. (d) Illustration of reaction 

between PV A and borate ions leads to the formation of slime (a borate 

cross-linked poly(vinyl alcohol)). (e) Electrochemical impedance 

spectroscopy measurement of the slime (ionic conductor). (f) FTIR 

spectra of the PYA slime (ionic conductor). 

Schematic diagram of the mechanism of energy generation of the TEH 

with the ionic conductor. 

The energy harvesting performance of the IS-TEH when subjected to a 

mechancial pressure of 600 kPa at a frequency of 5 Hz. (a) Voltage 

output (Voc) (b) Current density (Is). (c) Variation of voltage and current 

as a function of load resistance of the IS-TEH. (d) Schematic diagram 

of the TEH without the ionic current collector. The energy harvesting 

performance of the TEH without ionic current collector when subjected 

to a mechancial pressure of 600 kPa at a frequency of 5 Hz. (e) Voltage 

output (Voc) (f) Current density (Is). 
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Figure 6.4. 

Figure 6.5. 

Figure 6.6. 

Figure 6.7. 

Figure 6.8. 

Figure 6.9. 

Figure Captions 

Capacitance of the PV A slime and P(VDF-TrFE) as a function of 

frequency. 

(a) The voltage output of the IS-TEH before mechanical damage and 

self-healed device. (b) The change in the resistance of the slime during 

bifurcation and self-healing. 

Schematic representation ofthe self-healing process ofthe IS-TEH. 

The changes in the storage (G') and loss modulus (G") as a function of 

angular frequency for the virgin and self-healed PVA ionic conductor. 

(a) and (b) The tensile stress-strain curve of3 virgin PVA slime samples. 

(a) and (b) The tensile stress-strain curve of the self-healing and virgin 

PVA ionic conductor. 

Figure 6.10. The tensile stress-strain curve of the self-healing PVA slime with 

different healing times. 

Figure 6.11. The tensile stress-strain curve of the (a) Virgin PVA slime (b) Self­

healed PV A slime (with 15 min self-healing duration) (c) Self-healed 

PVA slime (with 15 min self-healing duration) after the keeping the 

bifurcated parts separated for 24 h. 
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BaTi03 
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Poly(vinylidene fluoride) 
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Vapor Induced phase separation 
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Chapter 1 

Introduction 

Energy is one ofthe cardinal aspects of human life; in fact, the importance of 

energy can be reflected from the mammoth forecasted 25 % increment in the 

per capita energy consumption by 2040. (Outlook for Energy, Exxonmobil 

report, 2017). The world is highly dependent on energy, and its appetite is 

increasing day by day. A possible solution is to use to alternative or renewable 

means of energy generation. In this work, P(VDF-TrFE) is used as a 

piezoelectric polymer for mechanical energy harvesting. It is highly flexible, 

transparent, and can sustain high mechanical stress compared to that of the 

inorganic materials. Amongst the organic materials, P(VDF-TrFE) shows the 

highest piezoelectric coefficient. In this dissertation, various strategies are 

adopted to increase the energy harvesting performance of P(VDF-TrFE), and 

it is used in different self-powered device applications. In this chapter, the 

problem statement, objective of the dissertation, hypothesis, originality, 

findings, and overview of the thesis is highlighted 
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1.1 Hypothesis and problem statement 

Piezoelectric materials are potential candidates for the fabrication of mechanical energy 

harvesters (MEH) due to the inherent polarization, which generates a voltage output on the 

application of mechanical pressure. Compared to inorganic materials, organic piezoelectric 

materials can sustain higher mechanical strain, stress and strain rate. Moreover, they are 

flexible, transparent and chemically stable. Thus, they are more suitable for the realization 

of multifunctional and self-powered devices. However, the energy harvesting ability of 

the piezoelectric polymers are low compared to inorganic piezoelectric materials, and the 

amount of power generated is not sufficient for self-powered device application. Voltage 

output of a piezoelectric energy harvester is given by the following equation 1.1. [IJ 

atd33 V=-­
E 

(1.1) 

where V = voltage output, E = dielectric constant, cr = mechanical stress, t = thickness and 

d33 = piezoelectric coefficient. The mechanical stress is the product of Young's modulus 

and strain in the material. Mechanical stress (cr) =Young's modulus (Y) *Strain (r). Thus, 

the equation 1.1 can be modified as equation 1.2. 

YEtd33 v =-----
€ 

(1.2) 

The voltage output of the triboelectric energy harvester is given by the equation 1.3.[21 

ax 
V=­

E 

(1.3) 

where, V =voltage output, s =permittivity of free space, cr = surface charge density, x = 

separation distance between the two polymers. Thus, by tuning the intrinsic properties 

(such as the dielectric constant and strain exerted on the material), the energy harvesting 

performance of P(VDF-TrFE) can be improved. From equation 1.2, it can observe that by 

decreasing the dielectric constant and by increasing the strain on the material the voltage 

output of the device can be improved. Therefore, it is hypothesized that by creating porous 

2 
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P(VDF-TrFE) films (with higher strain and lower dielectric constant) the energy harvesting 

performance of the P(VDF-TrFE) can be improved. Additionally, porous structure 

increases the compressibility of the material, which in tum can increase the piezoelectric 

coefficient. From equation 1.3, it can observed that by increasing the surface charge density 

of the polymer the voltage output can be improved. Therefore, the second hypothesis of 

this thesis is that by utilizing the combined effect of triboelectric surface charge and 

polarization induced surface charge, the energy harvesting performance of the P(VDF­

TrFE) can be further improved. The surface charge density depends on the capacitance of 

the device. Therefore, last, but not least, it is hypothesized that by utilizing an ionic current 

collector in P(VDF-TrFE) mechanical energy harvester, the capacitance ofthe device can 

be improved, which can increase the energy harvesting performance. 

1.2 Objective and scope 

The objective of the thesis work is to enhance the mechanical energy harvesting 

performance of the P(VDF-TrFE) and utilize it for self-powered device application. 

In this study, the energy harvesting performance of the P(VDF-TrFE) was improved by 

changing its physical properties such as compressibility and dielectric constant by creating 

porous P(VDF-TrFE) films. The combined effect of triboelectric surface charge and 

piezoelectric polarization was utilized to enhance the energy harvesting performance. 

Additionally, the use of ionic current collector for charge collection further enhances the 

performance. For application demonstrations, the P(VDF-TrFE) MEH was utilized for the 

realization of a self-charging supercapacitor, wide-range self-powered pressure sensor, and 

a touch sensor. 

3 
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1.3 Dissertation Overview 

Chapter 2 presents an overview of the mechanical energy harvesters, particularly 

piezoelectric and triboelectric energy harvesters. Various piezoelectric materials including 

both organic and inorganic materials are discussed. Detailed discussion on the P(VDF­

TrFE) is provided. The methodologies adopted to improve the energy harvesting 

performance are discussed. 

Chapter 3 presents the discussion on the experimental methodologies adopted in this 

dissertation. Specifically, detailed discussion on the fabrication of various materials and 

devices are provided. All the characterization techniques used to characterize the materials 

and devices are discussed in detail. 

Chapter 4 presents the use of porous P(VDF-TrFE) films, to enhance the energy harvesting 

performance. The porous P(VDF-TrFE) films, showed an increment in the power density 

by 88 times compared to that of the compact film. The superior energy harvesting 

performance of the porous P(VDF-TrFE) film as compared to the compact P(VDF-TrFE) 

film, can be attributed to the following factors: lower dielectric constant, higher P phase 

content and higher compressibility. Detailed results are provided with proper explanations. 

Chapter 5 presents the fabrication of self-poled porous P(VDF-TrFE) film. Here a 

combinational effect of triboelectric surface charge and piezoelectric polarization was 

utilized to enhance the performance of the mechanical energy harvester. Furthermore, this 

effect was used to fabricate a self-powered wide range pressure sensor. Detailed results are 

provided with proper explanations. 

Chapter 6 presents the use of ionic current collector in mechanical energy harvester. The 

ionic conductor shows enhanced energy harvesting performance compared to the electronic 

current collector due to the formation of an electric double layer. Additionally, a self­

healing energy harvester is demonstrated. Detailed results are provided with proper 

explanations. 

4 
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Chapter 7 provides the summary and conclusion of the dissertation and provides direction 

for future work. 

1.4 Findings and outcomes/originality of the work 

The following are the findings, outcomes, and originality of this work 

I. A porous P(VDF-TrFE) film was successfully fabricated which shows superior energy 

harvesting performance compared to that of the compact P(VDF-TrFE) film. The 

enhanced performance can be attributed to lower dielectric constant, higher P phase 

content and higher compressibility. A fast self-charging supercapacitor is fabricated by 

utilizing the porous P(VDF-TrFE) film as the separator. 

2. Developed a novel method to fabricate a self-polarized P(VDF-TrFE) film eliminating 

the costly and tedious annealing and poling processes. Enhanced the energy harvesting 

performance of the P(VDF-TrFE) by utilizing the combined effect of triboelectric 

surface charge and polarization induced surface charge of the self-polarized P(VDF­

TrFE) film. Demonstrated a wide range self-powered pressure sensor. 

3. Demonstrated the use of an ionic current collector to enhance the energy harvesting 

performance of the P(VDF-TrFE) due to the formation of an electric double layer which 

increases the capacitance of the device. The resultant TENG device also delivers a self­

healing capability. 
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Chapter 2 

Literature Review 

In this chapter, the literature review pertaining to the dissertation work is 

present. First, the mechanical energy harvesters including piezoelectric and 

triboelectric energy harvesters is introduced. Various piezoelectric materials 

were discussed, highlighting the fundamentals and working mechanisms. 

Further explanations about the piezoelectric polymers, specifically P(VDF­

TrFE) and the various mechanisms used to improve its energy harvesting 

performance are provided. The recent progress made in the P(VDF-TrFE) 

based mechanical energy harvester are summarized. Finally, the concept of 

the self-powered device is introduced, and recent progress is highlighted. 

7 
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2.1 Overview 

2.1.1 Energy harvesting technologies 

E lectriica I Power 

Figure 2.1. (a) The various mechanical forces present in the ambient environment. (b) The power 

required by the various electronic devices. 

The steep decline of fossil fuels and the meteoric rise in global warming in the last half­

century have propelled an immense enthusiasm for the development of non-conventional 

means of energy generation. Based on the Paris Agreement (2015), a global plan is set to 

limit the global warming by 2 °C. Extensive research is being carried out on various forms 

of non-conventional energy such as chemical, solar, thermal and mechanical. Among the 

different forms of non-conventional energy, mechanical energy is a potential candidate due 

to its availability almost everywhere and at all times in the ambient environment. Figure 

2.1 a shows the various mechanical forces present in the ambient environment. In this 

dissertation, the performance of the mechanical energy harvesters is measured at a 

mechanical pressure of 600 kPa exerted at a frequency of 5 Hz. This is roughly equivalent 

to pressure exerted by human running wearing sports shoe (with spikes) at a speed of 14 

km/h, road racing bicycle going at a speed of 50 km/h, passenger bus going at a speed of 

50 km/h, a galloping baby horse, industrial equipment vibrating at 5 Hz frequency. In 

addition to having an impact on large-scale energy utilization, mechanical energy 

harvesters can make significant contributions to wearable and personal electronics by 

8 
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making them self-sustaining and independent. Furthermore, it has huge application in 

wearable electronics, health monitoring, sports application and sensor networks. 

Mechanical energy harvesters are best suited for the fabrication of self-powered systems. 

However, there are very few commercial energy harvesting devices due to the low current 

density of the device. The key direction is to increase the current density of the device. 

However, the state-of-the-art device can be utilized to power portable electronics working 

in the range of few micro to milliWatt/cm-2
. These systems can be useful for low-power 

consumer electronics such as RFID sensor, LEDs, pressure sensors, MSN nodes, remote 

wireless sensing and cardiac pacemaker, etc. The power required by the various electronic 

devices are indicated in the Figure 2.1 b. Mechanical energy harvester can be of different 

types such as electrostatic[ll, electromagnetic[2l, triboelectric and piezoelectric[3l based on 

the working mechanism. Table 2.1 compares the piezoelectric and triboelectric energy 

harvesters. 

Table 2.1 Comparison of the piezoelectric and triboelectric energy harvesters. 

Piezoelectric Energy Harvesters Triboelectric Energy Harvesters 

It is based on the generation of potential It is based on the generation of potential 

difference due to the change in the difference due to the coupling oftriboelectric 

dipole moment in the material on effect and electrostatic effect. 

application of mechanical force. 

It is based on the intrinsic piezoelectric It is based on surface charge effect, observed 

properties arising due to non-centro in all most all the materials. Hence there is a 

symmetry in the crystal structure. Hence wider choice of synthetic polymers and other 

the scope of material is limited. insulative materials. 

Higher pressure is required to create a Voltage can be generated when two 

dipole moment. Thus a higher pressure polymers can contact and separate, thus it 

is required to generate a voltage. can operate at low pressure. 

Can work at a higher frequency, as the Cannot work at a higher frequency, as it is 

dipole moment can response to the difficult to create contact-separation between 

higher rate of force application. polymers at a higher frequency. 

9 
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Due to inverse piezoelectric effect, can Does not show actuation. 

show actuation. 

Does not get affected by humidity, thus Affected by humidity, thus proper sealing is 

shows stable performance. required. 

More tedious preparation method as it Relatively easy to fabricate. 

requires sophisticated processing 

procedures such as poling and 

annealing. 

2.1.2 Piezoelectric energy harvester 

The piezoelectric energy harvester is a device which generates a voltage output on the 

application of mechanical pressure. It consists of a piezoelectric material, which develops 

a potential difference across the film under stress, called direct piezoelectric effect. 

Conversely, on the application of an electric field these materials develop a strain, called 

inverse piezoelectric effect. In this dissertation, piezoelectric material particularly P(VDF­

TrFE) is utilized to fabricate mechanical energy harvesters. Figure 2.2 shows the schematic 

of a piezoelectric energy harvester. 

Pressure 

D Gold 
• PVDF-TrFE 

Figure 2.2. Schematic of the piezoelectric energy harvester. 

Piezoelectricity materials consist of permanent electric dipoles (positive and negative 

charges separated by a space). In the case of crystalline inorganic materials such as lead 
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titania (PbTi03), barium titanate (BaTi03) and aluminium nitride (AlN), the dipoles arise 

from the non-centrosymmetric crystal structure. For organic materials, the difference in the 

electronegativity of elements attached to the carbon chain creates the electric dipoles. For 

example, the electric dipole in PVDF material is caused due to the high electronegativity 

fluorine and electropositive hydrogen attached to the carbon chain. The dipoles are 

randomly oriented, giving rise to net zero polarization. Upon electrical poling or 

mechanical stretching, the dipoles can be aligned. On application of force on the aligned 

piezoelectric polymers, there is a change in the dipole moment, thus creating a potential 

difference. Equation 1.1, gives the voltage output generated by the piezoelectric energy 

harvester. Thus, the output performance can be improved by changing the fundamental 

properties such as piezoelectric coefficient, strain, and dielectric constant. 

2.1.3 Triboelectric energy harvester 

-
Figure 2.3. Schematic of the triboelectric energy harvester. 

• PDMS 
• Spacer 
ti1 Gold 
• PVDF-TrFE 

The triboelectric energy harvester is a device which generates a voltage output on the 

application of mechanical force. Energy generation occurs due to the coupling between the 

triboelectric and electrostatic induction effects. [4--61 It consists of two polymers with 

different electronegativity, separated by a space, as shown in the Figure 2.3. Before 

application of mechanical force, the two polymers are not in contact, thus no surface 

charges. Upon application of mechanical force, the two polymers come in contact with each 

other. Upon contact, charge transfer takes place from one polymer to the other due to the 
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difference in their electronegativities. Thus the two polymers acquire triboelectric surface 

charge with opposite polarity.l6l When the mechanical force is released, the two oppositely 

charged surfaces (PDMS and P(VDF-TrFE)) become separated in space, thus creating a 

potential difference. This leads to a transient charge flow from the metal contact to the 

ground, generating a voltage output. An electrostatic equilibrium is achieved when the two 

oppositely charged surfaces reach the maximum separation distance. When the mechanical 

force is reapplied again, the distance between the two polymers as well as their potential 

difference decrease, resulting in a charge flow in the opposite direction, which generates a 

voltage in the reverse direction. [?,SJ Thus, repeating the procedure described above produces 

multiple voltage outputs. 

Most of the materials known to mankind, can show triboelectric effect. However, intensity 

of triboelectricity depends on the electron affinity of the material. Table 2.2 shows the 

triboelectric series of various materials, arranged according to their electron affinity. [91 If 

two materials are selected with further away from each other, it has highest affinity to 

transfer charge between each other. Selection of material plays a crucial role in determining 

the device performance. The output voltage of the triboelectric energy harvester depends 

on the surface charge of the polymers. The surface charge can be significantly improved 

by tuning the surface area of the polymer. Extensive work has been done to increase the 

surface area by creating nano-patterned structures such as pyramid,[IOJ hemisphere,[IIJ 

square, [I 2l nano-wire. [BJ The surface charge can also be tuned by surface 

functionalizationY 4
•
15l Surface functionalization of triboelectric polymer has shown 

significant improvement in energy harvesting performance. Capacitance of the materials 

plays an important role, as it affects the amount of surface charge density. Extensive work 

has been carried out to tune the capacitance of the material, to increase the surface 

chargeY 6
•
17l Change in permittivity also affects the energy harvesting performance as it 

can affect the electrostatic induction. 
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Chapter 2 

Figure 2.4. Schematic of different modes oftriboelectric energy harvester. (a) The vertical 

contact-separation mode. (b) The lateral sliding mode. (c) The single-electrode mode. (d) 

The freestanding mode. Reproduced with permission from the Royal Society of 

Chemistry.[!&) 

Triboelectric nanogenerator operates in 4 modes or device structure, such as vertical 

contact-separation mode, in-plane sliding mode, single-electrode mode and free-standing 

triboelectric-layer mode (Figure 2.4). In this work, single-electrode mode is primarily used. 

