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ABSTRACT 

 

Abdullah, Abu Musa, Lead Free Piezoelectric and Triboelectric Energy Film for Energy 

Harvesting and Sensory Applications Master of Science in Engineering (MSE), August 2020, 87 

pp., 17 figures, 160 references 

 

In recent times, Triboelectricity and Piezoelectricity has been widely used for utilizing 

mechanical energy from ambient environment. Scientists are focusing towards developing 

advanced material composites for utilizing piezoelectricity and triboelectricity for energy 

harvesting and sensory applications. This work includes two projects regarding the application of 

lead free piezoelectric and triboelectric energy for energy harvesting and sensory applications. 

Human motion has been attributed as a source of mechanical energy to drive electronic devices 

and sensors through Triboelectric Nanogenerator (TENG). Based on the principles of single 

electrode TENG, we have developed a Triboelectricity based Stepping and Tapping Energy Case 

(TESTEC) which magnifies the prospect to power touch electronic devices by utilizing finger 

tapping and stepping motion. This novel case was constructed with two single electrode TENG 

operating through the triboelectric mechanism between human skin and Polyethylene 

terephthalate(PET) film on the front part and Nitrile Butadiene Rubber(NBR) and PET film on 

the back part. This cost effective device was further tested by attaching with a cell phone at 

variable load frequency, airgap and finger combinations where the output response increased 

with the increased frequencies (60 to 240 BPM) and air gap (1cm to 5cm). Maximum output 
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voltages of 14.8 V and 50.8 V were obtained for the front and back parts, respectively. Besides, 

maximum output powers were observed to be 3.78 W/m2 at 0.46 MΩ and 6.21 W/m2 at 1.02 

MΩ, respectively. Also, the device was tested by integrating with conventional electronic 

components including capacitors, bridge rectifiers and 15 LEDs. The TESTEC can be a self 

sustainable way to power touch electronic devices which can reudce the necessity to charge 

electronics devices in the conventional way. In the second part of this work, a Potassium Sodium 

Niobate (KNN) nanocube based energy film (EF) has been developed for utilizing mechanical 

Energy through triboelectric and piezoelectric mechanism. The KNN particles were synthesized 

using wet ball milling technique incorporated into Polyvinylidene Difluoride (PVDF) matrix and 

along with Multi Wall Carbon Nanotube (MWCNT). The film was used to develop a 

Piezoelectric Nanogenerator (PENG) with Copper electrodes. The piezoelectric output of the 

film was further tested with Copper electrodes at variable tapping frequency (60 BPM to 240 

BPM) and Pressure (10 PSI to 40 PSI). The open circuit voltage increased with the increase of 

both tapping frequency and pressure. The maximum piezoelectric output voltage was observed to 

be 35.3 V while the maximum current was noted as 15.8 µA. The films also showed unique 

output signals for different types of finger motions. The film was further utilized to build a 

Piezo-triboelectric hybrid nanogenerator to check its hybrid performance. The maximum output 

was observed to be 54.1 V and 29.4 µA in this case. This experiment endorsed the potential of 

the KNN based energy film for multifunctional application like force, pressure and motion 

sensing as well as lead free energy harvesting. 

 



v 
 

DEDICATION 

 

Thanks to the almighty. My Journey at UTRGV for the Master’s studies would not have 

been possible without the love and support of my family and friends. I dedicate this work to my 

mother Farida Yeasmin, my Father Md. Kabir Hossain, my wife Fatema Tuz Zohra and my 

beautiful babygirl- whom I am eagered to meet soon in this World. They have been the main 

base of my journey so far. 



 



vi 
 

ACKNOWLEDGEMENT 

 

First of all I would like to acknowledge my supervisor, Dr. M. Jasim Uddin for his 

support and guidance. His continous mentorship along with his excellent vision and expertise is 

the field of Materials Science really motivated in my journey so far. I am very proud to be a 

member of Photonics and Energy Research Laboratory under his supervision. Besides, I would 

also like to mention about my fellow collegues who has been a wonderful support so for. 

Particularly, I would talk about Muhtashim Ul Karim Sadaf- who has a tromendous vision and 

dedication towards his work. Besides, I would thank my other team members- Alejandro Flores, 

Damian Zamora and Julian Escober who have been a tromendous fellas to work with. Also, I am 

very thankful to Istiak Hussain and Aminur Rashid Chowdhury for their excellent support in the 

initial stage of my journey. It would have been very tough without both of them. 

Correspondingly, I thank my other lab members- Isaac Martinez, Carolina Olivares, Farzana 

Tasnim and SK Ali Zaker Shawon for their help. I also thank the new members- Haimanti 

Majumder and Valeria S Vega and wish them best of luck. I can not forget the contribution of 

Bangladeshi Community throughout this journey. Specially, I would like to mention about 

Abdullah Al Masum- who has been like my brother providing huge support throughout this 

journey. Besides, two other fellas were really there for me- Al Mazedur Rahman Prince and 

Prosanto Biswas. Likewise I would express my humble grattitude towards the members of the 

community. Specially, Sayeed Wadud, Abdullah Al Noman, Md. Ruhul Amin, Muniruzzaman 



vii 
 

Chowdhury, Hasan Anowar, Sadia Sharmin, Md. Fazle Rabby, Fatema Hamim, Wasif Zaman 

Jitu, Afsana Akter Moushumi, Mostafa Meraj Pasha, Taeba Tuba, Mirza Aditto Billah (Panda), 

Apu Deb, Saumik Sakib, Abdullah Al Tusher, Aneek Salman, Al Amin, Md. Shakhawat Hossain 

and so on. I am grateful to the Department of Mechanical Engineering-UTRGV and The 

Graduate College-UTRGV. Then, I would like to humbly express my grattidue towards all the 

faculties of my department. Specially to mu co-supervisor Dr. Horacio Vasquez and my thesis 

comitte member Dr. Yingchen Yang. Besides, I also thank Dr. Rogelio Benitez, Dr. Noe Vargas, 

Dr. Philip Park and Mr. John Pamelton. One faculty I would like to specially mention about- Dr. 

Karen Lozano; who has inspired me a lot. She has been one of the moticvational and supporting 

personalties I have ever seen. I am very thankful Dr. Parwender Grewal as well. Dr. Grewal is an 

strong support to all the graduate students at UTRGV. Wihtout his visionary step, it would have 

been impossible to work as a PGRA. Next, I would like to mention my beautiful wife- Fatema 

Tuz Zohra who is currently holding my princess inside. They are one my biggest reasons to 

smile. I also thank my father in law Mr. Abdul Mottaleb, mother in law Mrs Sufia Akhter and 

sister in law Umme Anika Tabassum. Finally and most importantly, I  would like to express my 

grattitude towards my mother Farida Yeasmin and my father Dr. Md. Kabir Hossain. My father 

has always motivted me to be honest and hardworking. My mother has been my ultimate support 

and a strong force of my breathig who has always believed on me. I could no do anything 

without them. Thanks to the almighty again. 

 



viii 
 

TABLE OF CONTENTS 

Page 

ABSTRACT ................................................................................................................................. iii 

DEDICATION ............................................................................................................................... v 

ACKNOWLEDGEMENTS .......................................................................................................... vi 

TABLE OF CONTENTS ............................................................................................................ viii 

LIST OF FIGURES....................................................................................................................... ix  

CHAPTER I INTRODUCTION .................................................................................................... 1 

CHAPTER II  SYNTHESIS AND FABRICATION OF SELF-SUSTAINABLE 

TRIBOELECTRIC ENERGY CASE FOR POWERING SMART ELECTRONIC 

DEVICES……………………………………………………………………….... 8  

Objective …........................................................................................................................ 8  

Experimental Procedures.................................................................................................. 10  

Result and Discuission...................................................................................................... 13 

Conclusion........................................................................................................................ 33 

CHAPTER III  KNN BASED PIEZOELECTRIC/TRIBOELECTRIC LEAD-FREE HYBRID 

ENERGY FILMS FOR ENERGY HARVESTING AND SENSORY 

APPLICATION.................................................................................................... 34  



ix 
 

Objective........................................................................................................................... 34 

Experimental Procedures................................................................................................... 36  

Results and Discussion: .................................................................................................... 40 

Conclusion......................................................................................................................... 62 

REFERENCES............................................................................................................................. 63 

BIOGRAPHICAL SKETCH......................................................................................................... 87 

 

 

 

 

 

 

 

 

 

 

 



x 
 

LIST OF FIGURES 

Page 

Figure 1: (a) Single Electrode Triboelectric Nanogenerator for primary testing. Working                             

Mechanism: (b) Initial stage of the TENG, (c) Full contact with the finger, (d) Finger 

released from the TENG, (e) Full separation from the TENG, (f) Finger moving towards 

the TENG, (g) Maximum peak to peak voltage observed applying hand and NBR for 

different materials. Voltage observed applying hand with (h) Kapton, (i) PET, (j) 

Polyethylene (PE), and (k) Polydimethylsiloxane (PDMS)……………………………. 13 

Figure 2: (a) Front view (inset: transparent PET films), (b) Back view (inset: Highly sretchable 

NBR films), and (c) Side view of the mobile attached TESTEC schematic. (d) Front part 

an, (e) back part of the optical view of the TESTEC. Fourier-transform infrared 

spectroscopy (FTIR) spectra of (f) PET film and (g) NBR film…..……………………. 16 

Figure 3: Voltage observed for different load frequency on (a) front part (inset: Device during 

tapping on the front part) and (b) back part (inset: Device during stepping). Current 

observed for different load frequency on (c) front part and (d) Back part. Comparison of 

maximum peak to peak voltage and current observed for (e) front part and (f) back part 

with error bars (Standard deviation for 3 readings)……….…………………..………... 19 



xi 
 

Figure 4: (a) Tapping and (b) Stepping Test at variable distance. (c) Observed voltage at variable 

distance for the front and back part. (d) Observed current at variable distance for the front 

and back part. (e) Observed maximum voltage at variable fingertip combination………22 

Figure 5: (a) Circuit diagram for rectifying the signals by TESTEC. Rectified voltage signal at 

120 BPM load frequency for (b) front part and (c) back part. (d) Schematic circuit 

diagram and (e) Optical view of circuit diagram for charging and discharging capacitors 

with TESTEC. Charging capacitors of variable capacitance for 60 seconds by applying 

load on the (f) front part and (g) the back part of the TESTEC. (h) Ability of the TESTEC 

to charge and capacitors for different load frequencies by applying load on the front part. 

