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Abstract—Harnessing the potential of readily available 

and environmentally friendly mechanical forces, flexible 

piezoelectric nanogenerators (FPNGs) made from 

lightweight polymers and carbon naotubes have 

emerged as key tools for powering modern electronics 

and monitoring health. In this context, we synthesized 

Lithium tantalate (LiTaO3), a ferroelectric material, for 

use in an FPNG. This device effectively converts these 

energy sources into electrical power, utilizing a blend of 

polyvinylidene fluoride (PVDF), multi-walled carbon 

nanotubes (MWCNT), and LiTaO3 nanoparticles. The 

process entailed incorporating LiTaO3 nanoparticles 

into a composite film of PVDF and MWCNT, which was 

then sandwiched between copper electrodes to complete 

the FPNG assembly. Extensive experimentation was 

conducted to optimize the concentration of LiTaO3, 

aiming to enhance the electrical output of the FPNG. 

Our optimized configuration of LiTaO3 and MWCNT in 

the FPNG yielded consistent open-circuit voltages of 

about 3.4V and short-circuit currents of approximately 

181nA. The FPNG proved effective in capturing various 

forms of biomechanical energies and demonstrated 

promising potential for self-powered detection of force 

and motion.  
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I. INTRODUCTION

The property that allows certain materials to convert 

mechanical energy into electrical energy is known as 

piezoelectricity [1]. Piezoelectric nanogenerators 

(PENGs) provide an effective way to convert mechanical 

energy generated by external pressure into electrical 

energy [2]. Operating independently without an external 

power source like a battery or energy storage, a 

piezoelectric nanogenerator utilizes environmental 

pressure or vibrations, making it a distinct device [3]. The 

nanogenerator produces electrical energy by capturing 

mechanical energy, such as from finger taps or bending 

the device's surface [3]. 

Pierre and Jacques Curie conducted experiments in 1880 

that examined how pressure influenced the electrical 

properties of crystals. Their research showed that certain 

crystals, like quartz and tourmaline, emitted electric 

charges on their surfaces when subjected to mechanical 

stress. This crucial finding demonstrated the ability to 

convert mechanical strain into electrical energy [4].  

Later, the Curie brothers explored the properties of 

piezoelectric materials more deeply and formulated 

mathematical principles to explain the piezoelectric 

phenomenon. They introduced the concept of the direct 

piezoelectric effect, where mechanical stress directly 

results in the generation of an electric charge. 

Additionally, they discovered the converse piezoelectric 
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effect, in which applying an electric field to a material 

causes it to undergo mechanical deformation [4] [5] [6].  

Later, the Curie brothers produced significant publications 

that outlined their discoveries and predictions in the field 

of piezoelectricity. Despite their influential work, their 

research was short-lived, causing a temporary halt in 

further piezoelectric studies. It wasn't until World War I 

that the practical applications of piezoelectricity emerged 

when Ernest Rutherford and Paul Langevin invented a 

device using acoustic waves in seawater to detect 

submarines, which led to the development of sonar [7] [8]. 

Later, in 1919, a researcher introduced the 

groundbreaking concept of using an amplifier with a 

crystal in a crystal oscillator control to achieve a specific 

frequency. This innovation was later applied during 

World War II to enable communication between airplanes 

and tanks [9]. From 1940 to 1970, researchers discovered 

the ferroelectric dipole properties of Rochelle salt, 

BaTiO3, and LiNbO3, which exhibited similarities to those 

of quartz crystal. [9]. In 2006, Dr. Z. L. Wang successfully 

created the first nanogenerator using zinc oxide [10] [11]. 

Following this, there was a significant increase in research 

papers focusing on the field of piezoelectricity [8].  

Over the course of history, technology has evolved 

dramatically, progressing from the basic tools and 

techniques employed by early humans millions of years 

ago, such as utilizing fire for light and crafting tools and 

weapons from stones, to the sophisticated technologies 

that are commonplace today [12]. Our ancestors first used 

fire for illumination and rocks as tools and weapons, but 

throughout time they developed increasingly 

sophisticated technology, such as gunpowder, compasses, 

steamboats, and clocks [13]. The globe first experienced 

electricity in 1879 [13]. Instead of using lamps and 

candles, many individuals now have access to electricity. 

Steam engines, railways, cameras, telegraphs, and 

telephones were developed later. Significant 

technological advancements were made throughout the 

1900s, including the development of radios, airplanes, 

televisions, computers, and the internet [13]. Later, these 

advancements paved the way for remarkable progress. 

Artificial intelligence, since the year 2000, has become an 

essential tool in the modern era and is now deeply 

integrated into our daily routines [13].  