In the single electrode mode, the top polymer layer need not be connected or bonded with 

an electrode or connecting wide. In this mode, only the bottom electrode is connected to 

the ground. This mode provides more versatility and applicability as the top layer can move 

freely without any restriction. This mode is used to generate energy from rain drop,[191 air 
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flow,[20l and rotating tires.[21 l It is more suitable for touch sensor application, as the force 

can be directly applied by hand or external contact as one of the triboelectric layer. It has 

been extensively used as various self-powered sensors such as pressure sensors, [221 body 

motion sensors, [231, acceleration sensors, [241 active tactile sensors/25
•
261 velocity 

sensors, [27•281 angle measurement sensors, [291 self-powered identification systems, [301 self­

powered distress signal emitters,[31 l biosensors,[32l and water/ethanol sensors.[33l 

Table 2.2 Triboelectric series. 

Various Materials Positive Material 

Glass 

Human Hair 

Nylon 

Wool 

Silk 

Aluminium 

Paper 

Cotton 

Acrylic 

Polyurethane 

Polypropylene 

Teflon 

Silicone rubber Negative Material 

The first-order lumped-parameter equivalent circuit model of the triboelectric 

nanogenerator is a voltage source in series with a capacitor as shown in Figure 2.5. The 

inherent behavior of the triboelectric device is capacitive in nature, thus the governing 

equation is V-Q-x is used to explain the behavior (equation 2.1). 
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where V = the total voltage difference between the two triboelectric electrodes, Q = the 

transferred charges, C(x) = capacitance between the two electrodes and x= separation 

distance between two triboelectric layer. From the equation 2.1, we can observe that the 

voltage output depends on two parameters. One is the capacitance (C), which is due to the 

inherent capacitance across the two electrode in a triboelectric device. The capacitances 

changes with respect to the position of dielectric surface on application of mechanical force. 

The second is the open circuit voltage (Voc), which is due to the polarized triboelectric 

charge. A resistor is not included in this circuit, as the internal resistance is close to infinity 

due to the space between two insulating polymer. In conclusion, the triboelectric device is 

a high impedance charge source. 

TENG 

Load 
Resistance 

Figure 2.5. First-order lumped-parameter equivalent circuit model of the triboelectric 

device. 

2.1.4 Various piezoelectric materials 

Piezoelectric materials can be broadly classified into organic and inorganic materials. In 

inorganic piezoelectric materials, polarization arises from the non-centrosymmetric crystal 

structure. Piezoelectric effect was first observed in Rochelle salt. Inorganic piezoelectric 

materials include inorganic perovskite materials such as PbZrTi03, BaTi03, and AlN. 

Inorganic piezoelectric materials demonstrate excellent polarization (For e.g. piezoelectric 

coefficient for PZT is around d33 > 100 pC/N). For organic materials, the electric dipoles 

arise from the difference in the electronegativity of elements attached to the carbon chain 

as seen in the case of PVDF, where the electric dipole is caused due to the high 
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electronegativity fluorine and electropositive hydrogen attached to the carbon chain. 

Organic piezoelectric materials are flexible; thus they can sustain high compressive 

mechanical stress, strains, and strain rates. The dielectric constant is low compared to the 

inorganic piezoelectric materials. Moreover, some organic materials are highly transparent, 

solution processable, low cost, which makes easy industrial adaptability. They are highly 

chemically and thermally stable. Among the various piezoelectric polymer, PVDF and its 

copolymers show the highest piezoelectric coefficients (~ 20pCIN). Additionally, it also 

demonstrates high remnant polarization (8-12 f..lC/cm2) and low coercive field (50 

MV/m)_l34
,
35l Table 2.3 shows the piezoelectric properties of the various piezoelectric 

materials. In this dissertation, P(VDF-TrFE) is used to fabricate a mechanical energy 

harvester. P(VDF-TrFE) is utilized in this dissertation, as it readily forms P phase 

(piezoelectric phase responsible for piezoelectric behavior), and it has a higher piezoelectric 

coefficient. 

Table 2.3. Piezoelectric properties of the various piezoelectric materials. 

Material Reported Material Reference 

piezoelectric Condition 

coefficient (d33) 

Inorganic Material 

Lead Zirconate 175 pmv-1 Single crystal [36] 

titanate 

Barium Titanate 85 pmv-1 Single crystal [37] 

(BTO) 

Zinc Oxide (ZnO) 45 pmv-1 Single nanowire 

Organic Material 

PVDF 28 pmv-1 High p phase [38] 

PVDF film 

P(VDF-TrFE) film 20pmv-1 Spin coated film [39] 

ParyleneC 1-2 pC IN Thick film [40] 

Nylon-11 3.1 pC IN Thin film [41] 
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2.1.5 Piezoelectric P(VDF-TrFE) 

Amongst the various organic piezoelectric materials PVDF and its copolymer P(VDF­

TrFE) are extensively explored due to its higher piezoelectric coefficient (values d33 ~ 20 

pm/V), high remnant polarization (8-12 flC/cm2
) and low coercive field (50 MV/m)P4•42•431 

P(VDF-TrFE) is a copolymer ofPVDF. It shows various conformations, such as a,~ and 

y phase. In the a phase (the trans-gauche (TGTG) conformation), positively charged 

hydrogen and negatively charged fluorine atoms are arranged alternatively on one side of 

the carbon chain. Due to the alternate arrangement of hydrogen and fluorine, it shows net 

zero dipole moment, thus no piezoelectric effect. In the ~ phase (all trans (TTTT) 

conformation), the hydrogen atoms are arranged on one side of the carbon chain, and the 

fluorine atoms are present on the other side. The separation of positively and negatively 

charges, gives rise to a net polarization, thus showing piezoelectric effect. y phase (the 

TTTG configuration), shows weak piezoelectric behavior. a phase is the most 

thermodynamic stability phase, thus PVDF readily forms the a phase. In~ phase, the space 

available by two carbon atoms for the fluorine atom is less than the required space. Thus it 

is unstable, and the PVDF readily crystallizes into alpha phase. As the various phases have 

similar energies, by the thermal or mechanical treatment the phases can be converted to 

one another. Thus, PVDF films need thermal and stretching to convert a phase to ~ phase. 

However, P(VDF-TrFE) with its extra fluorine atom, readily crystallizes into ~ phase. 

Upon copolymerizing the PVDF with TrFE, the bigger fluorine atom replaces the small 

hydrogen atom. This makes the a phase unstable, thus readily forming ~ phase. P(VDF­

TrFE) is chosen in this study as it readily forms ~ phase, without any treatment and its 

shows higher piezoelectric coefficient. 

2.1.6 Various methodologies to improve the energy harvesting performance of 

P(VDF-TrFE) 

Voltage output of a piezoelectric energy harvester is given by the following equation 2.2. [ 441 

YEtd33 ~2) 
V=---
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where V = voltage output, E = dielectric constant, a = mechanical stress, t = thickness, d33 

=piezoelectric coefficient, Y =Young's modulus and£= strain. The voltage output ofthe 

triboelectric energy harvester is given by the equation 2.3.[451 

ax 
V=­

E 

(2.3) 

where, V = voltage output, E = permittivity of free space, a = surface charge density, x = 

separation distance between the two polymers. The energy harvesting performance of 

P(VDF-TrFE) can be improved by tuning the intrinsic properties. Various methodologies 

have been adopted to increase the performance of the P(VDF-TrFE). Few of the approaches 

are described in detail. 

2.1.6.1 Structural modification ofP(VDF-TrFE) 

The technique of structural modification ofP(VDF-TrFE) was adopted to tune the intrinsic 

properties of the P(VDF-TrFE). For example, buckled piezoelectric ribbons were used to 

create strain gradient induced polarization. This internal stress showed an enhancement of 

performance by 70% compared to that of the compact film. Furthermore, pyramidal shaped 

micro patterned P(VDF-TrFE) was created, which creates stress concentration at the sharp 

edges, thus improving the energy harvesting performance compared to that of the compact 

films. [461 1-D nanostructures of P(VDF-TrFE) has been explored to create stress 

confinement in one direction, thus improving the energy harvesting performance. 

Nanoconfinement also improves the p phase, thus improving the piezoelectric 

coefficient.£471 This is demonstrated by fabricating P(VDF-TrFE) nanotubes.£47
,
481 P(VDF­

TrFE) nanostructures can also be creatt:d by electrospinning. The application of a strong 

electric field along with mechanical stretching during the electrospinning process enhances 

the P content, thus improving the performance. This process also creates enhanced 

crystallinity with higher piezoelectric coefficient.£49-521 
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2.1.6.2 Composites piezoelectric materials for mechanical energy harvesters. 

Extensive work has been done to fabricate composite based piezoelectric energy harvester. 

Inorganic materials such as PZT and BTO have higher piezoelectric coefficient than 

organic material, thus by combining the inorganic and organic materials, higher energy 

harvesting performance can be achieved. Incorporation of nanostructured inorganic 

materials into PVDF improves strain bearing ability of the material and thus improve the 

performance. Additionally, incorporation of inorganic material into PVDF films, enhances 

the~ phase. For example non-piezoelectric materials such as Ag-Graphene, [531 Cerium, [541 

and DNA[54l has been incorporated into PVDF, to enhance the energy harvesting 

performance by increasing the ~phase content. Ferroelectric polarized graphene electrodes 

were used as effective charge collection layer in P(VDF-TrFE) films.£47
,
551 Some ofthe key 

works done on P(VDF-TrFE) are highlighted in Table 2.4. 

Table 2.4. Summary of the recent work on P(VDF-TrFE) based mechanical energy harvesters. 

Work done on Vout I out Contribution Refer 
PVDF-TrFE ence 
-Direct write 5-30 0.5-3 nA - nano fiber mat of PVDF-TrFE [50] 

P(VDF-TrFE) fiber mV fabricated by electro spinning 
-Stretching at a freq - first energy harvesting paper 

of 2Hz on PVDF-TrFE 

-P(VDF-TrFE) with 4V 0.4-0.2 increase the carrier [56] 

graphene electrode ~1m2 concentration of the graphene 
-Bending at a strain by poling 

= 0.081% 
-P(VDF-TrFE) 0.6V - - applied electrospinning- [57] 

fiber method 
-Vibrated at a freq 

of2.6Hz 
-Gold nanoparticle 280mV - -Gold nano particle electrode [58] 

-Bending test used to increase the surface area 
ofthe gold contact 

-Graphene 3V 0.37 - increase the carrier 
multilayer film ~J,A/cm2 concentration of the graphene [59] 

-Bending with a by poling 
strain rate of 
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60mm/s and with a 
strain value of 0.3% 

-spring type 88mV - -demonstrate a new spring type 
Device device structure, coated with 

-Compression force PVDF-TrFE [60] 

of 17.4N 

-Aligned nanofiber 1V 30nA -Highly sensitive pressure 
-Bending test at sensor demonstrated 

1Hz -fabricated freestanding array of [51] 

aligned nano fiber ofPVDF-
TrFE 

-Surface controlled 2V 300nA -enhancement voltage output 
porous structure due to surface compressibility [61] 

-Bending test at 
1Hz 

-Sandwich structure 0.7V - -demonstrate the combined 
of (graphene- effect of piezoelectric and 

P(VDF-TrFE)- pyroelectric [62] 

CNT) 
-Stretching_ 

-P(VDF-TrFE) 4.8V - -Higher voltage output due to 
nanotube confinement effect 

-Pressure of -Higher piezoelectric [47] 

75 kPa at a freq of coefficient 
1Hz 

-Flexible P(VDF- 7V 58 nA - Highest voltage output report 
TrFE) on PET so far 

substrate - However effective working 
-Bending at a freq area of the device is very small [63] 

of0.75 Hz and at a so the current density is very 
strain magnitude of small 

0.943% 
Self-poled P(VDF- 3V 6nA - Confined geometry 

TrFE) nanotube leads to oriented [48] 

crystallization and self-
poling. 

solvent annealed 8V 0.4 ).lA.cm-2 -solvent annealing leads to well [64] 

P(VDF-TrFE) film aligned electrical dipoles. 
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2.1. 7 Self-powered devices 

Self-powered, interactive, maintenance-free, and multifunctional operations are the key 

requirements for the realization of the next-generation electronics devices. A self-powered 

system consists of an energy harvesting unit (which harvest energy from the ambient 

energy), an energy storage unit (which stores the generated energy) and an energy 

utilization unit (which utilizes the energy). Figure 2.6 shows the schematic of the self­

powered system. 

AMBIENT MECHANICAL ENERGY 

Figure 2.6. Schematic of the self-powered system. 

Energy Utilization 
- Sensors 

Recently, humongous endeavors have been made to fabricate a self-powered system. 

Several recent reports show the discrete integration of mechanical energy harvester with 

electrochemical devices like a supercapacitor,[65l electrochromic and batteries.l66l The 

piezoelectric energy harvester has also been utilized to power sensors, [67
-

70lcardiac 

pacemaker,P1l and wireless data transmission system.P2l However, the mechanical energy 

harvester is connected to the other electronics components by external electrical 

connections and rectifiers, which results in the huge loss of energy and eventually decreases 

the amount of energy utilized or stored. This issue can be resolved by functional integration 

21 

acquisition
Stamp



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Literature Review Chapter 2 

of devices, where the single device performs both the energy harvesting, energy storage, 

and energy utilization function. An integrated self-charged battery system has also been 

demonstrated where the piezoelectric PVDF material is used as a separator in order to drive 

the ion across the battery electrode.£73- 751 However, the charging time of the battery is very 

high, which takes about 5 minutes to increase a potential of 200 m V. As the increment in 

the voltage of the battery during charging is very low (maximum 300 mV), so it cannot be 

utilized for practical application. Thus, a tremendous potential exists for the possibility of 

increasing the voltage to a higher potential and in a lesser time. In this dissertation, a fast 

self-charging supercapacitor is fabricated by utilizing the P(VDF-TrFE) as a piezoelectric­

separator, which stores charge on application of mechanical force without the use of any 

external connections and rectifiers. Additionally, a self-powered pressure sensor and the 

touch sensor is also demonstrated, which detect pressure without external power supply. 
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Chapter 3 

Experimental Methodology 

In this chapter, methodology to prepare the porous, self-poled and compact 

P(VDF-TrFE) film is explained. The vapor induced phase separation (VIPS) 

method adopted to prepare the porous P(VDF-TrFE) film and the modified 

vapor induced phase separation method developed to prepare the self-poled 

porous P(VDF-TrFE) film is described in detail. The preparation 

methodology of freestanding PDMSfilm and PVA slime based ionic current 

collector is also described. Detailed explanation is provided for the 

fabrication of the piezoelectric and triboelectric energy harvester. The energy 

harvesting measurements of the mechanical energy harvester is described in 

detail. General characterization such as the mechanical and electrical 

characterization of the materials and devices used in this dissertation are 

explained in detail. 
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3.1 Rationale for selection of materials 

The piezoelectric polymer is used in this dissertation due to its inherent polarization and 

higher surface charge. Additionally, the piezoelectric polymer can sustain higher stress, 

strain and strain rate compared to inorganic piezoelectric materials. Among the various 

piezoelectric polymers, P(VDF-TrFE) is selected in this dissertation due to its high 

piezoelectric coefficients compared to other piezoelectric polymers.P,2l P(VDF-TrFE) 

readily forms piezoelectric ~ phase, without any external treatment due to the presence of 

an extra fluorine atom. P(VDF-TrFE) is flexible, rollable, and transparent, thus making it 

suitable for multifunctional operations. [J,4l It is also chemically stable and can absorb 

electrolyte, thus suitable for self-powered device applications.l5,6l Moreover, it is easy to 

process, making it scalable and industrial adoptable. Polydimethylsiloxane (PDMS) was 

used as the triboelectric negative material due to it higher electronegativity as compared to 

P(VDF-TrFE).[7-9l PDMS is considered as one of the best triboelectric negative material. 

Poly( vinyl alcohol) (PV A) polymer matrix is selected for the fabrication of ionic current 

collector due to its non-toxicity, biocompatibility, high ionic conductivity and high 

transparency. 

3.2 Typical experimental procedure 

Fabrication of 
vanous 
materials 

Figure 3.1. Experimental protocol followed in this dissertation. 

Figure 3.1 depicts the flowchart of the experimental protocol adopted in this dissertation. 

The first step was to prepare the material used in this dissertation. Specifically, porous 

P(VDF-TrFE), self-poled porous P(VDF-TrFE), PDMS and PVA slime were prepared. 

This is followed by material structural, mechanical and electrical characterization. After 
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optimizing the required material, the mechanical energy harvester was fabricated. This was 

followed by measuring the energy harvesting performance of the device. Finally, a self­

powered device was fabricated. 

3.3 Fabrication 

3.3.1 Preparation of the porous P(VDF-TrFE) films 

50%RH 

Air Dry PVDF-TrFE 
L 

~O 00 oO O'Q 0 0 
10 0 0 0 0 0 0 0 
0~ n 0 0 0 0 Oo 0 

.. 50%RH 

DMF 

' Semi solid PVDF-TrFE 

Figure 3.2. Schematic representation ofthe fabrication of the porous P(VDF-TrFE) film. 

P(VDF-TrFE) (65-35 wt %) was purchased from Solvay Solexis and was used without 

further purification. The porous P(VDF-TrFE) film was fabricated using the vapor induced 

phase separation (VIPS) method. P(VDF-TrFE) was dissolved inN, N-dimethylformamide 

(DMF, Sigma-Aldrich) solvent by stirring at 70 °C for 4 h. It was then drop casted on an 

ITO-glass (area= 2 x 2 cm-2
). The drop casted polymer solution was exposed to humidity 

by placing it inside a humidity chamber (ETS humidity controller 5200). The humidity of 

the chamber was varied to control the porosity of the film. The film was removed from the 

humidity chamber after a semi-solid film was formed. It was then dried at room 

temperature by keeping it in a fume hood. It forms a porous polymer film after 6 h of drying. 

The porous film was subsequently annealed at 140 oc for 2 h in an oven. Annealing ensures 

the formation of p phase and the removal of residual water. To make contacts, gold was 
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sputtered onto the film. Finally, the porous P(VDF-TrFE) film was electrically poled by 

applying an electric field of 20 V /f..lm at 100 °C to align the electric dipoles. Figure 3.2 

depicts the schematic representation ofthe fabrication ofthe porous P(VDF-TrFE) film. 

3.3.2 Preparation of the self-polarized porous P(VDF-TrFE) films 

T = -20 °C, 50 o/o RH 

• 
Figure 3.3. Schematic representation of the fabrication of the self-poled porous P(VDF-TrFE) film. 

P(VDF-TrFE) was dissolved inN, N-dimethylformamide (DMF) as described previously 

in section 3.3.1. A modified vapor induced phase separation technique was developed to 

fabricate the self-poled porous P(VDF-TrFE) film. In the modified VIPS technique, the 

drop casted polymer solution was exposed to humidity and low temperature (below 0 °C). 