(i) Average voltage and current measured at variable external resistance with front part of 

the TESTEC. (j) Average power measured by applying load on the front part of the 

TESTEC at different external resistances. (k) Power measured by applying load on the 

front part of the TESTEC at different external resistances. (l) Average power measured 

by applying load on the back part of the TESTEC at different external 

resistance………………………………………………………………………………... 25 

Figure 6: (a) Circuit diagram for powering LED’s with TESTEC. (b) Switch off mode of the 

circuit. (c) Lighting 15 LEDs with the TESTEC. (d) Proposed Circuit diagram for 

charging electronics (mobile phone)………………………….……………………….... 28 

Figure 7: (a) Ag nanoparticles over PET film. (b) SEM image of Ag sputtered PET film for the 

modified TESTEC. (c) Ultraviolet–visible (UV) Vis Spectra of PET film with and 



xii 
 

without Ag nanoparticles. (inset: Optical view of the Ag sputtered PET fim) (d) Rectified 

voltage signal by the modified TESTEC at 120 BPM load frequency. (e) Comparison 

between maximum rectified voltages obtained from standard and modified TESTEC. (f) 

Comparison between maximum rectified current obtained from standard and modified 

TESTEC. (g) Comparison between maximum rectified power obtained from standard and 

modified TESTEC…………………………………...……………………………….… 30 

Figure 8: Fabrication process of the Film……………………………………………………..... 37 

Figure 9: (a) X-ray Diffraction pattern of synthesized KNN powder. (b) Perovskite crystal 

structure of KNN (c) SEM image of KNN powder…………………………………..… 40 

Figure 10: (a) Optical view of the synthesized KNN/PVDF/MWCNT film. Implementation of the 

energy film as (b) a PENG (c) Hybrid PTENG. (d) SEM image of the surface of the energy 

film (e) FTIR spectroscopy of the energy film (f) α , β and γ crystalline phases of 

PVDF……………………………………………………………………………….…… 42 

Figure 11:(a) Mechanism of the EF attached PENG i. Press stage ii. Release Stage (b) Output 

Voltage and (c) Current observed by tapping the EF attached PENG at 60 BPM, 120 

BPM, 180 BPM and 240 BPM load frequency (d) Maximum peak to peak voltage and 

current observed for tapping the EF attached PENG at variable load 

frequencies………………………………………………………………………...….… 44 



xiii 
 

Figure 12: Maximum output voltage observed with the variable percentage of KNN in the EF by 

weight ( Error bar for 95% Confidence Interval)…………………...…………………... 47 

Figure 13: (a) Output piezoelectric voltage signal from the energy film at variable pressure of the 

pneumatic piston. (b) Maximum voltage observed at variable pressure (Error bars for 

95% Confidence Interval of the mean) (c) Output piezoelectric voltage signal from the 

energy film different finger motion i. one side tapping ii. Two side taping iii. Fist closing 

and opening iv. backward movement of finger v. finger pressing without pulling the 

finger up vi. Free end tapping…...……………………….……………………………... 48 

Figure 14: Working mechanism of the EF attached PTENG (a) EF attached hybrid PTENG at 

initial stage (b) EF attached PTENG in full contact due to external load (c) Approaching 

stage: Upper electrode of the EF attached PTENG starts approaching towards the EF due 

to the repetition of the external force (d) Pressing Stage: EF attached PTENG under fully 

pressed condition (e) Releasing Stage: Pressure release from the EF attached PTENG due 

to the removal of external load (f) Separation Stage: Separation of the EF from the upper 

electrode as the electrode moves towards its initial position (g) Optical view of the EF 

attached PTENG  (h) Output voltage response of the EF attached PTENG at 240 BPM 

tapping  frequency (i) Comparison of the maximum peak to peak voltage between the EF 

attached PENG and PTENG at 60BPM, 120BPM, 180BPM and 240BPM tapping 

frequency (j) Output current response of the EF attached PTENG at 240 BPM tapping  

frequency (k) Comparison of the maximum peak to peak current between the EF attached 



xiv 
 

PENG and PTENG at 60BPM, 120BPM, 180BPM and 240BPM tapping 

frequency………………………………………………………………………………... 52  

Figure 15: Rectified voltage signal by EF attached hybrid PTENG at 120 BPM loading 

frequency………………………………………………………………………………... 56 

Figure 16: (a) Electrical circuit used for charging the Capacitors for EF attached PTENG (b) 

Charging capacitors for 30s with EF attached PTENG through finger tapping (c) 

Observed accumulated charge during charging the 0.1µF and 1µF capacitors by tapping 

the EF attached PTENG. (d) Charging and Discharging of 0.1µF capacitors with  EF 

attached PTENG (e) Average Voltage and Current measured with variable external 

resistance with EF attached PTENG (f) Average Power measured with variable external 

resistance with EF attached PTENG……….……………...……………………………. 57 

Figure 17: (a) Schematic of the Nanogenerator with the Cu, Kapton and Energy Film (b) Output 

voltage of the EF attached Kapton based PTENG at 180 BPM (c) Extended view of the 

output voltage of the PTENG from 12.4s to 13s (d) Schematic of the Nanogenerator with 

Cu and Kapton (e) Output voltage of the TENG without EF at 180 BPM (f) Extended 

view of the output voltage of the PTENG from 12s to 12.6s (g)  Electrical circuit used for 

powering LEDs (h) Lighting LEDs with the EF attached Kapton based 

PTENG……………………………………………………………….…………………. 60



 



1 
 

 

 

CHAPTER I 

 

INTRODUCTION 

 

Energy deficiency has become a worldwide issue in the twenty-first century[1]. Over the 

past few decades, intensive efforts have been made to hunt for alternative energy sources. 

because of the threats represented by the fluctuation of petroleum fuel costs, the danger of 

climate change and predicted consumption of non-sustainable fuel sources [2,3]. This demand of 

energy will be doubled by the end of 2035 which is also expected to increase in an order of 1 

GW per day till 2050 [4,5]. However, due to the limitation of natural resource and environmental 

pollution caused by energy production and consumption, experts are focusing towards 

sustainable development and green energy for meeting the energy demand for today and 

tomorrow [3,6–8].  These crisis has become the motivation for the fabrication of high-yield 

materials to scavenge energy from the environment and sense environmental stresses [4].The 

rapid progress of nanotechnology has received widespread attention by encompassing a 

continuous study and developing materials with improved properties revealing breakthroughs 

[3].To fulfill these criteria, Wang et al. [9] made a nanogenerator based on the piezoelectric 

effect, which was a revolutionary invention towards the goal of mechanical harvesting energy in 

2006. The piezoelectric effect was discovered by Nobel laureates Pierre and Jacques Curie in 

1880.[10] Later in 2012, the idea of a nanogenerator utilizing triboelectric property of material 
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with low cost, high power density, lightweight, good flexibility, and excellent efficiency has 

been introduced by Dr. Wang and his group, naming Triboelectric Nanogenerator (TENG) 

[11,12]. Piezoelectric, triboelectric and combination of piezoelectric-triboelectric nanogenerators 

have spearheaded the research in harvesting ambient mechanical energy over the last decade 

[13,14]. Energy harvesting from human movements have led to a variety of inventions like self-

powered devices, sustainable wearable devices, sensors and actuators [15–18]. This shows the 

potential that is held by these nanogenerators in the path towards sustainable power sources 

development. 

 Piezoelectric devices are being used for their thin, flexible, and in some cases, 

mechanically stretchable structure [10,19]. This allows them to be suitable for mounting on any 

type of surface. Developments in materials studies and manufacturing has yielded piezoelectric 

devices from organic materials that can produce a maximum open-circuit voltage of  ~80 V and a 

short-circuit current of ~300 μA without costly operations such as poling [20]. Triboelectric 

nanogenerators have also shown superior open-circuit voltage and current. It has been seen that a 

triboelectric nanogenerator can produce open-circuit voltage of ~4000V and short-circuit current 

of ~0.12A [20–22]. Besides, The output power density and energy conversion efficiency of 

TENG can be as high as 500Wcm-2 and 85% [23–25]. Combination between triboelectric and 

piezoelectric materials creates hybrid nanogenerators that can produce high and efficient output 

with single source of external force [26,27]. In a recent work by Jung et al, a piezoelectric-

triboelectric  hybrid nanogenerator was constructed that can reach an open-circuit voltage of 

~370V and a current density of ~12 μA/cm2 [20]. Furthermore, These devices are very effective 

in charging capacitors and very sensitive to forces [4,28]. These characteristics show the 
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potential of these devices in sensory applications in addition to the mechanical energy 

harvesting. 

It is very important to choose appropriate material for the effective utilization of the 

piezoelectric and triboelectric effect [19,29] Polyvinylidene fluoride (PVDF) is one of the most 

versatile piezoelectric polymers till now due to lower density, higher flexibility, lower resistance, 

and higher piezoelectric voltage.[30,31] PVDF can also work as a tribo-negative polymer. [32] 

PVDF has several crystalline polymorphs  (α, β, γ, δ and ε) depending on the chain 

conformation[33] Amid all crystalline phases, β and γ are of high priority because of its 

spontaneous polarization and piezoelectric sensitivity. Several methods are used to induce β 

phase in PVDF[34].  The stretching, annealing or poling is one of the processes to transform 

PVDF from α to β phase.[35] Yu et al. [36], and Kim et al. [37] confirmed that the use of carbon 

nanotubes (CNTs) as filler in the PVDF matrix that leads to a relevant increase in the β-phase 

content. Moreover, Multi Wall Carbon Nano Tube (MWCNT) boosts the conductivity of 

composites by creating a 3D network of conductive MWCNT in the polymer matrix, which ease 

off electron flow during triboelectric/piezoelectric actions.[4] Kim et al. [38] proposed the 

triboelectric performance of PVDF composites with MWCNTs. Chowdhury et al.[39] also 

demonstrated a tribo-piezo hybrid nanogenerator with PVDF/MWCNT/Li-ZnO as the 

piezoelectric component and PTFE/PDMS as the triboelectric component. 

PVDF composite incorporating various kinds of inorganic materials ZnO, 

Pb(Zr,Ti)O3(PZT), BaTiO3(BTO), (K,Na)NbO3(KNN), ZnSnO3, GaN, MoS2 nanoparticles have 

been explored in the past to fabricate more efficient piezoelectric energy harvester. [40] PZT is a 

commonly utilized piezoelectric ceramic material with active materials for mechanical to 

electrical energy conversions, like high piezoelectric voltage and dielectric constants, than other 
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semiconductor types of piezoelectric materials.[41] Park et al. [42], showed a flexible 

piezoelectric PZT thin film nanogenerator on plastic substrates. Lu et al. [43] also discussed 

multi-material piezoelectric fibers fabricated from perovskite ceramic NPs (BT/PZT)-PVDF and 

CNT-PVDF composites via fiber drawing. However, due to the high toxicity of PZT, PZT-PVDF 

fibers are probably not suitable for wearable applications[44]. Nevertheless, the low conductivity 

of PZT is not ideal for output performance.[40] Synthesizing low-dimensional, single-crystal, 

lead-free piezoelectric nanomaterials can mitigate these issues. [19] Among the available 

materials, ZnSnO3, a lead-free multifunctional piezoelectric nanomaterials, has attracted 

considerable interest lately and has great potential in applications in numerous fields. [40]  Apart 

from that, especially, alkaline niobates, based on the perovskite-type oxide(K,Na) NbO3, have 

also been in discussion in recent days as promising lead free piezoelectric ceramics.[45] [46] 

Teka et at. [47] portrayed his research work with potassium sodium niobate, (Na,K)NbO3 (KNN) 

as a nano piezoelectric filler, because of their large piezoelectric response, ferroelectric 

properties, and higher curie temperature (>400°C) and also is suitable when a low cost and 

lightweight device is the requirement. KNN is well known as a lead-free energy material which 

can be used with other functional materials for making piezoelectric coposites [48,49]. However, 

the performance of KNN based nanogenerator still requires higher output for real life and 

industrial applications. For instance, Bairagi et al, developed piezoelectric nanogenerator based 

on KNN and PVDF which showed a maximum output of 23.24 V and 18 µA [50].  Nevertheless, 

the triboelectric property of PVDF has not been utilized in these works yet. 