Over the centuries, technological advancements have led 

to some adverse effects that have impacted life on Earth. 

Notably, pollution has become a major concern, especially 

since the onset of the Industrial Revolution a few centuries 

ago [14]. As a result, contemporary society is actively 

searching for sustainable energy sources that do not 

damage the planet. In response, scientists have created 

technologies that utilize renewable energy sources like 

solar power. These advanced solar panels absorb energy 

from the sun’s rays and transform it into electricity. Wind 

power is another form of renewable energy, where 

turbines are used to capture and convert the energy of the 

wind [15] [16]. 

Later, wind turbines harness the power of the wind to 

rotate their blades, converting this mechanical energy into 

electricity. To accommodate the increasing demand for 

renewable energy in future technologies, researchers are 

diligently exploring additional methods to generate more 

renewable energy [15] [16].  

At the end, researchers have found various ways to extract 

energy from the human body through electrical, thermal, 

chemical, and mechanical methods. A highlighted 

development in a recent study is a thermoelectric 

generator designed to harness energy from the body’s 

varying temperatures. This innovative device can be worn 

like a bracelet around the wrist and is capable of powering 

a wristwatch or other similar devices  [17] [18] [19].  

Creating a piezoelectric nanogenerator involves utilizing 

various piezoelectric substances, including 

nanocomposites, nanofillers, and the polymer 

polyvinylidene fluoride (PVDF). PVDF is a 

semicrystalline polymer composed of repeating CH2 – 

CF2 units. One of the advantages of PVDF film is its 

flexibility, allowing it to experience stress or pressure on 

its surface. In some cases, PVDF is combined with 

nanofillers like Fe3O4, which possesses excellent 

dielectric properties and magnetic behavior[20] [21] [22]. 

Another notable nanofiller, BiVO4, is known for its 

favorable dielectric properties, particularly in the β-phase 

[22] [23]. Like the nanofillers, LiTaO3 and MWCNT also

enhances the dielectric properties and works well with

PVDF [24] [25] [26].

Several research groups have demonstrated their

piezoelectric samples using different materials. In one

published study, researchers utilized NaNbO3 and reduced

graphene oxide (RGO) to synthesize three distinct PVDF

samples. The first sample consisted of PVDF and RGO,

the second sample incorporated PVDF and NaNbO3, and

the third sample was synthesized using PVDF, RGO, and

NaNbO3 [22]. The findings revealed that the β-phase was

consistent across all the samples, although the voltage

outputs varied among them [22]. In another research

paper, a group described the synthesis of Fe3O4 using iron

(III) acetylacetonate and oleic acid [27].

The team mixed synthesized iron oxide with PVDF to

form PVDF/iron oxide. Applying a consistent force with

the tip of a small metal piece, the sample produced a

voltage of 35 MV/m [27]. Polyethylene glycol (PEG) is

composed of numerous small particles bonded by OH

groups, which enables it to cover a larger surface area [8].

Furthermore, adding PEG to PVDF enhanced the negative

charge output. Research indicates that ytterbium (III) salt

has self-polarization capabilities which enhance the strong

ferroelectric properties of the PVDF film [28].

To improve the electrical output of a nanogenerator under

stress, various nanofillers like PEG, carbon-black, and

carbon nanotubes are employed. Specifically, carbon-

International Journal of Engineering Research & Technology (IJERT)

ISSN: 2278-0181http://www.ijert.org

IJERTV13IS060068
(This work is licensed under a Creative Commons Attribution 4.0 International License.)

Published by :

Vol. 13 Issue 06, June - 2024

www.ijert.org
www.ijert.org


black is adept at conducting electricity over extended 

distances, although its effectiveness is limited to the γ-

phase [29] [30] [31]. Carbon nanotubes exhibit excellent 

dielectric properties, although they pose challenges in 

handling compared to other nanocomposites [32]. The 

objective of the current experiment is to develop an 

optimized nanogenerator that complements the self-

polarization of PVDF, thereby enhancing the dipoles and 

generating a higher electrical charge. To achieve this, the 

nanogenerator must attain the β-phase, which is 

recognized for its pronounced polarization and unique zig-

zag structure among the five crystalline phases (α, β, γ, δ, 

ε) [33] [34] [35]. The nanofiller is used to create a 

structured and crystalline β-phase, which stabilizes the 

piezoelectric properties of PVDF [22].  