The low temperature was provided by a temperature-controlled stage (Linkam Scientific 

Instruments), placed inside the humidity chamber. The polymer solution was drop casted 

onto a glass slide (area= 2 x 2 cm-2
) and placed on the temperature-controlled stage inside 

the humidity chamber. A temperature of -20°C and a 50 % relativel humidity (RH) were 

maintained until a semi-solid film was formed (approximately 1 h). The film was 

subsequently removed from the humidity chamber and air dried for 6 h at room temperature 

until all the absorbed water was removed, and a porous white sponge was formed. The 
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sponge was peeled off from the glass to obtain a free-standing, flexible self-poled P(YDF­

TrFE) sponge. To understand the mechanism of self-polarization, P(YDF-TrFE) films were 

fabricated at various temperature and humidity. The temperature was varied using the 

temperature-controlled stage, and the humidity was varied using the humidity chamber. The 

thickness and area of all the P(YDF-TrFE) films fabricated at various conditions were 200 

± 10 J.lm and 2 x 2 cm-2 respectively. Figure 3.3 depicts the schematic representation of the 

fabrication ofthe self-poled porous P(YDF-TrFE) film. 

3.3.3 Preparation of the compact P(VDF-TrFE) films 

The compact P(YDF-TrFE) film (control sample) was prepared by repeatedly drop casting 

the P(YDF-TrFE) dissolved DMF solution on a glass slide (2 x 2 cm-2), till the required 

thickness of 200 J.lm was obtained. The films were subsequently annealed and poled. All 

the films were poled and annealed at similar conditions. 

3.3.4 Preparation of the PDMS layer 

To prepare the PDMS layer, commercial PDMS (Sylgard 184, Dow Coming, USA) base 

and curer were thoroughly mixed in a weight ratio of 10:1. It was subsequently, cured at 

60 oc for 2 h. The PDMS layer was peeled off from the substrate, to obtain a freestanding 

layer. 

3.3.5 Preparation of ionic conductor 

Borax cross-linked PYA slime was used as the ionic conductor. PYA (average Mw 

130,000, >99% hydrolyzed, Sigma-Aldrich) and Sodium tetraborate (Sigma-Aldrich) were 

used without purification. The 10 wt% PYA solution was prepared by slowly adding PYA 

powder to DI water maintained at a temperature of 80 °C while stirred vigorously. Slow 

adding ensures individual wetting of polymer grains. A viscous and clear solution was 

obtained after 3 h of stirring at 80 °C. 4 wt% borax solution was separately prepared by 

mixing hydrated sodium tetraborate (Na2B407.lOH20) in DI water. Borax solution was 
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added to the PV A solution in a mixture of 10:1 (PV A:borax) volumetric ratio, while 

vigorously stirring with a spatula until the mixture was complete gelled. A lesser amount 

of borax, will partially cross link the polymer, thus making an inconsistent slime. Moreover, 

the addition of higher amount of borax solution will further increase the cross-linking of 

polymer, which increases the viscosity of the slime. Higher viscosity will hinder the 

viscoelastic flow of the slime upon stretching. Thus, a volumetric ratio of 10:1 (PV A: Borax) 

was used to get a consistent, high ionically conducting and viscoelastic slime. The obtained 

slime is transparent and viscous. 

3.3.6 Fabrication of the piezoelectric and triboelectric energy harvester 

The piezoelectric energy harvester consists of a sandwich structure, with two gold 

electrodes on both the sides of the P(VDF-TrFE) film. For the porous P(VDF-TrFE) device, 

a layer ofPMMA was deposited on one side of the P(VDF-TrFE) film to prevent dielectric 

breakdown during poling, otherwise caused due to the porous nature ofthe P(VDF-TrFE) 

film. The schematic of the piezoelectric energy harvester is shown in the Figure 3.4. 

D Gold 
• PVDF-TrFE 
• PMMA 

Figure 3.4. Schematic diagram of the piezoelectric energy harvester. 

The triboelectric energy harvester consists of two polymers separated by a spacer. The 

schematic of the triboelectric energy harvester is shown in the Figure 2.3. As shown in the 

Figure 2.3, it consists of two layers: (i) A P(VDF-TrFE) film with gold electrodes (thickness 

= 30 nm, area = 1 x 1 cm2
) on one side. (ii) A freestanding PDMS film. The two layers 

were separated by a spacer (a commercial elastic tape (3M VHB 4910), thickness= 2 mm). 

The elastic nature of the spacer, allows the two polymer layers to separate when the force 
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is released. The gold electrodes were connected to one terminal of the measuring instrument, 

while the other terminal of the measuring instrument was connected to the ground. The 

device was sealed by applying a thin layer of silicone rubber to the junction between the 

PDMS and the spacer (VHB tape). This prevents the water vapor from interacting with the 

triboelectric surface of the PDMS and PVDF-TrFE, thus ensuring stable performance. 

3.3.7 Fabrication oftriboelectric energy harvester with ionic current collector 

Figure 3.5 schematically illustrates the detailed fabrication process of the TENG with ionic 

current collector. The TENG consists of PV A slime (ionic current collector) sandwich 

between P(VDF-TrFE) and VHB tape. VHB tape (VHB 4010, 3M, USA) was used as the 

substrate (area= 2 x 2 cm-2
, thickness = 1 mm). A conducting wire was attached to the 

substrate as shown in Figure 3.6. To ensure proper encapsulation and sealing of the slime, 

a cavity (area= 1 x 1 cm2
, thickness= 1 mm) was made by sticking one more layer ofVHB 

tape (with a rect~ngular hole in the center) onto the substrate. The adhesive of the VHB 

tape ensures proper sealing. Slime was drop casted onto the cavity, with a controlled 

thickness of 1 mm. Subsequently, P(VDF-TrFE) (area= 2 x 2 cm-2
, thickness= 200 ± 10 

f.!m, prepared by modified VIPS technique) was attached at the top of slime. The adhesive 

ofthe VHB tape ensures good adhesion between the P(VDF-TrFE) and the VHB tape. The 

inherent adhesive of the VHB tape ensures proper encapsulation and sealing, which 

prevents the slime from drying up. To fabricate the control sample, gold electrode (area= 

1 x 1 cm2 and sheet resistance= 4 ncm-1
) was made on the P(VDF-TrFE) (area= 2 x 2 cm-

2, thickness= 100 ± 20 f..lm, prepared by modified VIPS method). Copper tape was used to 

connect the gold electrode to the measuring instrument. 
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Figure 3.5. Schematic diagram of the fabrication process of the TENG with the ionic conductor 

as the current collector. 

3.3.8 Fabrication of the self-charging supercapacitor 

The poled porous P(VDF-TrFE) film was used as the separator (sandwich between the CNT 

electrodes) to fabricate the self-charging supercapacitor. Vacuum filtration method was 

adopted to fabricate the highly flexible CNT electrodes.P 0l The SWCNT (Time Nano, 

China, Product Number: TNGMC2) was purchased commercially. The SWCNT with a 

concentration of 3 wt % and cellulose binder with a concentration of 5wt % were mixed in 

a ratio of 4:1. The CNT film was formed by vacuum filtration method using a PC filter 

paper (Millipore GTTP, pore size = 220 nm). The filter paper with the CNT film was 

attached to a glass petri dish, and then well mixed PDMS (Sylgard 184, Dow Coming, USA) 

base and curer (weight ratio 10: 1) were poured in. For the removal of air bubble, it was kept 

inside a vacuum desiccator for 30 minutes. Subsequently, it was cured at 60 °C for 2 h. 

Finally, it was peeled off from the petri dish, forming a free-standing flexible CNT 

electrode embedded within the PDMS matrix. The free-standing CNT was used as the 

electrode for the self-charging supercapacitor. The poled P(VDF-TrFE) porous film used 

as the separator was immersed in the PMMA/LiCl04/PC based gel electrolyte and then 

placed between the electrodes. The porous P(VDF-TrFE) porous film was used after 

removing the gold contacts by etching. The SP-EDLC was assembled in a pouch cell. To 

prevent any leakage, the SP-EDLC was properly sealed. 
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3.4 Characterization 

3.4.1 Energy Harvesting Measurements 

Dynamic mechanical pressure on the energy harvesting device was applied by a magnetic 

shaker (Sinocera, Model JZK-20). The pressure exerted on the device was measured using 

a force gauge (Mark-10, Model M7-025, for low-pressure range) and (Sinocera, Model CY­

YD-303, for a medium and high-pressure range). The voltage output generated from the 

mechanical energy harvester was measured by an oscilloscope (Trektronix, MOO 3024, 

input resistance= 10 MQ), the current output was measured by a low-noise current pre­

amplifier (Stanford Research System, Model SR570, input resistance= 4 0) and the charge 

transfer using the (Keithley 6514 system electrometer, input resistance= 200 TO). Figure 

3.6 shows the schematic diagram of the measurement setup. 

Supporting Stand --­
Force Sensor--­
TENG device ---

Figure 3.6. Schematic diagram of the measurement setup used to measure the energy harvesting 

performance. 

3.4.2 General characterization 

The top and cross-section morphologies of all the samples including the porous and 

compact P(VDF-TrFE) films and CNT electrodes were measured using a field-emission 
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scanning electron microscopy (FESEM, JEOL 7600F). All the thickness measurements of 

various materials were done using a Decktak stylus profilometer. The crystal structure and 

phase analysis were done with XRD (Shimadzu) and FTIR-ATR (Perkin Elmer Frontier). 

The phase analysis of the self-poled P(VDF-TrFE) film was carried out using a 

Piezoresponse force microscopy (Asylum Research). For the fabrication of the porous 

P(VDF-TrFE) films, humid atmosphere was provided by the humidity chamber (ETS 

humidity controller 5200). Shimadzu spectrometer (UV -2501 pc,) was used to measure the 

transmittance spectra of the ionic conductor with respect to a glass slide over the range of 

300 to 900 nm. Poling of the P(VDF-TrFE) films were done using a constant DC supply 

system (Kikusui, TOS 5051) voltage tester. All the mechanical measurements including the 

compressibility ofthe P(VDF-TrFE) film and mechanical properties of the ionic conductor 

was measured using a static compression tester (lnstron 5576). The electrochemical 

performance of the SP-EDLC was investigated with (Auto lab PGSTA T 30) potentiostat. 

The electrochemical impedance spectroscopy of the ionic conductor was measured using a 

potentiostat (Autolab PGSTAT 30), by sandwiching the ionic conductor (area= I x I cm-

2, thickness = I mm) between two Indium Tin Oxide (ITO) glass pieces. The sheet 

resistance measurements were done using a four-probe resistance measurement system 

(Advance Instrument Technology, CMT-SR2000N). A LCR meter (Agilent E4980A 

Precision), was used to measure the capacitance and resistance of the ionic conductor at 

various experimental conditions. The capacitance of the ionic conductor and silicone rubber 

were measured at a voltage of O.I V applied over a frequency range, by sandwiching the 

materials between two ITO glass pieces. The change in the resistance of the PV A slime 

(ionic conductor) during bifurcation and self-healing was measured (using the LCR meter), 

by inserting two metallic wire at the two extreme end of the TENG. 

3.4.3 Piezoresponse force microscopy 

Piezo Force Microscopy is an analytical tool used to study the piezoelectric and 

ferroelectric properties. It utilizes the coupling effect of mechanical and electric properties 

of the piezoelectric and ferroelectric materials. During the measurement, voltage is applied 

across the PPM tip and the sample, which creates a mechanical displacement due to the 
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piezoelectric effect. The mechanical displacement is measured (down to pm scale) by using 

a lock-in amplifier. In this dissertation, PFM was primarily used to observe the domain 

image ofthe self-poled and non-poled P(VDF-TrFE) film. To obtain the domain image, a 

small AC voltage is applied between the tip and the sample to detect the magnitude and 

phase of the piezoelectric response. The magnitude and phase of the piezoelectric response 

is detected by the lock-in amplifier. The orientation difference of the piezoelectric domains 

with respect to the applied signal give rise to the observed contrast in phase image. The 

amplitude of the image indicates the magnitude of mechanical deflection created by the 

piezoelectric domain when subjected to the electric field. The measurements are performed 

in contact mode at a frequency of 50 kHz. AFM tips (NT-MDT, CSG-10 tips) with a 

resonant frequency of 236 kHz, were used in the measurements. 
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Chapter 4 

Porous P(VDF-TrFE) Films 

Piezoelectric materials have gained significant attention in recent years due 

to its inherent polarization. Due to the flexible nature of the piezoelectric 

polymers, it can sustain higher strains compared to that of the inorganic 

piezoelectric materials, thus making them more suitable for mechanical 

energy harvester. In this chapter, the energy harvesting performance of the 

P(VDF-TrFE) is improved by structural modification. Specifically, a porous 

P(VDF-TrFE) film is created to improve the performance. Additionally, a 

self-charged supercapacitor is demonstrated 

*This section published substantially asK. Parida, V. Bhavanasi, V. Kumar, J. Wang, P. S. Lee, J Power 

Sources 2017,342,70. 
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4.1 Introduction 

Energy generation from ambient mechanical vibrations is significant for the realization of 

self-powered systems. With the advent of personal electronics, the demand for efficient 

energy conversion systems has increased significantly. Piezoelectric energy harvesters and 

piezoelectric materials have gained significant attention in the recent decade, due to its 

ability to harvest electrical energy from ambient mechanical vibrations. Extensive work 

has been done to enhance the energy harvesting ability of the P(VDF-TrFE) based 

piezoelectric polymer. One approach is to increase the internal stress in the material, by 

adding fillers in the piezoelectricity material. Alignment of the molecular chains further 

improves the performance. [Il The performance can be improved by combining the 

piezoelectric P(VDF-TrFE) with an electrostatic component (charged component)Pl The 

current of the piezoelectric energy harvester has been improved by utilizing the 

electrostatically doped graphene as the current collector in P(VDF-TrFE) based energy 

harvesterPl To further improve the energy generation, it is hypothesized that by creating 

porous P(VDF-TrFE) films (with higher strain and lower dielectric constant) the energy 

harvesting performance of the P(VDF-TrFE) mechanical energy harvester can be improved. 

In this work, the structural modification was done to improve the performance. Porous 

P(VDF-TrFE) was created which lowered the dielectric constant and increased the p phase 

content and compressibility, thus improving the energy harvesting performance. 

4.2 Results and Discussion 

4.2.1 Morphological characterization of porous P(VDF-TrFE) 

The vapor induced phase separation (VIPS) technique is adopted to fabricate the porous 

P(VDF-TrFE) film. This method is based on the phase separation in a ternary system of 

polymer/non-solvent/ solvent where P(VDF-TrFE) is the polymer, DMF is the solvent and 

water is the non-solvent.l4•
5l The porous film is fabricated by exposing the drop casted 

polymer solution (P(VDF-TrFE) dissolved in DMF) to humidity. Upon exposing the drop 
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casted polymer solution to humidity, water vapor (non-solvent for P(VDF-TrFE)) 

penetrates into the polymer solution, due to the solubility of DMF and water. This results 

in a phase separation, creating a polymer rich and polymer diluted region. Subsequently, 

the P(VDF-TrFE) solidifies around the polymer diluted region (water droplet).l6l When the 

water is evaporated upon dying at room temperature, it leaves behind porous imprint in the 

P(VDF-TrFE) film. The presence of pores can be clearly seen from the FE-SEM image 

(Figure 4.1. a-d). 

(a) (b) (c) 

(d) 

Volume ratio of DMF:Acetone 

Figure 4.1. FESEM image of the porous P(VDF-TrFE) film prepared with variation of the volume 

percentage ofDMF:acetone at (a) 100:0, (b) 75:25, (c) 50:50, and (d) 25:75. (e) FESEM image of 

the compact P(VDF-TrFE) film. Scale bar= 100 11m. (f) Variation of% porosity with the change 

in the volume percentage ofDMF:Acetone. 

The film fabricated by spin coating method shows compact structure without the presence 

of any porous structure (Figure 4.1e) The% porosity is optimized by varying the vapor 

pressure of the solvent. The vapor pressure is modified by mixing DMF (low vapor pressure 

of 3.5 hPa) with acetone (high vapor pressure of 240 hPa). As the amount of acetone 

increases, the % porosity increases, however at a high percentage of acetone (75% by 

volume), the amount of pores decreases (Figure 4.1 a-d and f). Higher vapor pressure leads 
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to the accelerated evaporation of the solvent, thus reducing the porosity. The maximum 

porosity is observed in the film prepared with (DMF: Acetone= 50:50) ratio .. To calculate 

the porosity, P(VDF-TrFE) films (thickness= 200 J.Lm, area= 2 x 2 cm2
) were immersed in 

propylene carbonate solution for 30 minutes. The weight of the sample was measured 

before and after immersion. The porosity ofthe P(VDF-TrFE) films were calculated using 

the equation 4.1. [7] 

(1) 

where %Pis the porosity of the P(VDF-TrFE) film; Mp is the mass of the P(VDF-TrFE) 

film; Ms is the mass of the absorbed propylene carbonate; pp is the density of P(VDF-TrFE) 

and psis the density of the propylene carbonate. 

4.2.2 Phase identification and quantification of P(VDF-TrFE) film 

The p phase is the piezoelectric phase responsible for the piezoelectric behavior in P(VDF­

TrFE). Thus it is essential to identify and quantify the presence of P phase. Figure 4.2a 

shows the FTIR spectra ofthe porous and compact P(VDF-TrFE) film. The piezoelectric P 
phase (TTTT) can be identified from the absorption band at 840 and 1275 cm-1 and the non­

piezoelectric a phase (TGTG) can be identified from the absorption band at 614, 766 and 

1152 cm-1 .£8•91 The relative percentage of a and p phase was calculated from the equation 

( 4.1 ). 