Modern electronic devices like cellphones, tablets, calculators etc. are required to be 

small, lightweight and efficient in order to make them portable and competitive in the consumer 

market [51]. Electronic devices are getting lighter, thinner and better; but this has led to a 
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sacrifice in the space-size of a device and due to this lack of space it is harder to improve this 

technology [52]. Contraction of space-size has reduced the space allotment for storage unit such 

as batteries which has led towards less capacity of the device to store energy. These problems 

can be solved by developing a self-sustaining and self-charging battery using energy from the 

ambient environment. Since, human motion can be affiliated to the usage of the electronic 

devices, utilizing the mechanical motion through TENG claims to be the solution of this problem 

[53–61].    

In order to create a TENG that does not affect the ease of use, shape and efficiency of an 

electronic device, investigation has to be done for selecting the most proper materials that could 

address these requirements [62,63]. In the first part of this work, a cost-effective energy case of 

unique design including two single electrode TENG was constructed to utilize the energy from 

the mechanical motion while using or carrying the touch electronic device and use this energy to 

power these smart devices. In the front part of the device a single electrode based TENG was 

fabricated for the front part of a cellphone without covering the screen and, at the same time, 

protecting it without affecting the functionality of the device, transparent materials were chosen 

as priority and as a second priority by their hardness and strength[64–68]. Selecting PET 

material as the best choice covering these requirements and looking for a new way to recycle it, 

it was found as the ideal material to create a TENG for the front part of the device [69]. This first 

TENG works with one fundamental principle proper of it, single-electrode mode [70–72]. By 

attaching PET on the screen of the cellphone and putting copper connected to a small surface of 

the material by one side of the cellphone is how this TENG is made. This TENG is activated by 

using human skin to touch the PET surface and harvesting the mechanical energy that is 

commonly applied to touch a screen of a cellphone and then transform it into electrical 
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energy[73–75]. The front part was further modified using Ag nanoparticles over the PET film 

which was tested at 120 Beat Per Minute (BPM) load frequency. The output response was 

compared with the obtained results from the primary device as well. 

The second nanogenerator is located on the back part. We wanted to take completely 

advantage of the mechanical energy created by a human so we developed a TENG that can take 

mechanical energy by walking[76,77]. This is made with NBR and Polyethylene. The 

polyethylene is placed on the back part of the smart phone, NBR, and a spacer that prevents each 

material from continually touching each other. NBR was used for fabricating the TENG at the 

back part as it gave good response with PET. It works through frictions as a single-electrode 

TENG [60]. The motion that is created by walking is enough to make these two materials touch 

each other. Combining the both parts, the device can be called Triboelectricity based Stepping 

and Tapping Energy Case (TESTEC). TESTEC showed the potential to utilize the mechanical 

energy that is related to the daily life usage of smart electronic devices. The application of 

TESTEC into different electronics seeks to be the solution for the creation of cost effective and 

self-sustaining electronic devices for the near future[78].  

In the seconds part of this work, we have synthesized KNN through ball milling process 

and incorporated the synthesized KNN into PVDF matrix along with MWCNT to fabricate a 

lead-free hybrid energy film (EF) for harvesting mechanical energy through triboelectric and 

piezoelectric mechanism. The synthesized KNN particles was characterized using X-Ray 

Diffraction (XRD) spectroscopy and Scanning Electron Microscopy (SEM).  The film was 

attached with Copper electrode to convert it into a PENG and tested at variable load frequency 

(60, 120, 180 and 240 BPM). The output piezoelectric voltage of the device was also tested at 

variable pressure from 10 to 40 PSI with pneumatic piston to analyze its pressure sensitivity. 
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Besides, the energy film was studied at different finger motion. A hybrid piezoelectric and 

triboelectric nanogenerator was fabricated to test the effect of triboelectricity along 

piezoelectricity. Also, three different types of film with 3%, 4% and 5% KNN were synthesized 

and tested. Furthermore, the hybrid film was integrated with bridge rectifier, capacitor and LEDs 

to check its compatibility with conventional electronic components. Lastly, the energy film was 

attached with Kapton to utilize the high triboelectric effect of Kapton along with the 

piezoelectric effect of the energy film. Overall, the experiment was performed with an aim to 

develop a lead free triboelectric and piezoelectric composite film for efficient biomechanical 

energy harvesting and sensory applications with a aim for promoting sustainable future. 
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CHAPTER II 

 

SYNTHESIS AND FABRICATION OF SELF-SUSTAINABLE TRIBOELECTRIC ENERGY 

CASE FOR POWERING SMART ELECTRONIC DEVICES 

 

Objective 

In order to create a TENG that does not affect the ease of use, shape and efficiency of an 

electronic device, investigation has to be done for selecting the most proper materials that could 

address these requirements [62,63]. In this work, a cost-effective energy case of unique design 

including two single electrode TENG was constructed to utilize the energy from the mechanical 

motion while using or carrying the touch electronic device and use this energy to power these 

smart devices. In the front part of the device a single electrode based TENG was fabricated for 

the front part of a cellphone without covering the screen and, at the same time, protecting it 

without affecting the functionality of the device, transparent materials were chosen as priority 

and as a second priority by their hardness and strength[64–68]. Selecting PET material as the 

best choice covering these requirements and looking for a new way to recycle it, it was found as 

the ideal material to create a TENG for the front part of the device [69]. This first TENG works 

with one fundamental principle proper of it, single-electrode mode [70–72]. By attaching PET on 

the screen of the cellphone and putting copper connected to a small surface of the material by 
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one side of the cellphone is how this TENG is made. This TENG is activated by using human 

skin to touch the PET surface and harvesting the mechanical energy that is commonly applied to 

touch a screen of a cellphone and then transform it into electrical energy[73–75]. The front part 

was further modified using Ag nanoparticles over the PET film which was tested at 120 Beat Per 

Minute (BPM) load frequency. The output response was compared with the obtained results from 

the primary device as well. 

The second nanogenerator is located on the back part. We wanted to take completely 

advantage of the mechanical energy created by a human so we developed a TENG that can take 

mechanical energy by walking[76,77]. This is made with NBR and Polyethylene. The 

polyethylene is placed on the back part of the smart phone, NBR, and a spacer that prevents each 

material from continually touching each other. NBR was used for fabricating the TENG at the 

back part as it gave good response with PET. It works through frictions as a single-electrode 

TENG [60]. The motion that is created by walking is enough to make these two materials touch 

each other. Combining the both parts, the device can be called Triboelectricity based Stepping 

and Tapping Energy Case (TESTEC). TESTEC showed the potential to utilize the mechanical 

energy that is related to the daily life usage of smart electronic devices. The application of 

TESTEC into different electronics seeks to be the solution for the creation of cost effective and 

self-sustaining electronic devices for the near future[78].  
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Experimental Procedures 

 

Synthesis of SETENG for Primary Testing 

4cm X 3cm Cu films were used to synthesize SETENG for primary testing. Commercially 

available PET, PE and PP films of the same dimension were attached with the Cu films. An 

extension of the Cu film was added for attaching the device with alligator clips. 

 Polydimethylsiloxane (PDMS) based SETENG was synthesized using 2g PDMS (Sylgard 184 

Silicone Elastomer Base) and 10wt% curing agent (Sylgard 184, Elastomer Curing Agent). The 

reagents were mixed using vortex mixer for proper mixing. Then the mixture was placed on the 

Cu film using Doctor’s Blade technique following by drying in the room temperature for 36 

hours. 

Synthesis and device fabrication 

The cellphone used for this experiment was a Samsung J5 and a case of the company 

Writeright for this phone as well. The materials used for the frontal part of the TESTEC were a 

commercial PET film and copper tape. The PET film was cut 8cm X 4cm leaving a small extra 

surface equality form to the side of it and then cleaned with ethanol. A copper tape was attached 

to one side of the device. Then the small extra surface previously left was bent and placed over 

the copper tape. The PET film was attached with tape from the exterior part.  

The back part of the TESTEC was made with NBR (VWR), PET, and copper. A copper 

film was cut with 9cm x 6cm dimensions not bigger than the device. It was cleaned with ethanol 

and placed in the center on the back part properly attached with copper tape maintaining a 
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connection with the copper tape previously attached to one of the sides of the device. A PET film 

was cut with the same dimensions of the copper foil, cleaned with ethanol and attached over the 

copper foil with tape. The material used for the spacer is Polyurethane foam, it was cut in a 5.5 

cm x 7.5 cm with a thickness of 0.3 cm and then cut from the inside leaving a 0.8 cm of width 

giving us a shape of frame. After that it was attached with glue over the polyethylene film. The 

NBR film followed the same process cut with similar dimensions as the other materials, cleaned 

with ethanol and attached with copper tape.  

The TESTEC was further modified using Ag nanoparticles on the PET film. Ag 

nanoparticles were sputtered on the PET film using a magnetron sputtering system (AJA 

International inc: ATC- Orion-5UHV) at rate of 0.5nm/sec (10nm thick). The modified PET film 

was then attached with the case like the previous steps discussed. 

FTIR Characterization: 

The Fourier Transform Infrared Spectra of the PET and NBR film were obtained using 

VERTEX 70v FTIR Spectrometer (Bruker) in Attenuated Total Reflection (ATR) mode. 

Transmittance of the both samples were recorded at wavelength from 450cm-1 to 4000cm-1.  

UV-Vis Characterization: 

 The UV-Vis spectra of the modified PET film were performed using Perkin Elmer 

Lambda 950 UV-Vis Spectrometer from 250cm-1 to 800cm-1. 

 

 

Measuring of Output: 
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The output voltage signal from the TESTEC was characterized with Tektronix 

TDS1001B digital oscilloscope, while the current signal was measured using low noise current 

pre amplifier (Stanford Research SR570). For further confirmation VersaSTAT 3 potentiostat 

and Tektronix A622 current probe were used for voltage and current measurement respectively. 

The entire test was carried out in ambient environment.  
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Results and Discuission

 

Figure 1: (a) Single Electrode Triboelectric Nanogenerator for primary testing. Working 

Mechanism: (b) Initial stage of the TENG, (c) Full contact with the finger, (d) Finger released 

from the TENG, (e) Full separation from the TENG, (f) Finger moving towards the TENG, (g) 

Maximum peak to peak voltage observed applying hand and NBR for different materials. 

Voltage observed applying hand with (h) Kapton, (i) PET, (j) Polyethylene (PE), and (k) 

Polydimethylsiloxane (PDMS). 