In this study, we produced Li2CO3 nanoparticles using a 

solid-state synthesis approach. These nanoparticles, along 

with MWCNT, were then integrated into a PVDF polymer 

matrix to develop a flexible composite film with 

piezoelectric features. To assemble a flexible piezoelectric 

nanogenerator (PENG), we attached copper tapes to both 

sides of the film and connected copper wires as 

extensions. The PENG was tested under various load 

frequencies, achieving a peak open circuit voltage of 4V 

at 50 psi and a maximum short circuit current of 180µA at 

240 BPM. The device also successfully charged a 0.1µF 

capacitor up to 2.4V and was effectively integrated with 

standard electronic components. Overall, this device 

demonstrates significant potential for advancements in 

piezoelectric energy conversion and autonomous 

detection technologies. 

II. EXPERIMENTAL PROCEDURE

A. Preparation of LiTaO3 Nanoparticles

To synthesize LiTaO3 nanoparticles (Figures 1a and 1b),

we employed a standard solid-state synthesis technique

using commercially sourced Li2CO3 and Ta2O5 as

precursor materials, with no additional purification

required. Specifically, we combined 0.7389g (10mM) of

Li2CO3 and 4.41893g (10mM) of Ta2O5, grinding them

together in an agate mortar until a uniform mixture was

achieved. This mixture was then transferred to a crucible

and subjected to a two-step calcination process in a muffle

furnace: initially heated to 500 °C for 4 hours, followed

by a rise to 1050 °C for 5 hours. Post-calcination, the

resulting LiTaO3 nanoparticles were purified through

multiple washes with dilute HCl, ethanol, and distilled

water. The purified nanoparticles were then dried in a hot-

air oven at 70 °C for 3 hours, preparing them for

subsequent experimentation.

B. Fabrication of PVDF-LiTaO3-MWCNTs Composite

Films and Flexible Piezoelectric Nanogenerators

To fabricate PVDF-LiTaO3-MWCNTs thin films, we

started by creating homogeneous solutions by mixing 2g

of PVDF with 14 mL of DMF and 6 mL of acetone,

stirring at 700 rpm for 60 minutes at room temperature.

Concurrently, MWCNTs, in varying weight ratios (0.25-

1.25% relative to the PVDF matrix), were dissolved in 5

mL DMF in a separate beaker and ultrasonicated for 10

minutes. After 1 hour, LiTaO3 nanoparticles were

incorporated into the PVDF solution, followed by the

gradual addition of MWCNTs solutions to form PVDF-

LiTaO3-MWCNTs composite solutions (Figures 1c and

1d). These solutions were then stirred at 700 rpm for an

additional 3 hours and ultrasonicated for 5 minutes every

hour. To eliminate air bubbles, the solutions were placed

in a vacuum chamber for 30 minutes. Once thoroughly

mixed, the solutions were poured into glass petri dishes

and dried at 70 °C for 5 hours (Figure 1e). The cured

composite films were then peeled off, cut into 2x2 cm²

pieces, and used to assemble the F-PENG. The F-PENG

was constructed by placing the composite film between

two copper electrodes and sealing it with Kapton tape,

resulting in a flexible and durable device (Figures 1f and

1g). The optimal MWCNTs percentage was determined

based on the electrical performance of the film.

Fig. 1: (a,b) Schematic illustration of the synthesis of LiTaO3 NPs 

via a solid-state procedure,(c-e) LiTaO3/MWCNT/PVDF film 

synthesis, and (f,g) F-PENG fabrication. 
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III. RESULTS AND DISCUSSION

In the SEM images shown in Figures 2b and 2c, the 

hexagonal crystal clusters of the synthesized LiTaO3 

material are clearly visible. Each crystal measures 

approximately 300-400nm in width, revealing the unique 

structural formation and size distribution of the LiTaO3 

material. These images provide crucial information about 

the crystal morphology and structure, enhancing our 

knowledge of the material’s physical attributes and its 

applicability across different technological domains. 

The electrical performance of the LiTaO3/PVDF F-PENG 

was evaluated by applying mechanical force via an 

oriental motor to the surface of the PENG, maintaining an 

8-inch gap between the force applicator and the PENG. A

consistent force of 30psi was exerted, and the resultant

open circuit voltages were recorded at a frequency of 1Hz

for various nanoparticle weight percentages. The voltages

measured were as follows: 0wt.% at 0.25V, 1wt.% at

0.28V, 2.5wt.% at 0.50V, 5wt.% at 0.52V, 6wt.% at 

0.70V, 7.5wt.% at 0.75V, 8wt.% at 1.10V, 10wt.% at 

1.20V, 11wt.% at 0.42V, 13wt.% at 0.77V, 15wt.% at 

0.30V, and 20wt.% at 0.27V. The maximum voltage 

output was achieved with the PENG containing 10wt.% of 

LiTaO3 nanoparticles. 