F(fl) = Ap 
(Kp/Ka)Aa+ Ap 

(4.1) 

where F(p) is the relative percentage of p phase, Ks4o (7.7 x 104 cm2 mol-1
) and K746(6.1 x 

104 cm2 mol-1) are the absorption coefficients for panda phase respectively, Aa and Ap are 

the absorption intensity at 840 and 764 cm-1 respectively. POl The relative proportion of P 
phase for the porous P(VDF-TrFE) film (fabricated with Acetone:DMF =50:50 by volume) 

is 94.8 % whereas for the compact thin film it is 86.4 % (Figure 4.2b ). This shows a clear 

43 



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Porous P(VDF-TrFE) Films Chapter 4 

increment in the proportion of p for the porous P(VDF-TrFE) film compared to the compact 

P(VDF-TrFE) film. 
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Figure 4.2. (a) FT-IR spectra of the P(VDF-TrFE) compact and porous film with variation of the 

volume percentage ofDMF:acetone at (1) 100:0, (2) 75:25, (3) 50:50, and (4) 25:75. (b) The relative 

proportion of~ phase for the compact and porous P(VDF-TrFE) film. (c) FT-IR spectra of the 

porous P(VDF-TrFE) film indicating the interfacial interactions. (d) XRD spectra of the P(VDF­

TrFE) compact film and the porous foam with variation of the volume percentage ofDMF:acetone 

at (1) 100:0, (2) 75:25, (3) 50:50, and (4) 25:75. 

The increase in the p phase can be attributed to the H-bonding interactions between the 

polar water molecules with the P(VDF-TrFE) moleculeY IJ These interfacial interactions 

lead to the nucleation of the p phase (all trans configuration)Y21 The interfacial interactions 

was validated by the frequency shift of the CH2 symmetric and asymmetric stretching 

vibration mode (Figure 4.2c) of the porous P(VDF-TrFE) film towards the lower 

wavenumber. The frequency shift occurs due to the change in the effective mass of CH2 
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dipoles.l12l XRD analysis further verifies the claims made by spectroscopy analysis. The f3 

phase is indicated by the peak at 28 = 19.8° which is associated with the (110) or (200) 

planes of P(VDF-TrFE) film (Figure 4.2d). The full-width half maximum and peak 

intensity of the peak at 19.8° is higher for the porous P(VDF-TrFE) film compared to the 

compact P(VDF-TrFE) film, thus further validating the claim. It was observed that the 

amount of f3 phase changes with the % porosity (or with the change in the volume 

percentage of acetone and DMF). As the % porosity increases, the interfacial interaction 

increases, thus increasing the amount of f3 phases. Similarly, at a higher vapor pressure, % 

porosity decreases thus reducing the amount of f3 phases (Figure 4.2d). 

4.2.3 Mechanism of energy generation 

The piezoelectric energy harvester consists of a piezoelectric material, which on the 

application of a mechanical compressive pressure, creates an internal piezoelectric potential. 

The piezoelectric material consists of f3 phase (all trans (TTTT) conformation) consists of 

a positively charged hydrogen atoms and negatively charged fluorine atoms arranged on 

opposite side of the carbon chain. This non-overlapping of the positive and the negative 

charge centers give rise to a net dipole moment. However, these dipoles are randomly 

oriented giving rise to a net zero polarization. Upon poling, the dipoles are aligned in the 

direction of electric field. Application of a mechanical pressure changes the dipole moment 

which creates an internal piezoelectric potential across the film. The free charge carriers 

present in the metal contact (present at both sides on the P(VDF-TrFE) film) flows from 

the negative potential region to the positive potential across the external connection giving 

rise to a positive voltage peak. Upon releasing the mechanical pressure, the internal 

piezoelectric potential becomes zero. Thus the free charge carriers return back to the 

negative electrode, giving rise to a negative voltage peak. The schematic of the piezoelectric 

energy harvester is shown in Figure 4.3. 
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t 

Figure 4.3. Schematic of the working of the piezoelectric energy harvester. 

4.2.4 Energy harvesting performance 

The energy harvesting performance of the porous P(VDF-TrFE) (fabricated with 

DMF:Acetone = 50:50, thickness = 200 f.Ull, area = 2 cm-2) was used to fabricate the 

piezoelectric energy harvester due to its higher~ phase content and% porosity. Figure 4.4a 

schematically illustrates the piezoelectric energy harvesting device, and Figure 4.4b shows 

a digital photo of the device. The energy harvesting performance of the porous P(VDF­

TrFE) film (open-circuit voltage (Voc) and short-circuit current density (Isc)) was measured 

by exerting a compressive mechanical pressure of 600 kPa at a frequency of 5 Hz. The 

porous P(VDF-TrFE) generated an approximate Voc of 6 V (Figure 4.4c) and lsc of 0.6 

~Acm-2 (Figure 4.4d). Under real application, the device will be subjected to forces of 

various magnitude. Thus the energy harvesting performance was evaluated by varying the 

magnitude of the compressive pressure. As the mechanical pressure was increased, the 

strain in the material increased, which resulted in the increment of the voltage output 

(Figure 4.4e). With the increment the applied frequency at mechanical pressure of 600 kPa 

the voltage output increases (Figure 4.4h). 
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Figure 4.4. (a) Schematic diagram of the porous P(VDF-TrFE) piezoelectric energy harvester. (b) 

Digital image of the porous P(VDF-TrFE) piezoelectric energy harvester. (c)Voltage output 

generated from the porous P(VDFTrFE) piezoelectric energy harvester when subjected to a 

pressure of 600 kPa at a frequency of 5 Hz. (d) Current density generated from the porous 

P(VDFTrFE) piezoelectric energy harvester when subjected to a pressure of 600 kPa at a frequency 

of5 Hz. (e) Variation of voltage output ofthe porous P(VDF-TrFE) piezoelectric energy harvester 

with the variation of applied pressure (exerted at 5 Hz frequency). (f) Power density of the porous 

P(VDF-TrFE) piezoelectric energy harvester across various resistances when subjected to a 

mechanical pressure of 600 kPa at 5 Hz frequency. (g) Stability of the porous P(VDF-TrFE) 

piezoelectric energy harvester when subjected to a mechanical pressure of 600 kPa at a frequency 

of5 Hz for 10000 cycles. (h) Variation of voltage output of the porous P(VDF-TrFE) piezoelectric 

energy harvester with the variation of applied frequency (exerted at pressure of 600 kPa). 

The energy harvesting performance depends on the impedance of the load. Thus energy 

harvesting performance of the porous P(VDF-TrFE) was measured across various load 

resistances. The variations of the power density of the porous P(VDF-TrFE) were measured 

across various load resistance (Figure 4.4f). Based on the maximum power transfer 

theorem, a maximum power density of 16 J.LW·cm-2 was obtained across an external load 

resistance of 1 MQ. The stability of the porous P(VDF-TrFE) was evaluated for 10,000 

cycles of mechanical pressure (Figure 4.4g). The device showed stable performance 

without deterioration of performance. Under similar experimental conditions, the compact 

P(VDF-TrFE) film with similar dimensions generated an approximate Voc of 1.8 V (Figure 

4.5), current density of0.1 J.LA.·cm-2 and a power density of0.18 J.LW·cm-2 (the performance 

is similar to as reported for other works).D 3- 15l The porous P(VDF-TrFE) film shows an 

increment in the power density by 88 times compared to that of the compact P(VDF-TrFE) 

film. Table 4.1 shows the summary of the energy harvesting performance of the compact 

and porous P(VDF-TrFE) film. 
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Figure 4.5. (a) Voltage output generated from the non-porous P(VDFTrFE) piezoelectric energy 

harvester when subjected to a pressure of 600 kPa at a frequency of 5 Hz. (d) Current density 

generated from the non-porous P(VDFTrFE) piezoelectric energy harvester when subjected to a 

pressure of 600 kPa at a frequency of 5 Hz. 

Table 4.1: Summary of the energy harvesting performance of the compact and porous P(VDF-TrFE) 

film. 

Material Voltage Current Power Pressure Frequency 

(V) density Density (kPa) (Hz) 

(J.IA·cm-2) (JlW·cm-2) 

Porous P(VDF- 6 0.6 16 600 5 

TrFE) film 

Compact P(VDF- 1.8 0.08 0.18 600 5 

TrFE) film 
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The superior energy harvesting performance of the porous P(VDF-TrFE) film as compared 

to the compact P(VDF-TrFE) film, can be attributed to the following factors: lower 

dielectric constant, higher ~ phase content and higher compressibility. As shown from the 

XRD and FTIR analysis the amount of~ phase is higher in the porous P(VDF-TrFE) film 

compared to that of the compact P(VDF-TrFE) film (Figure 4.2). The Higher amount of~ 

phase, indicates higher polarization upon application of mechanical pressure, leading to 

enhanced energy harvesting performance. Additionally, the porous P(VDF-TrFE) film is 

more compressible than the rigid compact P(VDF-TrFE) film when subjected to similar 

pressure, due to the presence of pores (Figure 4.6a). Compressibility is defined as the unit 

change in volume of the material when subjected to mechanical stress (equation 4.2). 

According to the equation 4.3, the compressibility of the piezoelectric material is directly 

related to the piezoelectric coefficient of the material. The porous P(VDF-TrFE) film 3.6 

times more compressibility than the compact P(VDF-TrFE) film at a compressive pressure 

of0.6 MPa. 

LlU/U 
C=-­

o 

d = aP = a(!l/U) = P (a ln 11 _a ln u) 
ao ao ao ao 

(4.2) 

(a ln !l ) p --+C ao 
(4.3) 

where C is the compressibility of the material; U is the volume of the sample; LlU is the 

change in the volume of the sample on application of mechanical stress; o is the stress 

applied; d is the piezoelectric coefficient; P is the polarization and !l is the total dipole 

moment. Moreover, the porous P(VDF-TrFE) film have low dielectric permittivity 

compared to the compact P(VDF-TrFE) film. Figure 4.6b shows the variation of dielectric 

permittivity over the frequencies ranging from 1 kHz to 1000 kHz. The porous P(VDF­

TrFE) film shows 3 times lower dielectric permittivity as compared to the compact film. 

Dielectric permittivity is the opposition offered to the flow of the electric field. Thus a low 

dielectric permittivity will have a higher internal piezoelectric potential. The piezoelectric 

voltage output is inversely related to the dielectric permittivity, which results in the 
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increment in the voltage output ofthe porous P(VDF-TrFE) film compared to the compact 

P(VDF-TrFE) film. 
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Figure 4.6. (a) Compressive stress-strain behaviour of the porous and compact P(VDF-TrFE) film. 

(b) Variation of dielectric permittivity with the change in applied frequency for the porous and 

compact P(VDF-TrFE) film. 

4.2.5 Application- Self-charged supercapacitor 

A self-charged supercapacitor was demonstrated, which stores charge on the application of 

mechanical force. The porous P(VDF-TrFE) was used as the separator in the supercapacitor. 

It acts as a matrix to hold the electrolyte and creates an internal electric field for the 

migration of ions, on the application of mechanical force. P(VDF-TrFE) is widely known 

to act as a matrix for electrolytes, and its piezoelectric properties make it an ideal candidate 

to be used as the separator in the self-charged electric double layer capacitor (SP-EDLC). [! 61 

4.2.5.1 Structural Characterization of the CNT electrode 

CNT embedded in PDMS was used as the electrodes in the self-charged supercapacitor. 

The top and cross-section FESEM image of the CNT embedded in PDMS can be seen from 

the Figure 4.7a and band the digital photo can be seen from the Figure 4.7c and d. Due to 

the excellent mechanical robustness,r171 and superior charge storage propertiesr18
•
191 CNT 
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was used as the electrode and current collector in the SP-EDLC. The active area of the CNT 

electrode exposed to the electrode was 1 x 1 cm2. 

(a) (b) 

(c) (d) 

Figure 4.7. (a) FE-SEM image of the CNT electrode. (b) Cross-section of the electrode showing 

the embedded portion of CNT in PDMS. (c) Digital image of the CNT embedded in PDMS 

electrode. (d) Digital image showing the high flexibility of the electrode. 

4.2.5.2 Electrochemical performance of the SP-EDLC 

To evaluate the electrochemical performance of the SP-EDLC, the device was as­

assembled in a sandwich structure where CNT embedded in PDMS was used as the 

electrodes and P(VDF-TrFE) as the separator. CNT is used as the supercapacitor electrode, 

due to its electric double layer charge storage mechanism, thus facilitating faster charge 

storage. P(VDF-TrFE) film was soaked with polymer gel electrolyte. Figure 4.8a shows a 

typical double layer cyclic voltammetry (CV) behavior without any distinctive reduction 

and oxidation peak, clearly indicating the formation of an electric double layer at the 

respective electrodes. The double layer formation was further verified from the 

galvanostatic discharge behavior of the device (Figure 4.8b). The specific areal capacitance 

was calculated from the discharge profile taking discharge time into consideration. The 

specific areal capacitance of the SP-EDLC was measured to be 1.2 mFcm-2 at a discharge 
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current density of0.05 mAcm-2 (calculated from the galvanostatic discharge behavior). The 

obtained specific areal capacitance is similar to other reported value. l201 The areal energy 

density was calculated to be 1.7 r..tWhcm-2 and power density to be 24.4 r..tWcm-2. 

Furthermore, the specific areal capacitance as a function of applied current density was 

ev~luated (Figure 4.8c ). At a current density of 0.25 mA/cm2, 66 % of the initial specific 

areal capacitance was retained. The device will be further subjected to a mechanical force 

to evaluate the self-charging behavior; thus, it is essential to evaluate the stability of the 

device when subjected to mechanical force. On subjecting the device to a compressive 

mechanical pressure of 600 kPa for 700 cycles, it retains ~80 % of its initial capacitance 

(Figure 4.8d). 
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Figure 4.8. Electrochemical performance of the self-charged supercapacitor. (a) Cyclic 

voltarnmograrn ( CV) of the self-charged supercapacitor at a scan rate of 20 m V s-1• (b) Galvanostatic 

charging and discharging curves of the self-charged supercapacitor measured at current densities of 

0.050, 0.075, 0.10, and 0.25 mAcm-2• (c) The areal capacitance ofthe self-charged supercapacitor 

method at various current densities. (d) Areal capacitance retention of the self-charged 

supercapacitor when subjected to a mechanical pressure of 600 kPa at a frequency of 5 Hz. 
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4.2.5.3 Self-Charging behavior of SP-EDLC 
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Figure 4.9. (a) Schematic of the self-charged super capacitor. (b) Demonstration of the sell 

charging of the supercapacitor when subjected to a compression pressure of 420 kPa at a frequenc 

of 5 Hz exerted for 40 sand then discharged at a current density of 0.1 mAcm·2
• (c) The contrc 

sample with filter paper (impregnated with gel electrolyte), showed no increment in the OCP unde 

the similar experimental conditions. (d) Demonstration of the self-charging of the supercapacitc 

when subjected to a compression pressure of 120 and 350 kPa exerted at a frequency of 10Hz fc 

10 s. (e) Demonstration of the self-charging of the supercapacitor when subjected to a compressio 

pressure of 3 50 kPa at a frequency of 5 Hz and 10 Hz exerted for 10 s. (f) Demonstration of th 

stability of the supercapacitor by self-charging (by exerting a mechanical pressure of 600 kPa at 

frequency of 10 Hz for 50 s) and discharging (by a discharge current of 5 mAcm·2
) for 50 cycles. 

To demonstrate the self-charging behavior, the porous P(VDF-TrFE) film was used as th 

separator in the supercapacitor. The porous P(VDF-TrFE) film can produce high voltag 

output (under compressive mechanical force) as described earlier. The P(VDF-TrFE) filr 

was impregnated with PMMA/LiCl04/PC based gel electrolyte and sandwiched betwee 

CNT electrodes (Figure 4.9a). Before application of mechanical force, the device wa 

maintained at equilibrium, showing an initial open circuit potential (OCP) of 250 m ~ 
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(Figure 4.9b ). Upon application of an compression mechanical pressure of 420 kPa at a 

frequency of 5 Hz for 40 s, the SP-EDLC showed an increment in the OCP by 70 m V 

(Figure 4.9b). 90% ofthe increment in the potential was achieved in less than 10 sec. A 

discharge current density of 0.1 J.IA.cm-2 was applied to discharge the stored charge. From 

. the discharge behavior, the amount of the charge stored (on the application of mechanical 

force) was calculated to be 95 J.I.Fcm-2
. To confirm the self-charging behavior, the P(VDF­

TrFE) was replaced by a filter paper (impregnated with gel electrolyte). Under the similar 

experimental conditions, the device with filter paper showed no increment in the OCP 

(Figure 4.9c), thus validating the self-~harging behavior using the porous P(VDF-TrFE) 

film. To better understand the self-charging behavior, the SP-EDLC was subjected to 

mechanical pressure with different magnitude and frequency. The device was subjected to 

a mechanical pressure of 120 and 350 kPa at a frequency of 10 Hz. At a higher pressure of 

350 kPa, the device showed an 40% increment in the OCP (Figure 4.9d). On application 

of a higher mechanical pressure, a larger electric field was created for the migration of ions, 

which resulted in the 40% increment in the OCP. To study the effect of frequency on the 

self-charging behavior, the device was subjected to a mechanical pressure of 350 kPa at a 

frequency of 5Hz and 10Hz. At a higher frequency, the device showed an ~20% increment 

in the OCP (Figure 4.9e). Additionally, at a higher frequency, the increment in the OCP 

was 3 times faster. On application of a mechanical pressure at a higher frequency, a larger 

electric field was created, thus the increment in the OCP was higher. The device was 

subjected to many cycles of charging (by mechanical force) and discharging (by 

discharging current) to evaluate the stability of the device. The device showed stable 

performance for 50 cycles, thus validating the robustness of the device (Figure 4.9f). The 

self-charged supercapacitor showed fast charge compared to other reported work on self­

charged energy storage system (Table 4.2). 
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Table 4.2. Table highlighting the state-of-the-art self-charged electrochemical energy storage 

devices. 

Sl Self-charged energy Force Freque Increase in Time of Cycle Refe 

No. storage (N) ncy the OCP chargin rene 
Stabi 

(Hz) (mV) g (s) e 
lity 

1 Hybridizing Energy 45 2.3 68 240 - [21] 

Conversion and 

Storage 

2 CuO/PVDF 30 1 169 240 5 [22] 

nanocomposite for 

Self-Charging Battery 

3 PVDF-PZT 10 1.5 42.3 210 4 [23] 

nanocomposite for 

Self-Charging Battery 

4 PVDF nanostructure 34 1.8 138 250 50 [24] 

for Self-Charging 

Battery 

5 Piezoelectric-Driven 18.8 - ~37 ~125 15 [25] 

Self-Charging 

Supercapacitor 

6 Fast charging self- 70 5 60 10 50 This 

charged electrical work 

double layer capacitor 
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4.2.5.3 Mechanism of the self-charged EDLC 

The mechanism of the SP-EDLC device is schematically illustrated in Figure 4.1 0. The 

device consists of a porous P(VDF-TrFE) film (as the piezoelectric-separator) impregnated 

.with PMMA/LiCl04/PC based gel electrolyte, sandwich between two CNT electrodes. 