 

Testing the triboelectric output for finger tapping with different materials 

 Finger 1a shows a single electrode triboelectric nanogenerator (SETENG) which was 

fabricated to test the triboelectric effect due to finger tapping motion with different materials and 

select proper material for the energy case. The testing device was basically consisted of a layer 
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of testing material and a Copper electrode. The test was run by applying tapping motion on the 

device with bare fingers and NBR covered fingers. Human skin and NBR has low affinity for 

surface electron according to the triboelectric series [60,79]. To obtain higher triboelectric effect 

with finger and NBR , the testing materials were selected considering their lower position in the 

triboelectric series[80]. Hence, Kapton (Polyimide), Polyethylene tetraphthalate (PET), 

Polyethylene(PE) and Polydimethylsiloxane(PDMS) were used as the materials for primary 

testing due to the position in the triboelectric series [79,81–83].  

 The working principle of the single electrode triboelectric nanogenerator using tapping 

motion between finger and PET was explained through figure 1b to 1f. The mechanism can be 

explained as a combination of contact triboelectrification and electrostatic induction [4,84] 

Figure 1b shows the initial position of the finger which is kept at a certain distance from the 

SETENG. When tapping operation is started the finger gets in contact with the PET layer (Figure 

1c). Due to the higher surface charge affinity of PET electron transfers from the skin to the PET 

layer resulting contact triboelectrification between these two surfaces [4,60,79,83,85,86]. As the 

finger starts separating from the PET layer, electrons start moving to the ground from the Cu 

electrode to compensate the effect of contact triboelectrification of the PET surface (Figure 1d). 

An output voltage signal can be observed at the output due to this effect of electrostatic 

induction. Eventually, the electron stops flowing after the complete separation of these two 

layers as the electrons of the PET surface gets balanced by the induced positive charges of the 

electrode (Figure 1e). No output voltage can be observed at this stage. The finger starts moving 

towards the PET layer again (Figure 1f). As the positive charges on the finger gets closer to the 

PET surface, the electrons start moving to the electron to maintain the charge balance resulting a 

reversed output voltage. This cycle continues until the tapping motion is stopped. This 
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mechanism is applicable for Kapton, PE and PDMS as well. The intensity of the output signal 

highly depends on the materials. Besides, the output also depends on variable parameters like 

distance of impact, tapping frequency, contact area etc.  

 The primary testing was performed at 90 BPM (1.5Hz) tapping frequency keeping 3 cm 

as the distance between the index finger and the testing materials. The results showed different 

reading of open circuit voltage for different testing materials. Figure 1g demonstrates the 

maximum peak to peak voltage obtained from the SETENG for tapping motion with bare and 

gloved index finger on Kapton, PET, PE and PDMS film. Besides, figure 1h-k demonstrates the 

output voltage signal for tapping kapton, PET, PE and PDMS respectively with bare fingers for 

3s time interval. With the application of stress with finger the output voltage rises to the 

maximum point 1(Figure 1h). However, the direction of the electron flow changes with the 

release of pressure resulting reversed output voltage which reaches up to point 2 (Figure 1h). 

Point 1 and point 2 can be defined as the maximum and the minimum peaks of voltage. It is clear 

from the figures that the PDMS film showed highest triboelectric output by interacting with the 

bare finger compared to the other materials. The PDMS-finger interaction generated a highest 

voltage of 18.8V and a peak to peak voltage of 7.2V (Fig 1g and 1k). However, kapton, PET and 

PE also showed decent response with the finger which generated highest output voltage of 8.6 V 

(Fig 1h), 7.6 V (Fig 1i) and 11.5V (Fig 1j) and peak to peak voltage of 13.4 V, 12.4 V and 16.7 

V (Fig 1g), respectively. According to the triboelectric series the PDMS has the higher electron 

affinity compared to kapton, PET or PE [81]. This higher affinity of electron leads towards 

higher triboelectric output due to the interaction with bare fingers. On the other hand, it was also 

observed that tapping motion with bare fingers produced compared to the fingers with NBR 

gloves (Fig 1g). The maximum open circuit voltage and peak to to peak voltage using the NBR-
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PDMS interaction was observed to be 8.8V and 13.4V respectively. Besides, the maximum peak 

to peak voltage for kapton, PET and PE was measured to be 8.6V, 7.3V and 9.2V respectively. 

The NBR has lower position compared to the human skin according to the triboelectric series. It 

has a charge affinity of +3nC/J which is quite low compared to the charge affinity of human 

skin(+30nC/J) [79]. Hence, it exhibits lower triboelectric effect than the human skin. The results 

of the primary testing clearly shows the prospect of using finger taping to generate electricity 

with kapton, PET, PE and PDMS. 

 

Figure 2: (a) Front view (inset: transparent PET films), (b) Back view (inset: Highly stretchable 

NBR films), and (c) Side view of the mobile attached TESTEC schematic. (d) Front part an, (e) 

back part of the optical view of the TESTGC. Fourier-transform infrared spectroscopy (FTIR) 

spectra of (f) PET film and (g) NBR film. 
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Triboelectricity based Stepping and Tapping Energy Case (TESTEC): Materials and 

Characterization  

 Touch electronic devices has become an integral part of everyday life of a big portion of 

World’s population. According to Dscout research firm, a touch phone is on average being 

touched about 2617 times by a person everyday [87]. To utilize the mechanical energy from 

touching motion a Triboelectricity based Stepping and Tapping Energy Case (TESTEC) was 

built based on the results of the primary testing discussed in the previous section. The front part 

of the TESTEC consists of a rectangular shape transparent PET film and a Copper electrode 

which attached with the PET film (Fig 2a). PET showed good triboelectric response during the 

interaction with hand and NBR discussed in the previous section. These cost effective 

thermoplastic have been widely used as touch screen protector due to its high strength, 

transparency and light weight as well as resistance to impact, shatter and scratch [88–90]. On the 

other hand, the back part includes a PET and NBR film separated by air gap with the help of a 

rectangular shaped spacer foam. A Copper film is attached with the PET film which works as an 

electrode. Figure 2b and 2c demonstrates the back and side view of the TESTEC respectively. 

NBR is a highly flexible and cost effective polymer [91,92]. It showed good triboelectric 

response while examining interaction between PET film and NBR gloves mentioned in the 

previous section. The front and back part of the TESTEC was designed to utilize mechanical 

energy directly from finger tapping and indirectly from foot stepping. 

 The characterization of the PET and NBR film was performed through Fourier 

Transformation Infrared (FTIR) Spectroscopy using Attenuated Total Reflection (ATR) 

technique. Figure 2d provides graphical demonstration of FTIR spectra of the PET film from 400 

to 4000 cm-1. The asymmetric sharp peak at 1095 cm-1 and the symmetric sharp peak at 1243 cm-
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1 are due to the C-O stretch of Este. Besides, the peak at 1394 cm-1 comes from the vibration of 

C-C from the phenyl ring. Also, the sharp peak at 719 cm-1 denotes C-H bending from the out of 

plane benzene group. Furthermore, the C=O stretch resulted a sharp peak at the wavelength of 

1714 cm-1 [93–96]. On the other hand, figure 2e shows the FTIR spectra of the NBR film. The 

peak at 2237 cm-1 confirms the presence of nitrile group (C≡N). Also, the peak at 966 cm-1 

corresponds the C-H stretch from Butadiene group. Besides, the peaks at 1440 cm-1 and 2923 

cm-1 attributes to the C-H stretch of NBR rubber [97,98].  
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Figure 3: Voltage observed for different load frequency on (a) front part (inset: Device during 

tapping on the front part) and (b) back part (inset: Device during stepping). Current observed for 

different load frequency on (c) front part and (d) Back part. Comparison of maximum peak to 

peak voltage and current observed for (e) front part and (f) back part with error bars (Standard 

deviation for 3 readings) 



20 
 

Output performance of TESTEC under variable frequency, air gap and fingertip 

combinations 

 The output characterization of TESTEC was performed under variable load frequency. 

The front part of the device was tapped with the index finger at 60 BPM (1Hz), 120 BPM (2Hz), 

180 BPM (3Hz) and 180 BPM (4Hz) frequencies keeping 3cm surface gap (Fig 3a inset). Also, 

the back part was tested by stepping at the same frequencies maintaining 5cm surface gap 

between the shoe sole and the floor while the device was set at the pocket (Fig 3b inset). The 

supplementary movie 1 and 2 demonstrates the tapping and stepping test of the TESTEC at 120 

BPM. The stepping motion results in movement of the thigh which vertically pushes the back 

part of the TESTEC and creating triboelectric effect. Figure 3a and 3b shows the open circuit 

voltage at output recorded at variable load frequency for the front and the back part of the 

TESTEC respectively. On the other hand, Figure 3c and 3d demonstrated the short circuit current 

at output for the same load condition. The maximum output voltage observed for the front part 

was 4.8, 6.6, 10.7 and 12.4 V (Fig 3a) for 60, 120, 180 and 240 BPM load frequencies 

respectively. Besides, the corresponding maximum output currents were 1.6, 3.2, 5.9 and 6.9 µA 

(fig 3b). The impact velocity increases parallelly with load frequency. As a result, the electrons 

in the external circuit gets shorter time to neutralize the triboelectric potential leading towards a 

larger flow of electron [4,99–101]. Hence, the increment in the frequency leads towards larger 

current. Correspondingly, the output voltage increased with the increase of current as voltage is a 

linear function of the current [100,101]. However, the back part showed higher output response 

due to the stepping motion. The maximum output voltage for the back part were recorded as 

10.6, 17.8, 38.4 and 50.8V whereas the currents were 2.08, 4.48, 6.88 and 7.76µA respectively. 

PET showed higher response with human skin compared to the NBR in the primary experiment 
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discussed above. However, the back part of the device involved higher surface area(54cm2) in 

the triboelectric action between the NBR and  PET  The finger tapping on the front part only 

involved the surface area about 6.67cm2 (index finger tip volar) [102]. The higher surface area 

resulted higher charge transfer between the surfaces leading towards higher triboelectric output 

of the back part [103,104]. But the front part showed higher output based on current density. 

Compared to the maximum current density of 0.14 µA/cm2 of the back part at 240 BPM, the 

front part exhibited a maximum current density of 1.03 µA/cm2. Figure 3e and 3f demonstrates a 

graphical representation of maximum peak to peak output voltage and current observed at 

variable load frequency for the front and back part respectively. The peak to peak current and 

voltage increased linearly for both parts with increasing frequency. However, the rate of this 

increase is lower for the peak to peak current of the back part which is promoted due to the 

higher resistivity of NBR compared to human skin [105,106]. 
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Figure 4: (a) Tapping and (b) Stepping Test at variable distance. (c) Observed voltage at variable 

distance for the front and back part. (d) Observed current at variable distance for the front and 

back part. (e) Observed maximum voltage at variable fingertip combination 
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 The output performance of the TESTEC was also tested for variable air gap between the 

operating surfaces. The test was performed at 120 BPM tapping and stepping frequency with a 

variable airgap from 1 to 5 cm for the front (Figure 4a) and back (Figure 4b) part respectively. 