Before application of mechanical pressure, the ions are uniformly distributed in the matrix 

of the porous P(VDF-TrFE) film, thus having a constant concentration of the ions across 

the matrix (Figure 4.1 Oa). At equilibrium condition, the Fermi level of the electrodes 

matches with the electrochemical potential ofthe ions in the electrolyte. On application of 

mechanical pressure, the porous P(VDF-TrFE) film creates an internal electric field of57.5 

V/mm. This leads to the migration of ions (based on their characteristic charge) (Figure 

4.1 Ob ). Due to the migration of ions, the local concentration of ions at the CNT 

electrode/electrolyte interface changes. This change of concentration changes the 

electrochemical potential at the interface. Adsorption of ions occurs at the CNT electrode 

surfaces to maintain equilibrium with the changes electrochemical potential, thus forming 

an electrical double layer (Figure 4.1 Oc ). The SP-EDLC stores charge, due to the formation 

of the electric double layer, which is reflected in the increase in the OCP of the device. Due 

to the fast adsorption of ions at CNT electrode, the device demonstrates faster self-charging 

compared to self-charging based on slow intercalation mechanism. 

(a) 

• 0 

0 

• 

PDMS 
CNT 

e • • 
0~ 

CNT 
PDMS 

(b) 

l Compressive Force l 
(c) POMS 

0, .&~~ 0 0 

nn 
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Figure 4.10. Schematic representation of the mechanism of SP-EDLC device. (a) The device is 

maintained at equilibrium condition where the ions are uniformly distributed in the P(VDF-TrFE) 

film. (b) On application of the mechanical pressure an electric field is developed which leads to the 

migration of ions. (c) Development of an EDL layer at the electrodes. 
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4.3 Principal Outcomes 

• Fabricated a porous P(VDF-TrFE) film using VIPS method. 

• Demonstrated enhancement of energy harvesting performance by a porous P(VDF­

TrFE) film due to lower dielectric constant, higher p phase content and higher 

compressibility compared to that ofthe compact P(VDF-TrFE) film. 

• Demonstrated a fast charging self-charged supercapacitor by utilizing the porous 

P(VDF-TrFE) as the separator. 

• It is extremely challenging to electrically pole the porous P(VDF-TrFE) films, due to 

the easy dielectric breakdown. This problem is addressed by fabricated a self-poled 

P(VDF-TrFE) film, described in chapter 5. 

4.4 Chapter Summary 

In this chapter, a porous P(VDF-TrFE) film was prepared and showed superior energy 

harvesting performance compared to that of the compact P(VDF-TrFE) film, thus proving 

our hypothesis. The porous P(VDF-TrFE) film showed an increment in the power density 

by 88 times compared to that of the compact P(VDF-TrFE) film. The porous structure 

lower the dielectric constant, increases the higher p phase content and increases the 

compressibility of the P(VDF-TrFE) film, which improving the energy harvesting 

performance. Thus validating our hypothesis of creating porous structure to enhance the 

energy harvesting performance. Furthermore, a self-charged supercapacitor was fabricated 

by utilizing the porous P(VDF-TrFE) film as the separator. The self-charged supercapacitor 

showed fast charging compared to other reported work on self-charged energy storage 

system. 
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Chapter 5 

Self-polarized porous P(VDF-TrFE) film 

This chapter addresses the persistent issue of poling porous piezoelectric 

polymers, by preparing a self-poled porous P(VDF-TrFE) film utilizing a 

modified breath figure technique, which creates and aligns the piezoelectric 

p phase without the costly and tedious annealing and poling processes. The 

energy harvesting performance of the P(VDF-TrFE) is improved by utilizing 

the combined effect of piezoelectric polarization and triboelectric surface 

charge of the self-polarized P(VDF-TrFE) film. Furthermore, a self-powered 

wide range pressure sensor is demonstrated. Moreover, the practical 

applicability of the device is demonstrated by utilizing the pressure sensor in 

the human-machine interface, autonomous humanoid robots, and smart 

quadcopters. 

*This section published substantially asK. Parida, V. Bhavanasi, V. Kumar, R. Bendi, P. S. Lee, Nano Res. 

2017, DOl 10.1007/s12274-017-1567-6. 
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5.1 Introduction 

Self-powered, interactive, maintenance free and multifunctional operations are the key 

requirement for the realization of next-generation electronics for potential application in 

health monitoring, sensor networks, smart robotics and sports application.D-3l One of the 

key requirement for the realization of a self-powered system is the realization of an efficient 

energy harvesting system which can harness energy from the ambient environment. 

Recently, triboelectric energy harvester (TEH) reported by Wang et al. has been a 

promising candidate for mechanical energy harvesting due to its ability to generate higher 

voltage output and power density compared to that of the piezoelectric energy harvester. 

Additionally, it can operate at very low and irregular mechanical pressure_l4-<il Due to the 

superior energy harvesting ability, triboelectric energy harvester is fabricated in this work. 

As described in the section 2.1.3, the energy generation of the triboelectric nanogenerators 

depends on the surface charge of the polymers. In general, the surface charge density of 

polymers used in a triboelectric generator are of the order of 10-4 C/m. However, in 

comparison to a typical polymers, the piezoelectric polymers such as P(VDF-TrFE) have 

a higher surface charge density (in the range of 1 o-1 cm-2), which is three orders of 

magnitude higher than that of a typical dielectric polymer. It is hypothesized that the energy 

harvesting performance of the P(VDF-TrFE) can be increased by utilizing the combined 

effect of triboelectric surface charge and polarization induced surface charge. To validate 

the hypothesis, a self-poled porous P(VDF-TrFE) film is used as the triboelectric energy 

harvester. 

5.2 Results and discussion 

5.2.1 Morphological and ferroelectric characterization of the porous self-poled 
P(VDF-TrFE) film 

Figure 5.1a shows the digital photo of the highly flexible, rollable and free-standing porous 

P(VDF-TrFE) film, fabricated by the modified breath-figure technique. The film is milky 

white in color due to the internal scattering of light, caused by the pores present in the film. [?J 

The surface morphology of the film (Figure 5.1 b) shows the porous structure (pore size~ 10 
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)liD). The pores are not only present on the surface but are distributed throughout the matrix 

ofthe film, which can be seen in the cross-section FESEM image (Figure 5.1c). The inner 

pores present in the matrix of the film, are much bigger in size compared with that of the 

pores present on the surface. The presence of pores makes the film spongy and compressible. 

(a) 

Figure 5.1. (a) Digital photo of the self-poled porous P(VDF-TrFE) film. (b) FESEM image 

showing the top view of self-poled porous P(VDF-TrFE) film. Inset in (b) is an enlarged FESEM 

image showing a pore. Scale bar: 10 J.lm. (c) Cross-sectional FESEM images of the self-poled 

porous P(VDF-TrFE) film. 

The piezoelectric behavior of the P(VDF-TrFE) film is due to the presence of the~ phase, 

which was confirmed by the XRD, and the FTIR analysis. Figure 5.2a shows the XRD 

pattern of the porous P(VDF-TrFE) film. The predominant peak at 29 = 19.7° corresponds 

to the (110)/(200) planes of the piezoelectric~ phase.l8
•
9l A minor amount of a phase can 

be found with the shoulder peak at 29 = 18°. The FTIR spectroscopy analysis ofthe P(VDF­

TrFE) film further validates the presence of~ phase. Figure 5.2b illustrates the infrared 

absorption spectra of the P(VDF-TrFE) porous film. The absorption band at 842 and 1276 

cm-1 are the characteristic traits of the piezoelectric~ phaseY0
•
11 l 

63 

acquisition
Stamp



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Self-polarized porous P(VDF-TrFE) film 

-:;j 
rU -
~ 
'iii 
c 
!I 
.5 

14 16 18 20 22 24 26 
29 

. 
=! 
ns -Cll u 
c 
ns 
.a ... 
~ 
.a 
c( 

Chapter 5 

1600 1400 1200 1000 800 
Wavenumber (cm-1) 

600 

Figure 5.2. (a) XRD spectra ofthe self-poled porous P(VDF-TrFE) film. (b) FTIR spectra of the 

self-poled porous P(VDF-TrFE) film. 

5.2.2 Evaluation of the self-poled porous P(VDF-TrFE) film 

(a) 
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Figure 5.3. PFM phase image of the (a) Self-poled porous P(VDF-TrFE) film. (b) Non-poled 

compact P(VDF-TrFE) film. 

The self-polarization phenomenon of the P(VDF-TrFE) film was analyzed using 

Piezoresponse force microscopy (PFM). The observed uniform contrast in the phase 

behavior of the porous P(VDF-TrFE) film (Figure 5.3a), reveals the unipolar orientation of 

dipoles. For comparison, PFM analysis of the control sample (non-poled compact P(VDF­

TrFE) film prepared by spin coating method with similar dimensions) was carried out as 
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shown in Figure 5.3b. The domains with different orientations in Figure 5.3b indicates 

randomly oriented dipoles of the non-poled compact P(VDF-TrFE) film.D 2l 

Another method to evaluate the self-alignment of the P(VDF-TrFE) films is to measure the 

energy harvesting performance. The aligned P(VDF-TrFE) film will generate a higher 

voltage output, whereas the non-aligned P(VDF-TrFE) film will generate a low voltage. A 

piezoelectric energy harvester (PEH) was fabricated using the self-poled porous P(VDF­

TrFE) film as shown in the schematic (Figure 5.4a). All the measurement in this section 

were done by applying a mechanical pressure of 625 kPa (a force of 62.5 N exerted on an 

area of 1 cm-2) at a frequency of20 Hz. Upon subjecting the self-poled P(VDF-TrFE) PEH 

to mechanical pressure, a voltage output of21 V (Figure 5.4b) was generated. The control 

sample (non-poled compact P(VDF-TrFE) film, prepared by spin coating method with 

similar thickness and working area), generates an output voltage of 0.6 V, at similar 

measurement conditions (Figure 5.4c). This further validates the self-alignment of the 

porous P(VDF-TrFE) film fabricated by the modified breath figure technique. 

Usually, the breath figure technique (also known as the vapor induce phase separation 

technique) is used to create porous polymers by exposing a drop casted or spin coated 

polymer solution to humidity at room temperature (25 °C).[?,l3,14l In the presence of 

humidity water vapor condenses onto the solution. This acts as a mold for the pores and the 

polymer nucleates around the water droplets. In our modified breath figure technique, the 

drop casted polymer solution was exposed to humidity (50% relative humidity (RH)) at a 

temperature at -20 °C. The self-polarization effect was observed, only when the breath 

figure technique was performed at a temperature below 0 °C (as indicated by the 

piezoelectric energy harvesting performance measured with the variation of fabrication 

temperature, Figure 5.4d). Moreover, it was observed that the film fabricated at a 

temperature of -20 °C in the absence of humidity(< 5 % RH), fails to align the P(VDF­

TrFE) dipoles (as indicated by the piezoelectric energy harvesting performance, Figure 

5.4e). Therefore, self-polarization was obtained when both low temperature (below 0 °C) 

and humidity were present. 
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Figure 5.4. (a) Schematic diagram of self-poled porous P(VDF-TrFE) piezoelectric energy 

harvester. (b) The voltage output of self-poled porous P(VDF-TrFE) PEH, when subjected to a 

mechanical pressure of 625 kPa exerted at a frequency of 20 Hz. (c) The voltage output from the 

control sample (non-poled compact P(VDF-TrFE) film, prepared by spin coating method), when 

subjected to a mechanical pressure of 625 kPa, exerted at a frequency of 20 Hz. (d) The voltage 

output with the variation of fabrication temperature ofthe P(VDF-TrFE) film (at 50% RH), when 

subjected to a pressure of 625 kPa exerted at a frequency of 20 Hz. (e) The voltage output from the 

P(VDF-TrFE) film (fabricated at a temperature of-20 °C in the absence ofhumidity (< 5% RH)), 

when subjected to a pressure of 625 kPa exerted at a frequency of 20 Hz. (f) FTIR spectra 

demonstrating a peak at 3,600-3,120 cm-1 region verifying the presence ofthe hydrogen bond in 

the self-poled P(VDF-TrFE) film. 

P(VDF-TrFE) comprises a repetitive unit block of CH2CF2; the electronegative fluorine 

and the electropositive hydrogen attached to the carbon backbone act as a molecular dipole. 

The electro-negative fluorine forms a hydrogen bond (H-bond) with the 0-H group of the 

water molecules, as verified by the presence of a peak at 3600-3120 cm-1 region of the 

FTIR spectrum (Figure 5.4f)Y5
-

171 H-bonding has been widely attributed to causing self­

alignment in PVDF as reported in PVDF-AlO-rGO composites films,r161 PVDF-Cerium 

composites films,[ISJ and Langmuir Blodgett deposited PVDF films.r171 However, for films 

prepared by the typical breath figure technique (temperature= 25 °C and 50% RH), the 
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interactions of water molecules (trapped inside polymer solution) with P(VDF-TrFE) 

molecular dipoles are not stable, as the thermal energy (at room temperature, 25 °C) is 

enough to create random motion of water molecules, which fails to align the dipoles during 

the nucleation of the P(VDF-TrFE) film. With our modified breath figure technique 

(temperature below 0 °C and 50% RH), water vapor condenses onto the P(VDF-TrFE) 

solution and forms solid ice crystals, around which the P(VDF-TrFE) nucleates. The solid 

ice crystals form stable interactions with the P(VDF-TrFE) dipoles, which freeze the 

aligned dipoles (caused by the H-bonding interaction) during the nucleation process. 

Subsequently, when the water was evaporated from the P(VDF-TrFE) film (during drying 

at room temperature), a porous self-polarized P(VDF-TrFE) film was obtained. The self­

polarization observed for the porous P(VDF-TrFE) film fabricated by our modified breath­

figure technique, can be attributed to the stable H-bonding interaction between the solid ice 

crystals (water) molecular dipoles and the PVDF molecule which aligns the P(VDF-TrFE) 

dipoles at low-temperature (below 0 °C). The water content in the atmosphere leads to 

fluorine rich surface in the film, while it is likely that the glass substrate has negative charge 

stemming from hydroxyl groups, both leading to the directional orientation observed for 

the porous P(VDF-TrFE) film fabricated by our modified breath-figure technique. This 

work solves the pertinent difficulty of poling porous piezoelectric materials, which often 

leads to dielectric breakdownY9l The modified breath figure technique provides a simple, 

scalable and cost-effective alternative, to the available piezoelectric polymer processing 

techniques, thus creating a disruptive technology to prepare piezoelectric energy harvesters 

and sensor devices. Self-poled P(VDF-TrFE) has been reported previously by Whiter et al. 

where they have prepared template-grown P(VDF-TrFE) nanowires. Due to the confined 

geometry of the templates leads to the formation of oriented ~ crystalline phase which leads 

to the self-alignment of the nanowire.f2°l However, due to the complicated process of 

making nanowire by template growth method, the method is not scalable and cost effective. 
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5.2.3 Enhancement of the energy harvesting performance ofthe self-poled porous 
P(VDF-TrFE) film 

5.2.3.1 Mechanism of energy generation of a triboelectric energy harvester 

(a} (b) 

1 PDMS Negatively Polarized 
I Spacer 

li Gold f·l I P(VDF·TrfE) 

If 

Positively Polarized 

........_-Space charges 
I Gold 
I PVDF·TrFE 

Figure 5.5. (a) Schematic diagram of the P(VDF-TrFE) TEH. (b) Schematic diagram of the 

negatively and positively polarized P(VDF-TrFE). 

Figure 5.5a schematically illustrates the single electrode triboelectric energy harvester 

(TEH). The device consists of Au/P(VDF-TrFE) and polydimethylsiloxane (PDMS) film, 

separated by a spacer. The self-poled P(VDF-TrFE) (negatively polarized surface, Figure 

5.5b) was used as the triboelectric positive material, and PDMS was used as the triboelectric 

negative material in the TEH. Figure 5.6 schematically depicts the complete process of 

mechanical pressure application and release of the self-poled P(VDF-TrFE) TEH. The 

working mechanism of the triboelectric pressure sensor is based on the coupling between 

the triboelectric effect and the electrostatic induction effect.l21- 24l Before application of 

mechanical force, the self-poled P(VDF-TrFE) film and the PDMS were not in contact; 

hence there are no surface charges on the films. Upon application of a mechanical pressure, 

the self-poled P(VDF-TrFE) film comes in contact with the PDMS. Upon contact, the 

surface of self-poled P(VDF-TrFE) acquires a positive charge, and the surface of PDMS 

acquires negative charge due to the differenc~s in their triboelectric polarity. l21
,
25l When the 

mechanical pressure is released, an air gap is formed between the two oppositely charged 

surface (PDMS and self-poled P(VDF-TrFE) film), creating an electrical potential 

difference between the metal contact and the ground. The potential difference resulted in a 
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transient flow of charge. Upon reapplication of the compressive force, the separation 

between the two oppositely charged surface reduces. Thus the electrical potential difference 

decreases, resulting in the flow of charge in the reverse direction. [26-
281 Repetitive 

mechanical force generates multiple voltage outputs . 

• PDMS DGold 

Figure 5.6. Schematic diagram ofthe mechanism ofthe P(VDF-TrFE) TEH. 

5.3.2.2 Evaluation of energy generation 
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Figure 5.7. (a) Digital photo of the TEH device. (b) Voltage output of the self-poled P(VDF-TrFE) 

TEH subjected to pressure of600 kPa exerted at a frequency of5 Hz. (c) Current density of the self­

poled P(VDF-TrFE) TEH subjected to pressure of 600 kPa exerted at a frequency of 5 Hz. 
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The energy harvesting performance of the self-poled P(VDF-TrFE) film was evaluated 

using the device configuration shown in Figure 5.5a. The digital photo of the device is 

shown in Figure 5.7a. The energy harvesting performance ofthe self-poled porous P(VDF­

TrFE) was evaluated by exerting a compressive mechanical pressure of 600 kPa at a 

frequency of 5 Hz. The device generated an approximate V oc of 30 V (Figure 5. 7b ), and lsc 

of0.5 ~-cm-2 (Figure 5.7c). The power density (defined by the formula P = V·l, where P 

is the power density, V is the output voltage, and I is the output current density) of the 

device was 15 J!W·cm-2
. 