As the airgap increased from 1cm to 5 cm, the voltage increased linearly from 2.2 to 14.2 V for 

the impact on the front side as well as from 5 to 17.8 V for the impact on the back side (Figure 

4c). As the airgap increases, the force due to the impact on the triboelectric surface also increases 

directly for the front side and indirectly for the back side. Since the frequency of tapping is kept 

constant, the velocity of the finger increases with increased airgap. So, the momentum increases 

with the increased velocity concluding towards higher force of impact. This magnified force 

leads to larger deformation of the contact surface of the triboelectric layers resulting higher 

surface area and higher output voltage [100,107,108]. The output current also increased linearly 

with increasing airgap. While the maximum output current was observed as 1.5 µA for the front 

part at 1cm airgap, the output current increased to 6.4 µA at 5 cm airgap. Likewise, The output 

current increased from 1.3 to 4.5 µA for the back part. As discussed before, the velocity of the 

finger increases due to the increased airgap with constant frequency of impact. So, The kinetic 

energy on the triboelectric layer increases with the increase of velocity which leads towards 

larger transfer of electrons through the triboelectric surfaces [100,107]. As a result, electrons 

from the electrodes flow at a higher rate to neutralize the larger transfer of electrons of the 

triboelectric surfaces which results higher output current in the output.  

 The output performance of TESTEC was further tested by tapping with multiple fingers. 

The front part of the device was tapped at 3 cm airgap and 120 BPM frequency using different 

combination of fingertip. The volar section of the index, middle and ring fingers of both hands 

were used for this test. Figure 4e demonstrates maximum peak to peak voltage obtained for 
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variable fingertip combination at the output. The maximum peak to peak voltage using the index 

fingertip was 9.4 V. As the middle finger was added with the index finger the peak to peak 

voltage increased to 12.3 V. The surface area of the contact triboelectrification increased from 

6.67 cm2 to 13.84 cm2 when the middle fingertip was added with the index finger [102].  The 

higher surface area of the combined index and middle fingertip promoted higher triboelectric 

output [104,109]. The highest peak to peak voltage was obtained for the combination of index, 

middle and ring fingertip of both hands (59.6 V). However, the output signal did not rise linearly 

due to the unequal surface area as well as variation of impact of the fingers. When the index 

finger of the left hand was added with the other three fingers (index, middle and ring fingers) of 

the right hand, the output signal increased exponentially as the index finger of the left hand 

created higher impact combining with the other three fingers of the right hand. 
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Figure 5: (a) Circuit diagram for rectifying the signals by TESTEC. Rectified voltage signal at 

120 BPM load frequency for (b) front part and (c) back part. (d) Schematic circuit diagram and 

(e) Optical view of circuit diagram for charging and discharging capacitors with TESTEC. 

Charging capacitors of variable capacitance for 60 seconds by applying load on the (f) front part 

and (g) the back part of the TESTEC. (h) Ability of the TESTEC to charge and capacitors for 

different load frequencies by applying load on the front part. (i) Average voltage and current 

measured at variable external resistance with front part of the TESTEC. (j) Average power 

measured by applying load on the front part of the TESTEC at different external resistances. (k) 
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Power measured by applying load on the front part of the TESTEC at different external 

resistances. (l) Average power measured by applying load on the back part of the TESTEC at 

different external resistance.  

Integration of The TESTEC with conventional electronic components 

 The output performance of the TESTEC was also tested with conventional electronic 

components. Firstly, the output response of TESTEC was studied by integrating with a full wave 

bridge rectifier. Figure 5a demonstrates the equivalent circuit diagram for converting the AC 

power signal to DC signal. Figure 5b and 5c shows the full wave rectified voltage signal 

obtained from tapping the front and back part of the device at 120BPM frequency and 5cm 

airgap respectively. The maximum output rectified open circuit voltage was recorded as 10.6 and 

14.8V for the front and back part respectively.  Point 1 and 2 from figure 5b shows the rectified 

output signal due to tapping and releasing on the front part respectively while the point 3 and 4 

from figure 5c shows it for step down (press) and step up (release) motion operating the back 

part. The output signal from releasing operation is quicker for the front part compared to the 

back part as the direct contact and release of the front part results quicker separation between 

contact surfaces compared to the indirect contact and release of the back part. 

 After examining the device with the full bridge rectifier, the device was examined with 

capacitor to test the prospect of storing energy from the tapping and stepping motion as well as 

providing constant bias voltage to power touch based electronic equipment [107,110]. Figure 5d 

and 5e demonstrates schematic and optical view of the equivalent circuit diagram where the 

device was integrated with a full bridge rectifier and a capacitor. Capacitors of 0.1, 0.3, 1, 3.3 

and 10 µF were used for the test at 5cm airgap. Figure 5f and 5g shows the open circuit voltage 

for charging the capacitors for 60 seconds at 210 BPM frequency using the front and back part of 
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the TESTEC respectively. The higher the capacitance of the capacitor, the lower the rate of 

charging. For instance, the output voltage observed for 0.1 µF was 7.7 V which was 3.6 V for 0.3 

µF capacitor after charging it for 60 s using the front part. Similarly, the discharge rate was 

higher for the 0.1 µF capacitor. It took 145 s for discharging the 0.1 µF capacitor completely 

where it took 302 s for the 0.3 µF capacitor (Figure 5h). In case of the back part, the output 

voltage with the capacitors of 0.1 and 0.3 µF was measured as 8.7 and 5.2 V respectively. The 

0.3 µF capacitor charges slower than the 0.1 µF capacitor due to the higher loss of charges in the 

capacitor [107,110,111]. In addition, the output voltage of the front part with the 1, 3.3 and 10 

µF capacitors were observed to be 0.78, 0.4 and 0.29 V respectively after charging the capacitors 

for 60s. Likewise, this output voltage was 0.38, 0.49 and 0.25 V for the back part. Furthermore, 

the effect of variable frequency was observed for charging and discharging the 0.1 µF capacitor 

with the front part of the TESTEC (Figure 5h). The rate of charging at 210 BPM was higher than 

150 BPM. As the number of contacts is larger in case of 210 BPM frequency, larger number of 

charges transfer from the finger to the PET film during charging operation. Hence, higher output 

voltage can be obtained which results higher rate of charging. However, the rate was observed to 

be lower for 210 BPM in case of discharging. Due to the accumulation of higher voltage during 

charging operation, it takes more time for discharging the capacitor at 210 BPM tapping 

frequency. The energy conversion efficiency was measured based on the output energy from the 

capacitor test. The input energy was ideally considered to be the initial potential energy from the 

finger and the foot in 5cm height. The maximum energy conversion for 0.3µF capacitor was 

calculated to be 57.4% for the front part and 4.46% for the back part. The direct impact on the 

PET layer from the finger resulted in higher efficiency of the front part of the device. On the 
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other hand, the back part was driven indirectly by the contact between the foot and the floor 

which resulted intermediate loss of energy and lower energy conversion efficiency. 

The output power, voltage and current of the TESTEC were also characterized with 

external loads from 104 to 108 Ω for both parts. With the increase of the resistance the output 

voltage rises while the output current decreases following the Ohm’s law (Fig 5i and 5l). 

Nevertheless, a sharper increment of the voltage can be observed from 0.25 and 0.5 MΩ 

resistance for front and back part correspondingly. This inverse tends of the output voltage and 

current leads towards the measurement of power at optimum resistance. Figure 5j and 5k shows 

Power measured for the front part and the back part respectively. The corresponding maximum 

power obtained from the TESTEC was 12.1 mW (3.78 mW/m2) at 0.46 MΩ for the front part 

and 33.56 mW (6.21 mW/m2) at 1.02 MΩ for the back part.  

 

Figure 6: (a) Circuit diagram for powering LED’s with TESTEC. (b) Switch off mode of the 

circuit. (c) Lighting 15 LEDs with the TESTEC. (d) Proposed Circuit diagram for charging 

electronics (mobile phone). 
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Powering smart electronics with TESTEC 

 In the previous sections, energy harvesting and storing capability of the TESTEC has 

been discussed at different conditions. For further application, we investigated the TESTEC for 

lighting commercial Light Emitting Diodes (LED). Figure 6a shows equivalent circuit diagram 

for lighting commercial LEDs with TESTEC. A series of LEDs were attached with a capacitor 

and a full bridge rectifier. The front part of the TESTEC was switched off and tapped at 120 

BPM frequency for 60 seconds (Figure 6b). After switching on the circuit, 15 commercial LEDs 

were lightened with the TESTEC (Figure 6c). The output of the LED test as well as the capacitor 

test magnify the prospect of the TESTEC for the application of powering smart electronic 

devices [24,61,86]. For instance, Most of the smart phone now a days are run by Li-ion batteries 

which usually operates between 1.5 to 4.2 V [112,113]. The tapping and stepping motion can be 

applied to partially charge these batteries. An equivalent simple circuit diagram is proposed at 

figure 6d to charge smart electronics with TESTEC. An IC 7805 can be used for regulating the 

voltage at 5 V [114]. Two capacitor C1 and C2 are used to remove AC ripples and maintain 

proper voltage supply at the output. Utilizing the tapping and stepping motion through TESTEC 

will reduce energy loss thus promoting sustainability. 
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Figure 7: (a) Ag nanoparticles over PET film. (b) SEM image of Ag sputtered PET film for the 

modified TESTEC. (c) Ultraviolet–visible (UV) Vis Spectra of PET film with and without Ag 

nanoparticles. (inset: Optical view of the Ag sputtered PET fim) (d) Rectified voltage signal by 

the modified TESTEC at 120 BPM load frequency. (e) Comparison between maximum rectified 

voltages obtained from standard and modified TESTEC. (f) Comparison between maximum 

rectified current obtained from standard and modified TESTEC. (g) Comparison between 

maximum rectified power obtained from standard and modified TESTEC. 
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Modification of TESTEC: Application of Ag Nanoparticle 

 To obtain performance from the TESTEC Ag nanoparticle were used on the PET film. A 

very thin layer(10nm) of Ag nanoparticles were sputtered on the PET film (Figure 7a). 

Application of Ag nanoparticles leads to higher contact surface in triboelectric operation 

compared to the plain surface [115]. Although Ag nanoparticles slightly effects the transparency 

of the PET layer, PET layer works as a base which holed the Ag layer. Besides, the mechanical 

properties of the PET can be sustained during the operation of TESTEC. Figure 7b shows the 

SEM image of the PET layer sputtered with Ag nanoparticles. The image provides a clear view 

of Ag nanoparticles on the PET film. The UV-Vis spectra was used for characterizing the optical 

properties of the Ag/PET film [116]. Figure 7c shows the UV-Vis spectra of Ag particle-

deposited PET film and commercial PET film. The maximum absorbance of the commercial 

PET film was observed at 266nm wavelength. However, the spectra deviated with higher 

absorbance for the Ag based PET film due to the presence of Ag nanoparticles[116–118]. The 

inset of figure 7c shows the optical view of the PET film, sputtered with Ag nanoparticles for the 

modified TESTEC. 

 The modified PET film was attached with the TESTEC for examining its triboelectric 

response and compared with the measured values of the plain PET surface as well. The modified 

TESTEC was tapped at 120 BPM with an airgap of 5cm. The results showed a higher 

triboelectric response due to the application of Ag nanoparticles. The maximum rectified voltage 

was observed to be 17.1 V (Figure 7d) which on the other hand was 10.6 V for the plain PET 

surface (Figure 7e). Also, the maximum output current and power were increased by 2 µA and 

68.1 mW for the modified TESTEC, respectively (Figure 7f and 7g). This enhanced surface area 

of the modified TESTEC resulted higher output response due to the higher charge transfer in the 
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surface. But, this enhancement was depleted as the triboelectric response was basically observed 

due to the interaction between Ag and skin which has less gap in triboelectric series compared 

PET and skin [79,83]. Modification of the TESTEC showed the prospect of scavenging more 

energy compared to the standard TESTEC. 
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Conclusion 

 

 In summary, we have designed a cost effective and adjustable energy case (TESTEC) 

with commercial PET and NBR films to harvest mechanical energy through triboelectric 

mechanism. It was designed to adjust with touch electronic devices and power them directly 

from tapping and stepping motion while using and carrying the electronic devices. The TESTEC 

successfully converted mechanical energy into electrical energy in which the output response by 

the device was increased linearly with increased frequency and airgap during tapping and 

stepping operation. The maximum output voltages of the front and back parts were measured as 

14.8 and 50.8 V, respectively. Also, the output voltage raised up to 59.1 V when the front part 

was tapped with 6 fingers altogether. Further development of the TESTEC can be conducted for 

increasing the output current. In addition, the TESTEC showed an excellent response when it 

was integrated with capacitors, resistors and bridge. Also, it was successfully applied for 

charging capacitors and driving commercial LEDs rectifier which amplifies its prospect in 

utilizing mechanical energy through electrical energy. Furthermore, the modification of the 

TESTEC with Ag nanoparticles resulted higher output response. The output power was increased 

by 68.1 mW due to the application of Ag nanoparticles on the TESTEC. In future, the TESTEC 

can be tested with other nanoparticles like Au, Si and Cu as well for further development. 

Besides, the front part can be investigated with materials like polyurethane, tempered glass and 

Polypropylene for better outputs. This device holds a lot of potential for utilizing recyclable 

plastics from the environment. It has the potential to reduce the necessity of charging smart 

electronic devices through usual procedures. Promoting the TESTEC in industrial level will also 

promote renewable energy and sustainable development. 
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CHAPTER III 

 

KNN BASED PIEZOELECTRIC/TRIBOELECTRIC LEAD-FREE HYBRID ENERGY FILMS 

FOR ENERGY HARVESTING AND SENSORY APPLICATION 

 

Objective 

 

In this work, a Potassium Sodium Niobate (KNN) nanocube based energy film (EF) has 

been developed for utilizing mechanical Energy through triboelectric and piezoelectric 

mechanism. The KNN particles were synthesized using wet ball milling technique incorporated 

into Polyvinylidene Difluoride (PVDF) matrix and along with Multi Wall Carbon Nanotube 

(MWCNT). The film was used to develop a Piezoelectric Nanogenerator (PENG) with Copper 

electrodes. The piezoelectric output of the film was further tested with Copper electrodes at 

variable tapping frequency (60 BPM to 240 BPM) and Pressure (10 PSI to 40 PSI). The open 

circuit voltage increased with the increase of both tapping frequency and pressure. The 

maximum piezoelectric output voltage was observed to be 35.3 V while the maximum current 

was noted as 15.8 µA. The films also showed unique output signals for different types of finger 

motions. The film was further utilized to build a Piezo-triboelectric hybrid nanogenerator to 

check its hybrid performance. The maximum output was observed to be 54.1 V and 29.4 µA in 
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this case. This film was integrated with conventional electronic component (bridge rectifiers, 

resistors and capacitors) and tested its ability to harvest energy. The hybrid nanogenerator can 

charge a 0.1µF capacitor to 9.4 V in 60s. Besides, the optimum output power for the device was 

measured as 0.164 W. The film was further attached with a Kapton film and showed a hybrid 

output of 113.2 V.  This experiment endorsed the potential of the KNN based energy film for 

multifunctional application like force, pressure and motion sensing as well as lead free energy 

harvesting.  
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Experimental Method 

 

KNN nanocube synthesis 

Potassium carbonate (K2CO3) (Sigma Aldrich), sodium carbonate (Na2CO3) (Sigma Aldrich) and 

niobium pentoxide (Nb2O5) (Sigma Aldrich) were taken based on stoichiometric calculation of 

the following reaction: 

K2CO3 + Na2CO3 + 2Nb2O5                                4(K0.5Na0.5)NbO3 + 2CO2
 

Before starting the process, the carbonates were dried at 200oC for 2h for their hygroscopic 

nature. Wet ball milling was performed with ethanol as a solvent and stainless-steel balls with a 

diameter of 0.25in at 1000RPM in a vortex mixture for 12h in a sealed round bottom Pyrex glass. 

After the milling, the mixture was dried at 1200C for 24h. Then the dried materials were calcined 

at 9000C for 6h to obtain the KNN nanocubes.  
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Preparation of the KNN/PVDF/MWCNT composite film 

 

 

Figure 8: Fabrication process of the Film 

 

PVDF pellets (Sigma Aldrich) and Multi Walled Carbon Nanotubes (MWCNT) were 

added in N, N-Dimethylformamide (DMF) (Sigma Aldrich) and the solution was stirred at 600C 

at 400RPM for 1h. Then the synthesized KNN nanocubes were added to the DMF solution and 

the solution was placed in the water bath for 30 min at 300C. After that, the solution was 
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continuously stirred for 24h at 400RPM and 600C. The mixture was then cast on the Cu electrode 

film and dried for 24h at 600C to generate the KNN/PVDF/MWCNT composite film. 

 

Preparation of the piezoelectric and piezoelectric-triboelectric hybrid nanogenerator (PTENG) 

Copper tape was added on the other side of the synthesized KNN/PVDF/MWCNT composite 

film to create a piezoelectric nanogenerator. The poling of the piezoelectric film was conducted 

at 800C for 2h. To create the piezoelectric-triboelectric hybrid nanogenerator (PTENG), 

polyurethane (PU) spacers were added between the copper tape and the top part of the 

synthesized composite film. This created an airgap which enabled triboelectric action to take 

place parallel to the piezoelectric action. A 2 in2 polylactic acid (PLA) layer was attached to the 

outer side of both electrodes to impart rigidity.  

 

FTIR Characterization 

The Fourier Transform Infrared Spectra of the PVDF film, KNN nanocubes, and the 

KNN/PVDF/MWCNT composite film were conducted using the VERTEX 70v FTIR 

Spectrometer (Bruker). 450cm-1 to 4500cm-1 was the range at which the transmittance was 

recorded for each sample. The resolution for the analysis was 4s-1. 

 

XRD characterization 

The XRD of the KNN was performed using the Rigaku Miniflex X-ray diffractometer. The 

output data was collected in the 2Θ range of 200 to 600 with a scanning step size of 0.0150. 
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SEM characterization 

Scanning Electron Microscopy of the samples were conducted with a JEOL 7800 F Field 

Emission Scanning Electron Microscope. 

 

Output Measurement 

The piezoelectric and hybrid output voltage signals were characterized using the Tektronix 

TDS1001B digital oscilloscope. The piezoelectric and hybrid devices’ signals were further 

characterized by the VersaSTAT3 potentiostat; this device was used to analyze the potential of 

the piezoelectric and hybrid film as an energy harvester. This was done so by connecting the film 

with bridge rectifiers and capacitors and then analyzing their signals with the potentiostat. The 

current was measured using a Stanford Research System SR570 current pre amplifier. 
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Result and Discussion 

 

Characterization of the Synthesized Nanocubes 

 

Figure 9: (a) X-ray Diffraction pattern of synthesized KNN powder. (b) Perovskite crystal 

structure of KNN (c) SEM image of KNN powder 

Figure 9a shows the XRD pattern of synthesized KNN. Sharp peaks can be observed 

from the pattern at (100), (110), (002), (200) and (211) from 20o to 60o angle. These peaks 
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clearly denote the formation of perovskite crystalline structure (Fig 9b) of the KNN particles 

[119,120]. No impurities can be observed from K, Na or NbO3 Besides, the sharp peaks of the 

pattern state the high crystalline quality of the KNN particles.  

The KNN particles were also characterized using a Scanning Electron Microscopy 

(SEM).  The results and the SEM image indicate that the KNN nano cubes of perovskite 

structure with orthorhombic phase have been synthesized. Diffraction peaks resulting from the 

impurities have been minimized with the high calcination temperature of 9000 C. The sharp 

peaks and the peak split around 2θ=450 attribute to the purity of the KNN [121]. In addition to 

that, no pyrochlore phases are also detected. The structures of the KNN particles were further 

studied through SEM. Fig 9c shows the SEM image of the synthesized KNN particles in 1µm 

scale. The dimension of these synthesized cubic particles varied from 80nm to 300nm. The SEM 

also attributes to the higher grain uniformity and morphology compared to the KNN 

nanoparticles that have been produced in lower calcination temperatures [122]. Lower particle 

size could have been achieved by reducing the calcination temperature but that would have been 

achieved at the cost of losing grain uniformity and morphology [121]. 
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Characterization of the KNN/PVDF/MWCNT based triboelectric and piezoelectric energy 

film  

 

Figure 10: (a) Optical view of the synthesized KNN/PVDF/MWCNT film. Implementation of 

the energy film as (b) a PENG (c) Hybrid PTENG. (d) SEM image of the surface of the energy 

film (e) FTIR spectroscopy of the energy film (f) α , β and γ crystalline phases of PVDF 
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 Figure 10a shows the optical image of the film composed of PVDF, KNN, and MWCNT. 

The EF can be used as PENG by attaching electrodes in both sides. The sandwiched EF along 

with the electrodes are shown in figure 10b. Copper has been used electrode in this experiment 

for their excellent conductivity and availability [123,124]. Additionally, a PTENG was 

synthesized with the EF (Figure 10c) by attaching the Cu electrode with on side of the film and 

attaching the other Cu electrode with a Polyurethane (PU) spacer of 1cm thickness. The whole 

PTENG structure is reinforced with the PLA layer added on top of the electrodes on both sides. 

The surface morphology of the EF was studied with SEM. The SEM image of the film 

(Figure 10d) shows the uniformity of the film; It can be clearly seen in this image that the KNN 

and MWCNT has dispersed throughout the PVDF film making it uniform. Also, we do not see 

any KNN nanocubes on the surface of the film; this attributes to a better insertion of the KNN 

nanoparticles in the PVDF polymer matrix. Some black spots can be seen throughout the film, 

these represent the MWCNT.  

Figure 10e shows the FTIR spectra for the pure PVDF film that we synthesized without 

adding KNN and MWCT, the KNN nanocubes, and the PVDF/KNN/MWCNT composite film. 