-~ ------------------e i 0.2 

-

0.2 0.4 0.6 
Time (s) 

0.8 1.0 

Figure 5.8. (a) Voltage output response of the non-poled P(VDF-TrFE) TEH subjected to a pressure 

of600 kPa exerted at a frequency of5 Hz. (b) Current density of the non-poled P(VDF-TrFE) TEH 

subjected to pressure of 600 kPa exerted at a frequency of 5 Hz. 

For comparison purposes, the energy harvesting performance of the control sample (a TEH 

with non-poled porous P(VDF-TrFE) film (prepared using a typical breath-figure technique, 

at 25°C and 50% RH)) was evaluated, using the similar device configuration shown in 

Figure 5.5a. The non-poled porous P(VDF-TrFE) film has similar dimensions as the self­

poled P(VDF-TrFE) film. The control sample generated an approximate Voc of 5 V and 

current density of 0.2 J.tA-cm-2 at similar measurements conditions (Figure 5 .8). The power 

density was 1.0 J!W·cm-2. Thus, the self-poled porous P(VDF-TrFE) film exhibited a 15-

fold enhancement in the power density as compared to that generated by the control sample. 
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The comparison of the self-poled and non-poled porous P(VDF-TrFE) TEH is summarized 

in Table 5.1. 

Table 5.1. Comparison of the energy harvesting performance of the self-poled and non-poled 

porous P(VDF-TrFE) TEH. 

Material Voltage Current Power Pressure Frequency 

(V) density Density (kPa) (Hz) 

(!!A-cm·2
) (pW·cm-2) 

Self-poled porous 30 0.5 15 600 5 

P(VDF-TrFE) TEH 

Non-poled porous 5 0.2 1 600 5 

P(VDF-TrFE) TEH 

The enhancement in the output performance of the self-poled porous P(VDF-TrFE) TEH 

can be attributed to the combined effect of piezoelectric polarization and triboelectric 

surface charge. When mechanical pressure is exerted on the self-poled porous P(VDF-TrFE) 

TEH, two phenomena occur simultaneously. One is the generation of the triboelectrically 

induced surface charges on the self-poled porous P(VDF-TrFE) film which is due to 

contact-separation between the self-poled porous P(VDF-TrFE) film and the PDMS film. 

Second is the generation of polarization-induced surface charges on the self-poled porous 

P(VDF-TrEF) film due to the internal piezoelectric potential difference across the P(VDF­

TrEF) film (caused by the reorientation of the aligned molecular dipoles under mechanical 

stress). These two different phenomena are the factors governing the total output voltage 

generated by the self-poled porous P(VDF-TrFE) TEH upon the application of mechanical 

pressure. For the triboelectrically induced surface charges, voltage is generated when the 

two polymers (self-poled porous P(VDF-TrFE) film and PDMS film) approach and 

separate from each other. For the polarization-induced surface charges, voltage is generated 

when the two polymers are in contact (causing an internal piezoelectric potential difference 
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under mechanical stress). However, in the case of the non-poled porous P(VDF-TrFE) TEH, 

the output voltage is generated only due to the triboelectric surface charge. The combined 

surface charge of the triboelectric induced surface charge and polarization induced surface 

charge leads to the enhancement of voltage in case ofthe self-poled porous P(VDF-TrFE) 

TEH. This is validated by the charge transfer measurements ofthe self-poled and non-poled 

porous P(VDF-TrFE) TEH. The charge transfer for the self-poled porous P(VDF-TrFE) 

TEH is 4.3 times greater than the non-poled porous P(VDF-TrFE) TEH (Figure 5.9a and 

b). This validates the higher surface charges resulting from the combined effect of the 

piezoelectric polarization and the triboelectric effect. This is further evident from the larger 

peak width (5 times wider) ofthe voltage output signal ofthe self-poled P(VDF-TrFE) TEH 

compared to that of the non-poled P(VDF-TrFE) TEH (Figure 5.9c and d). The wider peak 

ofthe self-poled P(VDF-TrFE) TEH is due to the combined effect of the two phenomena. 
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Figure 5.9. (a) Charge transfer of self-poled porous P(VDF-TrFE) TEH subjected to pressure of 

600 kPa exerted at a frequency of5 Hz. (b) Charge transfer of non-poled porous P(VDF-TrFE) TEH 
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subjected to pressure of 600 kPa exerted at a frequency of 5 Hz. (c) The voltage output pulse of the 

self-poled porus P(VDF-TrFE) TEH subjected to a pressure of 600 kPa exerted at a frequency of 5 

Hz. (b) The voltage output pulse of the non-poled P(VDF-TrFE) TEH subjected to a pressure of 

600 kPa exerted at a frequency of 5 Hz. 

Moreover, the device exhibits exceptionally high stability in both the medium- and high­

pressure ranges, by sustaining a dynamic mechanical pressure of 30 kPa for 20,000 cycles 

and a pressure of 350 kPa for 6000 cycles without any degradation in the performance 

(Figure 5.1 Oa and b). High atmospheric humidity reduces the surface charges on the 

triboelectric material and hence affects the performance of a triboelectric device. The 

device is fully sealed to ensure stable performance of the device under different levels of 

humidity (Figure 5.1 Oc ). The device is sealed by applying a thin layer of silicone rubber, 

at the junction of PDMS and spacer (VHB tape). This prevents the water vapor from 

interaction with the surface ofPDMS and P(VDF-TrFE) thus ensuring stable performance. 
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Figure 5.10. (a) Stability of self-poled porous P(VDF-TrFE) TEH for medium-pressure range (30 

kPa). (d) Stability of self-poled porous P(VDF-TrFE) TEH for high-pressure range (350 kPa). (c) 

The voltage output of the self-poled P(VDF-TrFE) TEH at different % relative humidity (%RH) at 

a mechanical pressure 150 kPa exerted at a frequency of 5 Hz. 

5.3 Application - self-powered wide-range pressure sensor 

Self-powered, interactive, maintenance free and multifunctional operations are the key 

requirement for the realization of next-generation electronics for potential application in 

health monitoring, sensor networks, smart robotics and sports application. [I-31 One of the 

key components for the next-generation electronics is a pressure monitoring system, 
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capable of detecting a wide range of pressure with high sensitivity. There is an increasing 

need for materials and devices for precise and wide range (ultra-low (<1 kPa), low (1-10 

kPa ), medium ( 10-100 kPa) and high (> 1 00 kPa)) dynamic pressure detection for a 

spectrum of different applications ranging from simple human touch to heavy object 

manipulation. [29
•
30l Extensive works have been carried out to fabricate precision pressure 

sensors, employing various mechanisms such as capacitive, [31
-

33l resistive,l34--36l 

piezoelectric,D0•37-41l and triboelectric. [4--6,42-44] Resistive and capacitive-based pressure 

sensors have demonstrated high sensitivity and rapid response in the low and medium 

pressure ranges. However, most of these pressure sensors are incapable of detecting a wide 

range of pressure with high sensitivity due to the inferior sensitivity at high-pressure 

rangesY9
•32-

34
•
36l Moreover, its operation is only confined to static pressure monitoring, and 

it requires an external power source, failing to realize a self-powered or maintenance-free 

pressure monitoring system. Piezoelectric and triboelectric pressure sensors are used for 

dynamic pressure sensing and self-powered sensing applications. Piezoelectric polymers 

are extensively explored to fabricate pressure sensors due to its high piezoelectric 

coefficient, structural flexibility, mechanical robustness, and low cost. [10
,
41

•
45

•
46l 

Piezoelectric nanofibers based pressure sensor demonstrated excellent low detection limit 

and high sensitivity, however the pressure detection range is small.[41 l In addition, 

piezoelectric polymers require time-consuming and complicated processing steps such as 

annealing (thermal treatment to increase the crystallinity of the polymer) and electrical 

poling (application of electric field to align the dipoles) which increases the cost and 

constraints the integration of polymer into different geometries and functional devices.[47
•
48l 

Recently, triboelectric energy harvester (TEH) reported by Wang et al. has been a 

promising candidate for pressure sensing application due to its high sensitivity, low 

detection limit and its use in a wide variety of application ranging from tactile imaging, 

real-time tactile mapping, security surveillance and healthcare monitoring.[4--6J However, 

the pressure detection range of the triboelectric pressure sensor is small, due to the 

saturation of output voltage at higher-pressure. [5•6•44l Thus, a major problem pertaining to 

all kinds of pressure sensors is the inability to sustain the high sensitivity for a wide range 

of pressure. Table 5.2 compares different characteristics of various pressure sensor. Table 

5.3 shows the works reported on self-powered presser sensor including piezoelectric and 
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triboelectric pressure sensor. It is hypothesized that by utilizing the combined effect of 

piezoelectric polarization and triboelectric surface charge, the saturation pressure of the 

triboelectric energy harvester can be increased, thus making it capable of detecting a wide 

range of pressure with high sensitivity. Herein, the self-polarized porous P(VDF-TrFE) 

TEH was used as a self-powered pressure sensor. 

Table 5.2. Comparison of different characteristics of various pressure sensor. 

Pressure Capacitive Resistive Piezoelectric Triboelectric 

sensor 

External Required Required Do not Do not 

Power external power external required required 

power external external 

power power 

Sensitivity High sensitivity High Low Low 

sensitivity sensitivity sensitivity 

Lowest Can detect very Can detect Cannot detect Can detect 

detection limit low pressure very low very low very low 

pressure pressure pressure 

Pressure Static pressure Static Dynamic Dynamic 

detection pressure pressure with pressure with 

low and high high 

frequency frequency 

Range of Narrow range of Narrow Limited range Limited range 

pressure pressure range of of pressure of pressure till 

detect pressure 100 kPa 
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5.3.1 Evaluation of pressure sensor 

5.3.1.1 Evaluation of non-poled porous P(VDF-TrFE) pressure sensor 

For comparison, the pressure-sensing performance of the non-poled P(VDF-TrFE) film 

(prepared using a typical breath-figure technique, at 25°C and 50% RH) was analyzed, 

using the same device configuration as shown in Figure 5.5a. For low (0.05-5 kPa) and 

medium (5-50 kPa) pressures (Figure 5.11a and b), the non-poled P(VDF-TrFE) pressure 

sensor exhibits a linear increase in the output voltage with an increase in the dynamic 

pressure (exerted at a frequency of 5 Hz). The sensitivities of the non-poled P(VDF-TrFE) 

pressure sensor for the low- and medium-pressure ranges are 0.089 and 0.053 V·kPa-1, 

respectively. The sensitivity was calculated from the voltage response slope (Figure 5.lla 

and b). This device exhibits good sensitivity in the lower- and medium-pressure ranges. 

However, as the pressure was increased beyond 50 kPa, the output voltage was found to 

saturate (Figure 5.11c), thus the sensitivity (0.0002 V·kPa-1)ofthe non-poled P(VDF-TrFE 

pressure sensor degrades, the same as that reported in other works on triboelectric 

nanogenerators. [5,28,491 The output voltage generated by a triboelectric energy harvester 

depends on the surface charge density, which in tum is affected by the interfacial contact 

area between the two polymers. [431 With a gradual increase in the mechanical pressure, the 

interfacial contact area increases due to macroscopic deformation at the interface between 

the two polymers. At a certain saturation pressure, the two polymers are in complete contact 

with each other, thus saturating the triboelectrically induced surface charge, which restrains 

any further increase in the output voltage. The saturation pressure depends on the polymer 

material and the interfacial surface area.[SOJ The saturation pressure (usually around 5 to 100 

kPa for TEH) often limits the operation ofTEH as a wide-range pressure sensor.[5,28,
491 This 

problem can be circumvented by using our self-polarized P(VDF-TrFE) pressure sensor 

(described below), which extends the limits of the saturation pressure. 
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Figure 5.11. (a) Voltage output ofthe non-poled P(VDF-TrFE) pressure sensor for low-pressure 

range (0.1 to 5 kPa). (c) Voltage output of the non-poled P(VDF-TrFE) pressure sensor for medium 

pressure range (5 to 50 kPa). (d) Voltage output of the non-poled P(VDF-TrFE) pressure sensor for 

high-pressure range (50 to 600 kPa). 

5.3.1.2 Evaluation ofself-poled porous P(VDF-TrFE) pressure sensor 
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Figure 5.12 (a) Voltage output of self-poled P(VDF-TrFE) pressure·sensor for low-pressure range 

(0.05 to 5 kPa). (e) Voltage output of self-poled P(VDF-TrFE) pressure sensor for medium-pressure 

range (5 to 60 kPa). (f) Voltage output of self-poled P(VDF-TrFE) pressure sensor for high-pressure 

range (60 to 600 kPa). 

The pressure-sensing performance of the self-poled P(VDF-TrFE) film was evaluated using 

the device configuration shown in Figure 5.5a. For low (0.05-5 kPa) and medium (5-50 

kPa) pressures (Figure 5 .12a and b), the self-poled P(VDF-TrFE) pressure sensor exhibits 

a linear increase in the output voltage with an increase in the dynamic pressure (exerted at 
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a frequency of 5Hz). The sensitivities of the self-poled P(VDF-TrFE) pressure sensor for 

the low- and medium-pressure ranges are 0.104 V·kPa-1 and 0.055 V·kPa-1, respectively. 

The behavior is similar to that observed in the non-poled P(VDF-TrFE) pressure sensor. 

However, in the high-pressure range (50 to 600 kPa, Figure 5.12c), the self-poled P(VDF­

TrFE) pressure sensor demonstrates a sensitivity of 0.049 V·kPa-1, which is 245 times 

greater than that of the non-poled P(VDF-TrFE) pressure sensor. Beyond 50 kPa, the 

triboelectrically induced surface charge saturates, as the PDMS film and self-poled P(VDF­

TrFE) film are completely in contact with each other (as indicated by the non-poled P(VDF­

TrFE) pressure sensor, (Figure 5.llc). Notably, beyond 50 kPa, the piezoelectrically 

induced surface charge increases due to the increment of the internal piezoelectric potential 

with the increase in the mechanical pressure. Beyond the saturation pressure (50 kPa), the 

polarization-induced surface charge dominates, such that the output voltage continues to 

increase, while the triboelectrically induced surface charge is saturated. Thus, the self-poled 

P(VDF-TrFE) pressure sensor can detect a wide range of pressures from 0.05 to 600 kPa 

without any loss of sensitivity. To the best of our knowledge, taking into account both the 

wide pressure-sensing range and the sensitivity, the self-poled P(VDF-TrFE) pressure 

sensor offers the best performance of all the self-powered pressure sensors reported to date 

(Table 5.3). The self-poled P(VDF-TrFE) pressure sensor detects a minimum pressure of 

0.05 kPa and delivers an ultra-fast response time of <5 ms (Figure 5.13a). Figure 5.13b and 

c show a quasi-linear behavior with a nonlinearity of ±8 % between the linear fit and the 

actual characteristics of the self-poled P(VDF-TrFE) pressure sensor. Linearity is defined 

as the degree of deviation of the pressure sensor performance to the straight regression line 

over a specific operating range.[30l It is expressed in terms of percentage of nonlinearity. 

The nonlinearity in percentage is calculated using the following equation 5.1. [SIJ 

N I. "t (OL) IV deviation I lQQOL (5.1) on mean y 70 = x 70 
Vmax 

where, IVdeviation I is the absolute deviation between the measured output and the ideal 

linear output. V max is the maximum full-scale output. 
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Figure 5.13. (a) Response time of self-poled P(VDF-TrFE) pressure sensor upon application of 

mechanical pressure of 600 kPa at a frequency of 5 Hz. (b) Variation of the output voltage of the 

self-poled P(VDF-TrFE) TEH with a range from 0.05 to 600 kPa. (c) Voltage error in percentage 

between linear fit and actual characteristics of the TEH for the range of 0.05 to 600 kPa. 

Table 5.3. Sensitivity and pressure range of various self-powered pressure sensors 

Work Pressure detection Sensitivity Reference 
range (kPa) 

1 <0.5 44 mV·Pa 1 [44] 

1-10 0.5 mV·Pa 1 

2 1-80 0.06 kPa-1 [5] 

3 3-6.2 0.04 V·kPa 1 [6] 

4 0.4-2 1.1 V·kPa 1 [41] 

5 <30 2.1 J.!S·kPa 1 [52] 

0.05-5 0.104 V·kPa 1 This work 
6 5-50 0.055 V·kPa 1 

50-600 0.049 V·kPa 1 
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5.3.2 Practical application of the self-poled P(VDF-TrFE) pressure sensor 

5.3.2.1 Smart robotics and human-machine interface 

To demonstrate the practical applicability ofthe self-poled porous P(VDF-TrFE) pressure 

sensor, it was utilized for human-machine interface and smart robotics. For the 

advancement of next-generation robotics, it is essential for robots to detect and respond to 

human touch. The pressure sensor (device area = 4 x 2 cm2
) was attached to the finger of 

a humanoid robot (Figure 5.13a), to detect pressure exerted by human touch. The pressure 

sensor generates a voltage of 3.3 V and 5.3 V for gentle and hard finger tapping respectively 

(Figure 5.13b). As the force of finger tapping increases, the contact area between PDMS 

and P(VDF-TrFE) film increases, thus increasing the output voltage. This enables the 

humanoid robot to precisely feel and respond to human touch, thus extending the realms 

of the human-machine interface. To achieve a fully autonomous humanoid robot, which 

can sustain without human intervention, it is essential for the humanoid robot to detect and 

self-monitor its motion. This can be achieved by attaching the pressure sensor (device area 

= 5 x 5 cm2
) to the foot of a humanoid robot (Figure 5.13c). The pressure sensor generates 

a voltage of 8.4 V and 19.6 V upon slow and fast foot tapping respectively (Figure 5.13d). 

As the foot tapping speed increases, the output voltage generated from the pressure sensor 

increases, thus precisely differentiating between the different speed of humanoid motion. 

The fabricated pressure can be effectively deployed to monitor the walking speed of the 

humanoid robot, thus making the robot autonomous and self-sustaining. 
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Figure 5.13. Practical application of self-poled porous P(VDF-TrFE) pressure sensor for human­

machine interface and smart robotics. (a) Pressure sensor attached to the finger of the humanoid 

robot to detect pressure exerted by human touch. Scale bar: 4 em. (b) Voltage output generated 

from a gentle and hard finger tapping on pressure sensor attached to humanoid robot finger. (c) 

Photograph of pressure sensor attached to the foot of humanoid robot to detect robot motion. Scale 

bar: 10 em. (d) Voltage output generated during slow and fast foot tapping of the humanoid robot. 
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Figure 5.14. Practical application of the pressure sensor is to monitor the landing of a quadcopter 

robot. (a) Pressure sensor application to detection of landing pressure of large quadcopter robot. 