The sharp peaks observed at 881cm-1 and 1401cm-1 are due to the vibration of  C-F stretching 

and C-H bending of PVDF [125,126]. The peaks around 1180cm-1 of the PVDF in the EF film  

indicates the presence of  both β and γ crystalline phases at high intensity [127]. Besides,, the 

peaks at 510cm-1 , 840cm-1 and 1070cm-1 strongly corresponds to the presence of β phase 

[35,126,128]. Then we shift our focus on the peaks at 1232 cm-1 and 489 cm-1. These peaks are 

exclusive for the indication of γ phase development [127,129]. It seems from the FTIR spectra 

that the sample is dominant on β phase with some hints of γ phase. The presence of β phase in 

the film is very significant for the piezoelectric effect [35].  The γ phase provides some stability 
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to the film as γ phase is more stable higher melting temperature that this enables the γ phase to 

stem the diminution of polarization over time [129,130]. The orientation in α , β and γ crystalline 

phases of PVDF are demonstrated in figure 10f.  For the KNN, we see an emergence of a broad 

peak right under the wave number 1000 cm-1; peaks on that region are characteristic vibration of 

the Nb-O octahedron which indicates the formation of a perovskite structure [131–134]. Finally, 

the peak of the composite film shows a superimposition of the peaks discussed above. 

Piezoelectric Performance of the EF 

 

Figure 11: (a) Mechanism of the EF attached PENG i. Press stage ii. Release Stage (b) Output 

Voltage and (c) Current observed by tapping the EF attached PENG at 60 BPM, 120 BPM, 180 

BPM and 240 BPM load frequency (d) Maximum peak to peak voltage and current observed for 

tapping the EF attached PENG at variable load frequencies.  
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 The piezoelectric response of the EF was measured by applying external load on the EF 

attached PENG. Figure 11a demonstrates the working mechanism of the EF attached PENG 

under external pressure. When external vertical force is applied (Figure 11a-i) the crystal 

structure of KNN and PVDF gets interrupted. It results in orientation of electric dipole in the 

crystal structure. The orientation occurs in a direction which is known as stress induced poling 

effect [135,136]. An overall voltage difference emerges between two electrodes due to this 

orientation of dipoles. Positive voltage develops at the upper electrode due to attachment of the 

electrode with positive portion of the dipole. Electron moves from the upper electrode to the 

bottom electrode resulting a positive voltage signal in the output [48,137]. When the pressure is 

released from the PENG, the piezoelectric potential gets removed. As a result, electron moves 

from the bottom electrode to the upper, resulting a negative signal in the output [135,138]. The 

intensity of the positive peak was higher compared to the negative peak as the positive peak 

occurred due to the applied stress from the external source while the negative peak caused due to 

the resilience of the film by itself [139]. 

 The output performance of the EF attached PENG was tested at 60 BPM (1 Hz), 120 

BPM (2 Hz), 180 BPM (3 Hz) and 240 BPM (4 Hz) tapping frequency keeping 1 cm distance 

between the finger and the upper surface. Tapping acts as an external pressure on the device 

which results voltage and current signal in the output. Figure 11b and 11c demonstrates the 

output open circuit voltage and short circuit current by the EF attached PENG at variable load 

frequencies. Both the voltage and the current increases with increasing frequency. The maximum 

output voltage and current was observed to be 35.3 V and 15.8 µA for 240 BPM load frequency. 

Additionally, the maximum voltage for 60 BPM, 120 BPM and 180 BPM was observed to be 5 
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V, 13.7 V and 25.5 V. On the other hand, the maximum output current was recorded as 2.9 µA, 

5.3 µA and 10.8 µA for the respective frequencies. With the increase of the load frequency the 

impact acceleration as well as the force applied on the PENG increases. This results in higher 

strain in the film which contributes to higher piezoelectric potential [140]. Also, the electrons 

have less time to neutralize the piezoelectric potential due to the increase of tapping frequency. 

Therefore, more charge accumulation occurs at the electrodes resulting higher electron flow and 

output current  [141].  Figure 11d shows the maximum peak to peak output voltage and current 

by the PENG for a tapping frequency from 30 to 240 BPM. The maximum peak to peak voltage 

and current was noted to be 40.9 V and 21.6 µA respectively. The output signal increased at a 

lower rate for first 90 BPM lead frequency which increased linearly at a higher rate afterwards. 

Also, voltage increases at a higher slope compared to the current. This denotes the increasing 

resistance of the system with increase of load frequencies. Since the resistance of the conductor 

and electrode is a function of the mechanical dimension, the resistance changes with external 

force that increases with loading frequencies [142,143]. 
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Figure 12: Maximum output voltage observed with the variable percentage of KNN in the EF by 

weight (Error bar for 95% Confidence Interval) 

 

 The Piezoelectric performance of the EF was also observed for variable percentage of 

KNN in the EF by weight. The EFs including 3% to 7% of KNN were used for this test. The EFs 

were tapped at 60 BPM load frequency with 1cm gap. Figure 12 shows the output voltage of EF 

with the increase of KNN in the EF. The maximum output voltage increased from 2.3 V to 5.24 

V with the increase of KNN from 3% to 5%. However, the output decreased 3.04 V with further 

increase of KNN up to 7%. KNN act as a piezoelectric filler in the film. Increasing the 
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percentage of KNN in the film significantly effects the output. But,  5% of KNN in the EF, KNN 

contributes in restricting the nucleation of β crystallinity of the polymer and increases the chance 

of creating defects in the PVDF [144]. As a result, the output voltage decreased with the increase 

of KNN in the EF after 5 percent. 

Performance of the EF as a pressure, force and finger motion sensor 

 

Figure 13: (a) Output piezoelectric voltage signal from the energy film at variable pressure of the 

pneumatic piston. (b) Maximum voltage observed at variable pressure (Error bars for 95% 

Confidence Interval of the mean) (c) Output piezoelectric voltage signal from the energy film 

different finger motion i. one side tapping ii. Two side taping iii. Fist closing and opening iv. 

backward movement of finger v. finger pressing without pulling the finger up vi. Free end 

tapping.  
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 The response of the EF attached PENG was further tested for variable pressure. The test 

was performed at 75 BPM loading frequency with a pneumatic piston of 2cm diameter. The 

applied pressure varied from 10 PSI to 40 PSI. Supplementary Movie 1 shows the application of 

external load on the EF attached PENG with the pneumatic piston. The output voltage signals are 

demonstrated on figure 13a which clearly shows identical values of the output signal for certain 

pressure on the device. The maximum output voltage was observed to be 20.6V for 40 PSI 

Pneumatic pressure Figure 13b the resultant average value of the output voltage by the EF from 

10 PSI to 40 PSI with 5 PSI interval. The error bars were considered for 95% Confidence 

Interval of the mean. The output voltage clearly increased as a non-linear function of the 

pressure. With the increase of the Pneumatic pressure the force on the EF also increases. The 

force value can be found by multiplying the pressure with the cross-sectional area of the piston.  

This increasing force results in the increase of compressive stress of the EF. Consequently, the 

strain of the EF increases which contributes to the higher piezoelectric voltage in the output. This 

identical increase of the output voltage with the pressure clearly supports the possible application 

of the EF as a pressure as well as force sensor.  

 Figure 4c shows the output signal by the EF under different finger motion. The device 

was directed towards different finger motions at 120 BPM. The strength and intensity of the 

touch and the vibration and direction of the motions helps the EF to distinguish between different 

finger motion [145–148]. This ability promotes its motion sensing operation. Figure 13c-i and 

13c-ii demonstrates the output signal for tapping the EF attached from upper and both sides 

respectively. The maximum output voltage was observed for the two-side tapping was 9.3 V 

while it was 4.4 V for the single side tapping. The output voltage doubled due to the application 

of force from two sides. Besides, after the application of the stress, the relaxation of the films 
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occurs from both sides. As a result, the negative voltage was observed to be higher and sharper 

for the two-side tapping. In figure 13c-iii the signal represents the output signal from the EF in 

closes fist-open fist operation while keeping the device in the fist. The signal can be seen as 

identical with the signal related to two side tapping since the device was directed to force from 

both sides. The output voltage can be high as 10 V for this case. Next the PENG was attached in 

the back of the index finger and the finger was moved freely to backside at 120 BPM frequency. 

As the finger was attached with the lower electrode of the PENG, force was exerted on the lower 

electrode. This free movement to the back resulted a bending motion of the device. Negative 

voltage generates with every free movement of finger, which however, generates positive signal 

whenever the finger moves towards its initial position. The maximum output voltage was 

observed to be 4.2 V in this test. The signals are observed to be more vibrating compared to the 

double or single side tapping motions. Due to the free end of the motion, additional vibration can 

be observed through the signal during every cycle of the free movement [148,149]. The EF was 

also tested under continuous thumb press at 120 BPM without any distance of impact (Fig 13c-

v). A single peak can observe for every press on the PENG. The maximum voltage of this 

continuous ‘w’ shaped response was 0.8 V. The zero distance of impact resulted in less force on 

the PENG which resulted low voltage in the output. Figure 4c-vi demonstrates the output 

response of the EF attached PENG under free end tapping. This can be more defined as a 

cantilever operation through the PENG. While tapping the film at free end, more vibration occurs 

in film due to cantilever action. This results in additional vibrations in the output response 

[149,150]. It can be clearly stated from the above discussion the EF shows identical response and 

intensity when directed to different finger motions. Therefore, it can be a potential sensor to 

detect biomechanical and finger motions. Different types biomechanical motions can be utilized 
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to power small electronic devices through this device. This can reduce the cost as well as 

complexity of the current devices. This also promotes its implementations in the wearable 

devices for sensory applications. 
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Output performance of EF attached Piezoelectric-Triboelectric Hybrid Nanogenerator 

 

Figure 14: Working mechanism of the EF attached PTENG (a) EF attached hybrid PTENG at 

initial stage (b) EF attached PTENG in full contact due to external load (c) Approaching stage: 

Upper electrode of the EF attached PTENG starts approaching towards the EF due to the 

repetition of the external force (d) Pressing Stage: EF attached PTENG under fully pressed 
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condition (e) Releasing Stage: Pressure release from the EF attached PTENG due to the removal 

of external load (f) Separation Stage: Separation of the EF from the upper electrode as the 

electrode moves towards its initial position (g) Optical view of the EF attached PTENG  (h) 

Output voltage response of the EF attached PTENG at 240 BPM tapping  frequency (i) 

Comparison of the maximum peak to peak voltage between the EF attached PENG and PTENG 

at 60BPM, 120BPM, 180BPM and 240BPM tapping frequency (j) Output current response of the 

EF attached PTENG at 240 BPM tapping  frequency (k) Comparison of the maximum peak to 

peak current between the EF attached PENG and PTENG at 60BPM, 120BPM, 180BPM and 

240BPM tapping frequency 

Figure 14a to 14g demonstrates the triboelectric working mechanism of the EF attached 

PTENG. The triboelectric function of the device occurs due to contact triboelectrification and 

electrostatic induction [15,104,151] The charge neutral initial stage of the device with full airgap 

is shown at figure 14a. With the application of external force on the device the upper layer of Cu 

moves towards the EF. The Cu layer gets in full contact with the EF (Fig 14b). Due to the lower 

position of PVDF in the triboelectric series compared to Cu, electrons transfer to the PVDF 

surface from Cu surface which is defined as contact triboelectrification [4,152,153]. The upper 

electrode moves backs to its initial position. The PTENG circle starts operating after the upper 

electrode of the device starts approaching towards the EF after contact triboelectrification (Fig 

14c). While the upper electrode is moving towards the EF, an electron flow occurs from the 

upper electrode towards the lower one due to the potential difference between two electrodes as a 

result of electrostatic induction. The upper electrode then comes in full contact with the EF 

again. The upper electrode is positively charged at this stage to counterbalance the negatively 

charged EF film. At this stage, the EF goes under full pressure due to the external load (Fig 14d). 
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The Piezoelectric dipoles are created at this pressing stage which has been discussed in the 

previous sections. Electron moves from upper electrode to the lower electrode due to the 

piezoelectric voltage. The device shows maximum positive voltage in the output at this position. 