Scale bar: 20 em. (b) Voltage output detected during the landing of the large quadcopter robot. (c) 

Photograph of the pressure sensor to monitor the landing of a mini quadcopter robot. Scale bar: 20 

em. (d) Voltage output detected during the smooth landing of the mini quadcopter robot on the 

pressure sensor. (e) Voltage output detected during take-off of the mini quadcopter robot from the 

pressure sensor. (f) Voltage output detected during the crash landing of the mini quadcopter robot 

on the pressure sensor. 

A quadcopter robot is often used at some distance away from the site of the operator. Thus, 

it is essential for the operator to get accurate information about the landing of the 

quadcopter. The pressure sensor (device area = 20 x 20 cm-2) was deployed to obtain 

information about the landing of a quadcopter by analyzing the pressure exerted by the 

quadcopter on the pressure sensor (Figure 5.14). A large quadcopter (weight= 1.2 kg) 

generates a voltage of 14.6 V upon landing (Figure 5.14 and b), and a mini quadcopter 

(weight = 15.3 g) generates a voltage of 1.4 V upon landing (Figure 5.14c-f), thus 

demonstrating the workability of the pressure sensor for both large and mini quadcopter. 

The pressure sensor was also used to detect various types of landing, such as smooth­

landing, crash-landing and take-off(Figure 5.14d-f). During smooth landing, the pressure 
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sensor generates a positive peak (Figure 5.14d, due to the contact of P(VDF-TrFE) and 

PDMS) and during take-off, it generates a negative peak (Figure 5.14e, due to the 

separation of P(VDF-TrFE) and PDMS). When the quadcopter was crashed landed, the 

pressure sensor (Figure 5.14t) generated many voltage peaks due to vibrations created 

during landing. This allows the operator (away from the sight of the robot) to obtain 

accurate information about the condition of the quadcopter robot during landing, thus 

making robots more user-friendly. 

5.3.2.2 Pressure mapping application 

(a) 

0.6 1.0 1.6 2.0 

X 

Figure 5.15. (a) The self-poled P(VDF-TrFE) pressure sensor arranged in a matrix for the pressure­

mapping application. (b) Application of pressure on to the self-poled P(VDF-TrFE) pressure sensor 

by finger tapping. (c) 3D pressure map of pressure exerted on self-poled P(VDF-TrFE) pressure 

sensor upon finger tapping. (d) 2D pressure map of pressure exerted on self-poled P(VDF-TrFE) 

pressure sensor upon finger tapping. 

For the application of pressure mapping, small self-poled P(VDF-TrFE) pressure sensor 

(area= 0.5 em x 0.5 em) was fabricated. The method followed is similar to as described in 

83 

acquisition
Stamp



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University LibraryATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Self-polarized porous P(VDF-TrFE) film Chapter 5 

the experimental section, except smaller glass substrate (area= 0.5 em x 0.5 em) was used 

for drop-casting the P(VDF-TrFE) solution. For pressure mapping application, 9 small 

pressure sensors are arranged in a matrix within an area of2 em x 2 em (Figure 5.15a and 

b). On finger tapping the pressure sensor, voltage response from each pressure sensors are 

recorded simultaneously. The voltage response is represented in terms of pressure exerted 

over the area as shown in the 3D and 2D mapping (Figure 5.15c and d). 

5.3.2.3 Heavy object manipulation 

The wide range of pressure detection enables the self-poled P(VDF-TrFE) pressure sensor 

to monitor heavy-duty industrial robotic arm (used for object manipulation). To 

demonstrate this, a robotic arm was used to place objects of different weights on the 

fabricated pressure sensor (device area= 20 em x 20 em) (Figure 5.16a). The pressure 

sensor generated an output voltage of 2.9 and 11.4 V for light (weight = 25 g) and heavy 

(weight= 200 g) loads respectively (Figure 5 .16b ). This feature can be effectively utilized 

by the robotic arm to monitor object manipulation, thus making the robot smarter. 

(b) 
12 -> -a 

Cl) 

~4 -'Oo > 

Heavy weight 

Light 
weight 

0 2 4 6 
Time (s) 

8 

Figure 5.16. (a) Photograph of the self-poled P(VDF-TrFE) pressure sensor to detect pressure 

exerted by a robotic ann during object manipulation. Scale bar: 20 em. (b) Voltage output during 

objects (light and heavy weight) manipulation (loading and unloading) on the self-poled P(VDF­

TrFE) pressure sensor by the robotic ann. 
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5.3.2.4 Flexible pressure sensor 
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Figure 5.17. (a) Digital photo of the self-poled P(VDF-TrFE) pressure sensor device demonstrating 

high flexibility (with a bending angle= 180°). (b) Bending cycle stability of the self-poled P(VDF-

TrFE) pressure sensor. (c) Digital photo of the pressure sensor attached to the finger to detect finger 

movements. (d) Voltage output detected by bending the finger. 

The fabricated self-poled P(VDF-TrFE) pressure sensor is highly flexible (bending angle 

= 180°) (Figure 5.17a). The device sustains its energy harvesting performance for 500 

cycles of bending (with a bending angle of 180°), thus the pressure sensor can act as a 

highly flexible pressure sensor. Voltage output is measured for the pressure sensor device 

by exerting a pressure of 150 kPa at a frequency of 5 Hz after each bending cycle (Figure 

5 .17b ). Moreover, the pressure sensor generates voltage upon bending. This characteristic 

is utilized by fabricating a human motion detection sensor. Figure 5.17c shows the 

detection of finger movements by the pressure sensor. The bending of finger facilitates 

contact-separation between the PDMS and the self-poled P(VDF-TrFE) film, which 

generates an output voltage (Figure 5.17d). 
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5.4 Principal outcomes 

• Fabricated a self-polarized P(VDF-TrFE) porous film without using the costly and 

tedious annealing and poling processes. 

• Enhanced the energy harvesting performance ofthe self-polarized P(VDF-TrFE) film 

by utilizing the combined effect of piezoelectric polarization and triboelectric surface 

charge. 

• Furthermore, a wide range pressure sensor is demonstrated which can measure 

pressure from 0.05 to 600 kPa with high sensitivity of 0.104 VkPa-1 (range = 0.05 - 5 

kPa), 0.055 VkPa-1 (range= 5 - 60 kPa) and 0.049 VkPa-1 (range= 60- 600 kPa). 

5.5 Chapter Summary 

A novel self-poled porous P(VDF-TrFE) film is prepared without tedious preparatory steps 

like annealing and poling. A triboelectric energy harvester is fabricated using the self-poled 

porous P(VDF-TrFE) film which showed enhanced energy harvesting performance due to 

the combined effect of piezoelectric polarization and triboelectric surface charges, thus 

proving our hypothesis. Furthermore, a wide range pressure sensor was fabricated using the 

self-poled porous P(VDF-TrFE) film. The combined effect extends the limit of saturation 

pressure for the self-poled porous P(VDF-TrFE) based triboelectric nanogenerator. This 

work provides a new dimension to pressure sensors, by making it possible to detect a wide 

range of pressure (0.05 to 600 kPa) with high sensitivity; thus extending the realms of 

pressure monitoring from gentle human touch to heavy object manipulation. Taking into 

account both the wide pressure sensing range and the sensitivity, the self-polarized P(VDF­

TrFE) pressure sensor shows the best performance amongst all the self-powered pressure 

sensors reported so far. The demonstration of a wide range pressure sensor opens up new 

possibilities to precisely detect pressure for a spectrum of applications (health monitoring, 

sensor networks, smart robotics and sports application), thus taking a huge step forward 

towards the realization of next-generation sensing devices. 
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Chapter 6 

Ionic current collector for porous P(VDF-TrFE) film 

The majority of the mechanical energy harvesters are fabricated using 

metallic electrodes that transfer charge electronically. In this chapter, the 

ionic conductor is utilized as the current-collecting layers ofTEN G. This leads 

to the enhancement in the energy harvesting performance due to the formation 

of an electrical double layer (EDL). An autonomously self-healing TENG 

which can recover its performance after mechanical damage was also 

demonstrated. 
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6.1 Introduction 

The emergence of next-generation electronics or bioelectronics has propelled immense 

enthusiasm for the development of high power density mechanical energy harvesters which 

can be potentially used as a sustainable power source in electronic devices such as 

transistors,r1
•
2l strain sensors,r3

•4l energy storage devices,rs-?] and light-emitting diodes 

(LEDs).l8
•
9l The ability of a device to restore its functionality after mechanical damage is 

crucial for the realization of highly durable electronics.£101 Triboelectric energy harvesters 

(TEHs) have been utilized as a power source for self-powered electronics due to their high 

voltage output, ability to function at very low and irregular mechanical impulses, high 

efficiency, easy availability, environmental friendliness, and low processing costs. [11
-

141 

Most of the TEH use metallic electrodes which transfer charge electronically.[l 5,16l It is 

hypothesized that the energy harvesting performance of the P(VDF-TrFE) mechanical 

energy harvester can be improved by utilizing an ionic current collector, which can 

improve the capacitance of the device, due to the formation of an electric double layer at 

the ionic current collector and P(VDF-TrFE) interface. In this work, PV A slime based 

ionic conductors were used a current collector in triboelectric energy harvesters (TEHs) for 

powering electronic devices and touch sensor applications. Moreover, the ionic conductors 

provide self-healing ability to the TEH device. 

6.2 Results and discussion 

6.2.1 Characterization of the ionic conductor 

Figure 6.1a shows the schematic of the fabricated TEH with ionic current collector, which 

consists of a self-poled porous P(VDF-TrFE) film layer with a thickness of 200 ± 10 ~m, 

utilized as the triboelectrically positive material, a slime layer (a cross-linked poly(vinyl 

alcohol) (PV A) gel) with a thickness of 1 mm, as the ionic current collector, and VHB tape 

with a thickness of 1 mm as a substrate. The detailed fabrication method is described in the 

Experimental sections 3.3. In the previous chapter, it was shown that the porous self-poled 

P(VDF-TrFE) film is a good triboelectrically positive material due to combined effect of 
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triboelectric surface charge and piezoelectric polarization. PDMS is chosen as a 

triboelectric negative material, due to higher electronegativity. 

(a) (b) (c) 

, POliS 

• I'(VDF·TrR!) 

• VIBTIPO 

• PYAH,cln>fol 

j': .r 
~ 10 • P'VA Slime 

E40 
• !20 
1- 0'-::300!:-:!4110::-=11410~100,...700~100=-=100~ 

(f) Wavelength (nm) 

Slime (Ionic Conductor) 
0 1 2 3 4 

Z: (MO) 

Figure 6.1. (a) Schematic diagram of the IS-TEH. (b) Digital photo of the highly transparent IS­

TEH. (b) Digital photo ofthe ionic conductor showing high transparency. (c) Transmittance spectra 

of the PVA slime (ionic conductor) with respect to a glass slide. (d) Illustration of reaction between 

PVA and borate ions leads to the formation of slime (a borate cross-linked poly( vinyl alcohol)). (e) 

Electrochemical impedance spectroscopy measurement of the slime (ionic conductor). (f) FTIR 

spectra of the PVA slime (ionic conductor). 

Figure 6.1 b shows the digital photograph ofthe highly transparent PV A slime layer (1 00% 

transmittance for visible light, Figure 6.lc), which was formed due to the weak hydrogen 

bonding interactions between the tetrafunctional borate ions with the -OH group of PV A, 

as illustrated in Figure 6.1 d. The presence of the hydrogen bonding is verified from the 

Fourier transform infrared spectroscopy (FTIR) (Figure 6.lf). The subsequent cross­

linking led to the formation of a three-dimensional (3D) polymer network. [I?J The produced 

slime exhibited high ionic conductivity (2.9 x I o-s Scm-1) due to the presence of positive 

(Na+) and negative ions (B(OH)4-), which was measured using electrochemical impedance 

spectroscopy (EIS) (Figure 6.le). The 3D PVA network provided the necessary path for 

ion transport (it was selected as the polymer matrix due to its non-toxicity, biocompatibility, 
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high transparency, and high ionic conductivity).l181 The produced weak bonds led to the 

formation of a viscoelastic non-Newtonian fluid;l191 as a result, the slime layer could be 

stretched by progressive pulling and assumed the shape of a mold or container. The self­

healing properties of the slime layer originated from the weak hydrogen bonding 

interactions.l171 The commercial VHB adhesive tape (used as the substrate) was transparent, 

and self-healing. Thus, the resulting IS-TEH exhibits superior energy harvesting ability 

and self-healing characteristics. All the utilized materials were inexpensive and easily 

processable, which ensured high scalability and industrial adaptability of the fabricated 

devices. 

6.2.1 Mechanism of energy generation 

Figure 6.2 schematically illustrates the working mechanism of the TEH with the ionic 

current. In particular, the energy generation occurs due to the coupling between the 

triboelectric and electrostatic induction effects. l11
•
20

•
211 According to the triboelectric series, 

self-poled porous P(VDF-TrFE) foam can be considered an excellent triboelectrically 

positive material (due to its relatively low electronegativity), and PDMS represents an 

excellent triboelectrically negative material (due to its relatively high electronegativity). [211 

Initially, the surfaces of porous P(VDF-TrFE) foam and PDMS were not in contact and 

therefore generated no surface charges; as a result, the positive (Na+) and negative 

(B(OH)4-) ions of the ionic conductor remains randomly distributed across the PVA matrix. 

When the PDMS comes in contact with the P(VDF-TrFE), charge transfer from the 

P(VDF-TrFE) to the PDMS (due to the difference in their electronegativities), making the 

PDMS negatively charged, and the P(VDF-TrFE) positively charged.l211 When the PDMS 

is removed, the two oppositely charged surfaces (PDMS and P(VDF-TrFE)) become 

separated in space, thus creating a potential difference. The unscreened negative charge on 

the surface ofP(VDF-TrFE) induces the accumulation of positive ions (Na+) at the P(VDF­

TrFE)/slime interface and negative ions (B(OH)4-) at the slime/copper interface, which in 

tum leads to electrical double layer formation.l221 This leads to a transient charge flow from 

the copper electrode to the ground, generating a voltage output. An electrostatic 

equilibrium is achieved when the two oppositely charged surfaces reach the maximum 
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separation distance. When the mechanical force is applied again, the distance between the 

PDMS and the P(VDF-TrFE) as well as their potential difference decrease, resulting in a 

charge flow in the opposite direction (from the ground to the slime/copper interface), which 

generates a voltage in the reverse direction.[l 2
,23l Thus, repeating the procedure described 

above produces multiple voltage outputs. 

+ + + ++ + + 

0 0 c 
0 

t 
_j_ 

+ ++++++ 

+ ++++++ 

+ ++++++ 

o o o eo 

• PVASiime 

PDMS 

Copper wire 

• P(VDF-TrFE) 

Figure 6.2. Schematic diagram of the working mechanism of TEH with the ionic conductor. 

6.2.2 Energy harvesting performance of the porous P(VDF-TrFE) with ionic current 

collector 

The energy harvesting performance of the TEH with an ionic current collector (represented 

by the open-circuit voltage (Voc), and short-circuit current density (Isc) was evaluated by 

applying a compressive mechanical pressure of 600 kPa at a frequency of 5 Hz. The IS­

TEH generated the approximate Voc of 100 V (Figure 6.3a), and Isc of 1.1 ~tAcm·2 (Figure 

6.3b ). During practical application, the IS-TEH will be utilized to power load with different 

resistance. The impedance of the load affects the performance of the energy harvesting 

device. Hence, energy harvesting performance of the TEH was evaluated across various 

load resistance. Figure 6.3c shows the variations of the voltage output and current density 
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of the fabricated IS-TEH with different load resistance. Due to Ohm's law, the output 

voltage increases and the output current decreases with an increase in the load resistance. 

A power density (defined by the formula P = V·l, where Pis the power density, Vis the 

output voltage of the device, and I is the output current of the device) of 110 J.tW·cm-2 was 

obtained from the device. 

(a) 

(d) 

30 
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..... -~10 
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1.0 

(b) 

(e) 

T J 

1.Z 

J T l 
1.4 1.8 1.8 
Time (s) 

~ t 0.6 

i 0.4 
·; i 0.2 
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Figure 6.3. The energy harvesting performance of the IS-TEH when subjected to a mechancial 

pressure of 600 kPa at a frequency of 5 Hz. (a) Voltage output (Voc) (b) Current density (1,). (c) 

Variation of voltage and current as a function of load resistance of the IS-TEH. (d) Schematic 

diagram ofthe TEH without the ionic current collector. The energy harvesting performance of the 

TEH without ionic current collector when subjected to a mechancial pressure of 600 kPa at a 

frequency of 5Hz. (e) Voltage output (Voc) ~f) Current density (I,). 

For comparison purposes, the energy harvesting performance of the control sample (a TEH 

utilizing a silver electrode as the current collector) was evaluated as well (Figure 6.3d, 

shows the schematic of the control sample). It consisted of self-poled porous P(VDF-TrFE) 

foam layer with a thickness of 200 ± 20 J.tm and area of 2 x 2 cm2 and the gold sputtered 

with an area of 1 x 1 cm2
, and a sheet resistance of 4 Ocm-1

. The control sample generated 

approximate Yoc of 30 V (Figure 6.3e), and lsc of 0.5 J.tAcm-2 (Figure 6.3f) at similar 
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pressure and frequency. The power density was calculated to be 18 J..LW·cm-2. Thus, the IS­

TEH with an ionic current collector exhibited a 5-fold enhancement in the power density 

as compared to that generated by the control sample (Table 6.1 ). 

Table 6.1: Summary ofthe energy harvesting performance ofthe porous P(VDF-TrFE) TEH with 

and without ionic current collector. 