At the next stage, the external load is withdrawn from the device. As a result, the piezoelectric 

potential is removed from the device that leads towards flow of electron from the bottom 

electrode to the upper electrode (Fig 14e). The output voltage starts decreasing at this point. 

Eventually, The Cu layer starts to move back towards its initial position due to this release of the 

external force (Fig 14f). To neutralize electrostatic voltage between two electrodes, electron from 

the bottom electrode moves towards the positively charged upper electrode. The whole cycle 

results in an Alternative Current (AC) in the output which continues with the application of 

external force. An optical view of the PTENG is demonstrated at figure 14g. 

The hybrid response by the EF attached PTENG at 240 BPM is demonstrated at figure 

14h. The air gap between the finger and the device was set as 1cm. The maximum output and 

peak to peak voltage of the device was noted as 54.1 V and 69.4V respectively. The maximum 

peak to peak voltage of the hybrid PTENG was compared with maximum peak to peak voltage 

by the PENG at figure 14i. The maximum output voltage for the PTENG was 18.6 V, 27.7 V and 

35.2 V for the PTENG at 60 BPM, 120 BPM and 180 BPM load frequencies which came as 5 V, 

13.7 V and 25.5 V for the PENG. The maximum voltage of the PTENG was higher compared to 

the PENG alone.  The combined effect of triboelectricity and piezoelectricity resulted in 18.8 V 

higher output open circuit voltage compared to the piezoelectric voltage alone at 240 BPM. This 

difference increased clearly with increased load frequency. Also, the short circuit current showed 

the similar trend for the increasing load frequencies. Figure 14j shows the output current by the 

EF attached PTENG for 240 BPM load frequency. The maximum short circuit current was 



55 
 

observed to be 29.4µA. The maximum peak to peak current by the EF attached PTENG was also 

compared with the output current response by the PENG at figure 14k. The output current for the 

PTENG increased from 8.9 µA to 29.1 µA with the increase of load frequencies from 60 BPM to 

240 BPM. The device is struck at higher kinetic energy with higher loading frequency due to the 

increase of higher loading frequencies. This higher kinetic energy contributes in the flow of 

electron [151]. Besides, the electrons flows at a shorter time to neutralize charge accumulation 

which results in higher output current [154].  The voltage also increases with the increasing 

loading frequencies as a linear function of current. [100,101]. The higher triboelectric output 

with higher frequencies significantly contributes in the increase of output for the PTENG at a 

higher rate compared to the output by the PENG.  
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Figure 15: Rectified voltage signal by EF attached hybrid PTENG at 120 BPM loading 

frequency. 

The performance of the EF attached was further tested with conventional electronic 

components. First, it was tested with a full wave bridge rectifier at 120 BPM and loading voltage 

and 1cm finger to device distance. Figure 15 shows the rectified output signal by the PTENG. 

The signal by the PTENG was completely rectified by the bridge rectifier. Point 1 and 2 

indicates towards the signal regarding pressing the releasing the EF attached PTENG 

respectively after the rectifying operation. The maximum voltage after rectifying the voltage was 

noted as 18.4 V.  
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Figure 16: (a) Electrical circuit used for charging the Capacitors for EF attached PTENG (b) 

Charging capacitors for 30s with EF attached PTENG through finger tapping (c) Observed 

accumulated charge during charging the 0.1µF and 1µF capacitors by tapping the EF attached 

PTENG. (d) Charging and Discharging of 0.1µF capacitors with  EF attached PTENG (e) 

Average Voltage and Current measured with variable external resistance with EF attached 

PTENG (f) Average Power measured with variable external resistance with EF attached PTENG 

 

In another experiment the EF attached PTENG was capacitors for analyzing its capability 

to harvest and store energy from mechanical motions and provide constant biased voltage for 

powering electronic devices [107,110]. The circuitry system used for the test is exhibited at 

figure 16a. The device was connected with a full wave bridge rectifier followed by a parallel 

connection with a capacitor. The VersaStat3 was basically used to this test. Figure 16b shows the 
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output by the PTENG while charging 0.1µF and 1µF capacitors at 120 BPM and 180 BPM 

loading frequencies for 30s. The maximum voltage after charging the 0.1 µF and 1 µF capacitors 

at 120 BPM loading frequency was 2.5 V and 1.6 V respectively. Higher capacitor leads towards 

higher loss of charges in the capacitor [28,111,155,156]. Therefore, higher voltage was observed 

for 0.1 µF capacitor. Besides, the 0.1µF charged at a higher rate at 180 BPM compared to 120 

BPM frequency. The maximum voltage after 30s for 180 BPM loading was observed to be 4.9 

V. The larger number of contacts between the surface due to the higher frequency of loading 

leads towards higher transfer of charges.  As a result, higher output voltage as well as higher rate 

of charging can be observed[151,156]. In addition, the accumulated number of charges at the 

output during the test was observed for 0.1µF and 1µF capacitors (Fig 16c). The charge 

accumulation in the output increased linearly with time. The number of accumulated charges in 

the output for 0.1 µF and 1 µF capacitors at 120 BPM was 3.2 µC and 2.8 µC respectively. The 

higher loss of charge in 1 µF capacitor leads toward lower accumulation of charge in the output. 

Subsequently, the 0.1 µF capacitor used for a charging-discharging test with the PTENG (Fig 

16d). It was frequently tapped for 60s at 180 BPM. It reached up to 9.8V after 60s (180 cycles). 

The load was released afterwards. The device took about 80s to discharge. The charging of the 

device fully depends on the tapping force and frequency , however the discharge of the capacitor 

occurs at a constant rate as there is no external force during discharge [156]. The above results 

clearly indicate the application of the EF attached PTENG for self-charging operations of 

electronic devices.  

The PTENG was further characterized with external resistance from 104 to 108 Ω. The 

output voltage and current for variable external load is presented at figure 16e. Following the 

Ohm’s law ( V = IR ) the voltage increases and the current decreases with the increase of 
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resistance. The voltage and current incidents at 2.2 MΩ, which can be defined as the optimum 

point. The power is expected to maximize at this optimum resistance [157,158]. Figure 16f 

shows the measured output power for variable external load. The maximum power measured was 

164.74 mW at 2.2 MΩ (Optimum point) external resistance. 
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EF and Kapton based PTENG 

 

Figure 17: (a) Schematic of the Nanogenerator with the Cu, Kapton and Energy Film (b) Output 

voltage of the EF attached Kapton based PTENG at 180 BPM (c) Extended view of the output 

voltage of the PTENG from 12.4s to 13s (d) Schematic of the Nanogenerator with Cu and 

Kapton € Output voltage of the TENG without EF at 180 BPM (f) Extended view of the output 

voltage of the PTENG from 12s to 12.6s (g)  Electrical circuit used for powering LEDs (h) 

Lighting LEDs with the EF attached Kapton based PTENG 
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 The EF was further attached with Kapton to fabricate a PTENG for higher output. Kapton 

is highly known for its triboelectric properties [159,160]  The Kapton layer is set over the EF 

layer along with the Cu electrodes (Fig 17a). The device was tapped at 180 BPM frequency. The 

output shows a maximum voltage of 113.2 V (Figure 17b). An extended view of the voltage 

signals is demonstrated at figure 17c. A Kapton based Triboelectric Nanogenerator (TENG) was 

also constructed for comparison purpose (Fig 17d). The Kapton based TENG exhibited a 

maximum 78.4 V for the same experimental condition. The figure 17e shows the output signal 

for Kapton based TENG. The extended view of the output signal by the TENG was presented at 

figure 17f. It can be clearly stated that the EF is compatible with a Kapton layer to fabricate a 

PTENG. More importantly, the PTENG shows higher output compared to Kapton based TENG 

due to the combination of piezoelectricity and triboelectricity from the EF and Kapton 

respectively. 

 The EF/Kapton based PTENG was further utilized to test with Light Emitting Diodes 

(LED). An equivalent circuitry diagram has been demonstrated on figure 17g. The circuit 

included a bridge rectifier, capacitors and a switch. The LEDs were connected in series. The 

circuit was switched on after tapping the device for 60s at 120 BPM. 30 LEDs were successfully 

lightening after switching on the circuit (Figure 17h). It is evident from the experiment that the 

EF has a huge prospective component to power small electronic devices. Also, the mechanical 

energy harvesting capability and sensory characteristics of the piezoelectric and triboelectric EF 

magnifies its application in self-powered sensory devices. Proper application of the EF will 

promote the goal of led free energy harvesting and lead towards sustainable development. 
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Conclusion 

 

 In Summary, KNN nanocube was synthesized using ball milling method to fabricate a 

Piezoelectric and triboelectric hybrid energy film along with PVDF and MWCNT. The EF 

provided a maximum piezoelectric voltage and current of 35.3 V and 15.8 µA respectively. The 

film was observed to be sensitive for variable pressure and force. Besides, the energy film was 

sensitive to various finger motion. The results promote the application of this energy film as a 

pressure, force and motion sensor. The film also showed higher output voltage with the increase 

of the percentage of KNN up to 5% by weight. The film was successfully utilized as 

piezoelectric/triboelectric hybrid nanogenerator for higher output voltage. The maximum voltage 

and current during the hybridization were noted as 54.1V and 29.4 µA. The output voltage was 

observed to be 28.8 V higher compared to the previous studies regarding KNN and PVDF due to 

the utilization of both triboelectricity and piezoelectricity.  Furthermore, the energy film was 

successfully integrated with bridge rectifiers, capacitors and LEDs. The energy film showed the 

capability of charging capacitors of 0.1µF and 1µF. The optimum power for the film was 

measured to be 164.74 mW with 2.2MΩ load resistance. Additionally, the attachment of Kapton 

with the energy film showed a high voltage of 113.2 V. 30 LEDs were lightened with this 

modified device. Overall, this film is a potential medium for lead free mechanical energy 

harvesting in a sustainable way. 
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