Material Voltage Current Power Pressure Frequency 

(V) density Density (kPa) (Hz) 

(J..LA·cm-2) (JlW·cm-2) 

Self-poled porous 100 1.1 110 600 5 

P(VDF-TrFE) film 

with ionic conductor 

Self-poled porous 30 0.5 15 600 5 

P(VDF-TrFE) film 

without ionic 

conductor 

The observed enhancement in the energy harvesting performance for the TEH with an ionic 

conductor can be attributed to the ED L formation. The magnitude of Voc of the IS-TEH 

depends on the triboelectric charge density on the P(VDF-TrFE) film surface, which in tum 

depends on the device capacitance. [24
•
251 Thus, a higher capacitance leads to a higher output 

voltage. During voltage generation, the positive and negative ions of the slime formed an 

EDL at the slime/ P(VDF-TrFE) and slime/copper interfaces, respectively. The EDL charge 

separation distance is infinitesimally small (in few nanometers), which significantly 

increases the capacitance of the device with an ionic conductor (Figure 6.4; shows the 

capacitance of the slime and the silicone rubber as a function of frequency). As a result, the 
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output performance of the fabricated IS-TEH (which is directly related to the device 

capacitance) increases, indicating that the use of the slime-based ionic conductor as a 

current collector can significantly improve its energy harvesting performance. Ionic 

conductors have been used in electronic devices such as actuators, l26•271 electroluminescent 

(EL) devicesP8-JOJ and touch sensorsY1- 331 This work is similar to our recently reported 

work on use of ionic conductor for silicone rubber based triboelectric energy harvesters. l341 

1E..05 ..-... 
LL 
._...1E..07 
Cl) 

g 1E-D9 

J! 1E·11 ·-CJ a 1E-13 

cu 0 1E·15 

-PYA Hydrogel 
- P(VDF· TrFE) 

50 100 150 
Frequency (Hz) 

Figure 6.4. Capacitance ofthe PVA slime and P(VDF-TrFE) as a function of frequency. 

6.3 Self-healing energy harvester 

During real-time operation, the energy harvester can undergo mechanical damage due to 

deformation, wear and tear, and accident inflicts. Hence, the realization of a robust and 

sustainable self-healing energy harvester includes the ability to restore its performance 

after extreme mechanical damage. Thus, the performance of the fabricated IS-TEH was 

measured after subjecting the device to extreme mechanical damage, such as complete 

bifurcation of the device. After the fabricated TEH was completely bifurcated through the 

slime, it managed to completely heal itself without applying any external stimuli. Energy 

harvesting performance of the bifurcated devices (corresponding to the voltage output of 
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around 100 V generated upon application of an approximate mechanical pressure of 600 

kPa at 5 Hz frequency) was monitored before and after self-healing (Figure 6.5a). This 

ability of the IS-TEH to generate superior energy harvesting performance, while being 

autonomously self-healing makes it an ideal power source for the realization of self­

powered electronics and a touch sensor. 
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Figure 6.5. (a) The voltage output of the IS-TEH before mechanical damage and self-healed device. 

(b) The change in the resistance of the slime during bifurcation and self-healing. 

During the self-healing process, the device restores both its mechanical and electrical 

properties; thus, the ionic conductor recovers its original ionic conductivity within the first 

32 s with an efficiency of99% (Figure 6.5b). Slime possesses self-healing property due to 

the weak hydrogen bonding interactions between its tetrafunctional borate ions and -OH 

groups, which are schematically illustrated in Figure 6.6. The cross-linked polymer 

network remains in a state of dynamic equilibrium, where weak bonds can be easily 

disrupted and restored at room temperature without application of any external stimuli. The 

IS-TEH reported in this work consisted of a PV A slime sandwiched between the P(VDF­

TrFE) and VHB tape. The observed self-healing process of the TEH can be attributed to 

the presence ofboth the slime-based current collector and VHB tape. The PYA slime, used 

as the current collector is self-healing, and the commercial VHB tape used as the substrate 

and cavity to hold the slime is also self-healing. The P(VDF-TrFE) used as the triboelectric 

material is not self-healing. However, for the realization of a self-healing triboelectric 
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energy harvester, it is not critical for the P(VDF-TrFE) to be self-healing. Even with the 

damaged P(VDF-TrFE), the energy harvesting performance of the device remains almost 

the same (Figure 6.5). 

Slime 
•vHB Tape 
• P(VDF-TrFE) 

Figure 6.6. Schematic representation of the self-healing process of the IS-TEH. 

6.3.1 Mechanical properties of the self-healing ionic current collector 

Detailed mechanical properties (including mechanical properties before and after healing, 

healing time, the effect of healing temperature) of the self-healing current collector was 

studied. The mechanical properties such as tensile stress-strain behavior and rheological 

analysis were measured before and after self-healing the ionic conductor. 

6.3.1.1 Rheological Analysis 

Rheological properties were studied before and after healing the ionic conductor. Figure 

6.7 shows the storage (elastic) (G') and loss (viscous) (G") modulus as a function of angular 

frequency. The storage and loss modulus of the virgin PVA slime at an angular frequency 

of 10 rad/s are 21.7 and 7.88 kPa respectively. For the self-healed sample, the storage and 

loss modulus at an angular frequency of 10 rad/s is 21.3 and 7.34 kPa respectively. The; 

storage and loss modulus remained almost the same over the entire frequency range, before; 
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and after self-healing, thus indicating the effective self-healing behavior of the PVA slime. 

This shows that the inner structures of the PV A slime are completely healed. The detailed 

method of characterization is provided in the experimental section 3 .1. 

10
5

~--------------------~ 

G' -G" ·Virgin PVA slime 

10
3 -o· -G" ·Self-healed PVA slime 

10° 101 102 

Angular Frequency (rad/s) 

Figure 6.7. The changes in the storage (G') and loss modulus (G") as a function of angular 

frequency for the virgin and self-healed PV A ionic conductor. 

6.3.1.2 Tensile stress-strain behavior 
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Figure 6.8. (a) and (b) The tensile stress-strain curve of 3 virgin PV A slime samples. 
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First, the tensile stress-strain behavior of the virgin PV A ionic conductor was measured for 

3 samples, with similar dimensions. From the Figure 6.8a, it can seen that the PV A slime 

shows elastic behavior until 20 % tensile strain. The Young's modulus (measured within 

10 % strain) is calculated to be 15 ± 1 kPa. The yield stress is around 2.8 ± 0.1 kPa. Upon 

further stretching, the material plastically deforms. The plastic region shows stress 

relaxation behavior due to the viscoelastic nature of the PV A slime, which is similar to 

other viscoelastic material. [351 Due to the viscoelastic nature, the PV A slime has both elastic 

and viscous nature. The relaxation can be attributed to the viscous nature of the PVA slime. 

The amount of relaxation depends on the viscosity and toughness of the material. With 

further increase in strain, an increase in the stress is observed. This increase in the stress 

can be due to the strain hardening of the PVA polymer. Moreover, prolonged exposure of 

the PV A slime to the ambient environment under tensile stress can accelerate evaporation 

of water. This can cause the hardening of PV A slime, resulting in the increase in stress. 

Further increase in the strain, leads to mechanical fracture. A loss of 20 % in weight of the 

sample before and after tensile testing upon fracture can be found; it was likely due to the 

accelerated loss of water during the tensile strained process. The tensile stress-strain 

behavior of the PV A slime was measured before and after self-healing (Figure 6.9). 

(a) (b) 
- -1113 
11. 

IU3 
11. 

..lll: ..lll: -Virgin PVA Slime - -II) II) - Self-healed PVA Slime 

~2 !2 
J:l .... 
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·;; 1 

r::::: 
·;; 1 

r::::: 
Q) Q) 
1- 1-

0 
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0 
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Figure 6.9. (a) and (b) The tensile stress-strain curve of the self-healing and virgin PVA ionic 

conductor. 
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The self~d virgin sample shows similar stress-strain behavior. For the self-healed 

sample, the Young's modulus (measured within 10% strain) is calculated to be around 14 

kPa and the yield stress around 2.6 kPa. This shows that the self-healed material recovers 

the mechanical.petformance in the elastic region (after self-healing). In the plastic region, 

the virgin PVA JUme fractures at a tensile strain of 2830 % and the self-healed PV A slime 

fractures at 2630 %. This shows that there is no significant deterioration in the mechanical 

performance .~,self-healing of the PV A slime. The detailed method of characterization 
~· ,f <l'~p·:;i: t \ 

is provided in tbe experimental section 3 .1 . 
.'. '•it.,,'·. 

6.3.1.3 Meebaaiqahelf-healing time 

To obtain the ~ec~cal self-healing time, the tensile stress-strain test was performed at 

different healin.J.~· If the material is not completely healed, cracks will initiate at the 

mended joint, and thematerial will fracture. Figure 6.10 shows that the tensile stress-strain 

behavior of the PVA slime with 5 and 15 min healing time. Both the virgin and self-healed 

sample showed similar behavior in the elastic region. 5 min healing time was not sufficient, 

as the PV A slime fractured at a reduced strain compared to the virgin sample. This can be 

due to the presence of remnant cracks and defects. The PVA slime can self-heal and restore 

most of its mecha¢'eal properties within 15 min of self-healing time. With the increase in 

healing time, more re-association of hydrogen bonds take place at the fractured interface, 

thus improving the mechanical properties. 

3 

l 
I . 
.I 

] 0 
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- 5 min healing time 

0 500 1000 1500 2000 2500 
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Figure 6.1 0. The tensile stress-strain curve of the self-healing PV A slime with different healing 

times. 

6.3.1.4 Mechanical healing efficiency 

Mechanical healing efficiency is defined as the amount of toughness restored after healing 

relative to the toughness before mechanical damage. [31 The mechanical healing efficiency 

ofthe slime (with 15 min self-healing duration) is 81% (calculated from Figure 6.11a and 

b). However, the mechanical healing efficiency decreases to 25% (calculated from Figure 

6.1la and c) for the slime (with 15 min self-healing duration) healed after keeping the 

bifurcated parts separated for 24 h. The decrease in the efficiency can be attributed to the 

loss ofhydrogen bonding, likely due to the partial loss of water from the slime that reduces 

its ability to endure large tensile strain. The hardening of PV A slime due to the loss of 

water could be the reason for the increase in the yield stress (Figure 6.11 c). 
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Figure 6.11. The tensile stress-strain curve of the (a) Virgin PVA slime (b) Self-healed PVA slime 

(with 15 min self-healing duration) (c) Self-healed PVA slime (with 15 min self-healing duration) 

after the keeping the bifurcated parts separated for 24 h. 

6.3 Principal Outcomes 
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• Successfully demonstrated an effective way to enhance the energy harvesting 

performance of the P(VDF-TrFE) based mechanical energy harvester by utilizing an 

ionic current collector. 

• Demonstrated a self-healing mechanical energy harvester. 

6.2.3 Chapter Summary 

In conclusion, a disruptive technology of using ionic current collectors in P(VDF-TrFE) 

triboelectric energy harvester is demonstrated, which enhances its energy harvesting 

performance due to the increment in the capacitance of the device, thus proving our 

hypothesis. The higher capacitance is due to the formation of an electrical double layer. 

The fabricated device demonstrated self-healing properties and was able to recover its 

energy harvesting performance after complete bifurcation. Owing to the higher energy 

generation and autonomously self-heal at room temperature, the fabricated TEH takes a 

quantum leap in the domain of mechanical energy harvesters. Hence, the innovative 

scientific concept and disruptive technology demonstrated in this work open up new 

possibilities for the utilization ofTEHs for a broad spectrum of application including health 

monitoring, sports, wearable and implantable electronics, and smart robotics, enabling a 

huge step towards the realization of next-generation electronics. 
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Chapter 7 

Conclusions and recommendations 

In this chapter, the work done in this dissertation is summarized. The three 

hypotheses (modifying the structural, surface charge and charge storage 

properties of the P(VDF-TrFE)) proposed in this work to improve the 

mechanical energy harvesting performance of P(VDF-TrFE) were 

discussed. Work done to validate the hypothesis are explained. The extent 

to which the hypotheses are proven are discussed in detail. The significance 

and the use of the work is explained in detail. Future recommendations to 

further improve the energy harvesting performance are provided. 
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7.1 Conclusions 

The main objective of this dissertation is the improve the energy harvesting performance 

of the P(VDF-TrFE) based mechanical energy harvester for self-powered device 

application. To achieve the objective, it was hypothesized that by tuning the structural, 

and surface charge properties of the P(VDF-TrFE), the mechanical energy harvesting 

performance can be improved. In the first chapter, porous P(VDF-TrFE) films (with 

higher strain and lower dielectric constant) was created to enhance the energy harvesting 

performance of the P(VDF-TrFE) mechanical energy harvester. To validate our 

hypothesis, a porous P(VDF-TrFE) film using VIPS method was fabricated. The porous 

structure makes the film more compressible compared to that of the compact P(VDF­

TrFE) film. Compressibility is directly related to the piezoelectric coefficient of the 

material, thus with the increase in the compressibility, the energy harvesting 

performance increases. The porous structure lowers the dielectric constant, thus creating 

a higher internal piezoelectric potential. Thus, the energy harvesting performance of the 

P(VDF-TrFE) mechanical energy harvester was improved due to the porous structural 

modification, thus proving our hypothesis. Additionally, the porous P(VDF-TrFE) film 

was used as the separator in the self-charged supercapacitor to realize a fast charging 

self-charged supercapacitor. In the second chapter, it was hypothesized that the energy 

harvesting performance of the P(VDF-TrFE) can be increased by utilizing the combined 

effect of triboelectric surface charge and polarization induced surface charge. To 

validate our hypothesis, a novel method was developed to fabricate a self-poled porous 

P(VDF-TrFE) film which eliminates the tedious piezoelectric polymer preparatory steps 

like annealing and poling. Detailed study was done to understand the mechanism of 

self-poling. The self-poled porous P(VDF-TrFE) film was used to fabricate a 

triboelectric energy harvester which enhanced the energy harvesting performance due 

to the combined effect of piezoelectric polarization and triboelectric surface charges, 

thus validating our hypothesis. By utilizing the combined effect of piezoelectric 

polarization and triboelectric surface charge, the saturation pressure ofthe triboelectric 

energy harvester can be increased, thus making it capable of detecting a wide range of 

pressure with high sensitivity. Herein, the self-polarized porous P(VDF-TrFE) TEH was 

used as a self-powered pressure sensor, which was able to measure a wide range 

pressure, thus validating our hypothesis. The possibility to detect wide-range of pressure 

with high sensitivity extends the realms of application of triboelectric energy harvester 
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for the self-powered application. Taking into account both the wide pressure sensing 

range and the sensitivity, the self-polarized P(VDF-TrFE) pressure sensor shows the 

best performance amongst all the self-powered pressure sensors reported so far. In the 

third chapter, it was hypothesized that the energy harvesting performance of the P(VDF­

TrFE) mechanical energy harvester can be improved by utilizing an ionic current 

collector, which will improve the capacitance of the device, due to the formation of an 

electric double layer at the ionic current collector and P(VDF-TrFE) interface. To prove 

the hypothesis, a PVA slime based ionic conductor was prepared and was used as the 

current collector in triboelectric energy harvesters. The PVA slime ionic current 

collector leads to the formation of an electrical double layer, which increases the 

capacitance of the device, thus enhancing the device performance, thus validating our 

hypothesis. Detailed electrical and mechanical self-healing properties were analyzed. 

Moreover, a self-healing mechanical energy harvester was demonstrated which can 

recover its energy harvesting performance after complete bifurcation. Owing to the 

higher energy generation and autonomously self-heal properties the mechanical energy 

harvester can be used in a broad spectrum of application to realize self-powered devices. 

To summarize and evaluate, all the energy harvesting performance of all the work done 

in this thesis are shown in table 7 .1. The power density is calculated by the formula P 

= V·l, where Pis the power density, Vis the output voltage of the device, and I is the 

short circuit current of the device. 

Table 7.1: Summary of the energy harvesting performance of all the work done in this 
dissertation. 

Material and Device Pressure Frequency Open Short Circuit Power 
(kPa) (Hz) Circuit Current Density 

Voltage density (Isc) (JlWcm-2
) 

(Voc) 
(J.tAcm-2) 

Compact P(VDF- 600 5 1.8 0.08 0.18 
TrFE) piezoelectric 

device 
Porous P(VDF- 600 5 6 0.6 3.6 

TrFE) piezoelectric 
device 

Non-poled porous 600 5 5 0.2 I 
P(VDF-TrFE) 

Triboelectric device 
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Self-poled porous 600 5 30 0.5 15 
P(VDF-TrFE) 

Triboelectric device 
Self-poled porous 600 5 100 1.1 110 

P(VDF-TrFE) film with 
ionic 

conductor Triboelectric 
device 

7.2 Future work 

• Electrospun nanofiber of PVDF-TrFE and BTO composite for energy 

harvesting 

Inorganic piezoelectric material such as BTO, ZnO, or PZT have higher piezoelectric 

coefficient compared to that of the organic counterparts.l1,2l From the previous literature, 

it is known that the composite of inorganic and polymer piezoelectric materials can 

improve the energy harvesting performance of piezoelectric energy harvester_l3-SJ To 

achieve this, the future plan is to fabricate ultra-fine electrospun nanofiber of P(VDF­

TrFE) and BTO composite for triboelectric nanogenerator application. The use of 

P(VDF-TrFE) and BTO will increase the internal piezoelectric potential, thus 

improving the total surface charge, which can improve the energy harvesting 

performance. The use of electrospun nanofiber will improve the total surface area of 

the P(VDF-TrFE) film, thus increasing the surface charge.l6l This can improve the 

energy harvesting performance ofthe P(VDF-TrFE) mechanical energy harvester. 

• Incorporation of ionic material into porous PVDF-TrFE foam 

In chapter 7, it is shown that the use of ionic current collector can improve the energy 

harvesting performance of the device due to the formation of an electrical double layer 

at the ionic conductor and copper contact (metallic collector) interface. The 

performance of the device can be significantly improved by increasing the contact area 

of the ionic material and copper collector. With the increase in the area of contact, more 

number of ions will accumulate, further improving the capacitance of the device. To 

achieve this, the future plan is to incorporate the ionic material into the porous P(VDF­

TrFE) film and use metallic current collector in the triboelectric energy harvester. This 
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will further increase the contact area between the ionic material and the current collector, 

which can further improve the energy harvesting performance. 

• Lumped model of the porous piezoelectric and triboelectric work 

The first-order lumped-parameter equivalent circuit model of the triboelectric 

nanogenerator is described in section 2.1.3. The triboelectric device consist of a voltage 

source in series with a capacitor as shown in Figure 2.5. This model can be improved 

by considering other parameters affecting the energy harvesting performance of the 

triboelectric device reported in this thesis. Porosity, polarization induced surface charge, 

humidity etc factors will be considered to relate the obtained results with the theoretical 

understanding. 
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