Following the identification of the optimal LiTaO3 

content, the electrical performance of the 

LiTaO3/PVDF/MWCNT F-PENG was assessed by 

exerting force through an oriental motor directly onto the 

surface of the PENG. The gap between the force-applying 

surface and the PENG was consistently maintained at 8 

inches, with a steady force of 30psi. The objective was to 

ascertain the most effective MWCNT concentration for 

the LiTaO3/PVDF/MWCNT F-PENG by measuring the 

open circuit voltage (depicted in Figure 2e). 

Fig. 2: (a) Schematic of the PENG mechanism during   i. pressing, 

ii. Releasing, (b, c) LiTaO3 NP SEM, (d) Voltage output of different 

wt.% NP incorporated LiTaO3/PVDF F- PENG at 30 psi 60 BPM, 

and (e) Voltage output of different wt.% MWCNT incorporated 

LiTaO3/PVDF F- PENG at 30 psi and 60 BPM.

The maximum voltage outputs at a beat frequency of 

60 BPM were as follows: 0.01wt.% at 2V, 0.02wt.% 

at 2.8V, 0.04wt.% at 2V, 0.06wt.% at 1.9V, 0.08wt.% 

at 1.8V, 0.10wt.% at 1.1V, 1wt.% at 1V, 2wt.% at 

0.5V, and 3wt.% at 0V. The peak output voltage was 

achieved with the PENG containing 0.02wt.% 

MWCNTs. 
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The analysis conducted using scanning electron microscopy 

(SEM) on two distinct samples (Figures 3a and 3b) —LiTaO3-

PVDF, and LiTaO3-MWCNT-PVDF—yielded informative 

results. The LiTaO3-PVDF sample demonstrated successful 

incorporation of LiTaO3 particles into the polymer matrix, as 

seen by their presence within the film. Further, the SEM of 

the LiTaO3-MWCNT-PVDF sample showed a dense 

arrangement of hexagonal LiTaO3 particles along with 

embedded multi-walled carbon nanotubes (MWCNT), 

indicating effective integration of both materials into the 

PVDF matrix, which could enhance its piezoelectric 

properties. This detailed SEM examination provides valuable 

insights into the composite films’ microstructure and 

component distribution, essential for exploring their potential 

in piezoelectric energy harvesting and other technological 

applications. 

Fig. 3: (a) SEM of LiTaO3-PVDF Film, (b) SEM of LiTaO3-
MWCNT-PVDF Film, (c) Pressure sensitivity of F-PENG, (d) Peak 

to Peak Voltage of F-PENG at Different BPM and (e) Peak to Peak 

Current Output of F-PENG at Different BPM. 

The increased output voltage observed in piezoelectric 

nanogenerators when incorporating nanoparticles and 

nanotubes can be attributed to a combination of factors. 

These nanostructures enhance mechanical and electrical 

properties, primarily by increasing mechanical strain upon 

deformation, improving stress distribution, and enhancing 

charge separation through interfaces and heterojunctions. 

The higher surface area of nanoparticles and nanotubes 

promotes more efficient charge accumulation and 

separation, while their flexibility adapts the material to 

deformations, enabling better interaction with mechanical 

forces and yielding higher voltages. Additionally, 

enhanced electron transport within the piezoelectric 

material, along with synergistic effects between 

piezoelectric materials and nanostructures, further 

amplify the overall response. Incorporating nanoparticles 

and nanotubes thus offers a promising path to advance 

energy harvesting technologies, optimizing the 

conversion of mechanical energy into electrical energy 

[41]. Divided by a strain-neutral line, described 

PZT/PDMS layer experiences varying strain. The direct 

proportionality between strain rates and piezoelectric 

voltage/current. Higher rates yield faster charge transport, 

enhancing piezoelectric currents. This aligns with the 

fundamental piezoelectric equation. Despite current 

profile differences, total charges remain constant due to 

minimal loss during bending. The paper offers insights 

into strain-rate-dependent piezoelectric performance in 

the flexible nanogenerator [42].  

The final version of the F-PENG was subjected to various 

levels of force applied using the oriental motor, keeping a 

constant tapping distance of 8 inches. During these tests, 

the open circuit voltage, illustrated in Figure 3c, was 

recorded. The device displayed increasing output voltages 

correlating with escalating force levels, producing 0.5V at 

5 psi, 1.0V at 10 psi, 1.5V at 15 psi, 2.2V at 20 psi, 2.5V 

at 30 psi, and peaking at 3.4V at 50 psi. This trend 

underscores that greater forces exerted on the 

nanogenerator amplify its material compression and 

deformation, thus enhancing the voltage generated via the 

piezoelectric effect [41].  

Enhancing the tapping frequency on the piezoelectric 

nanogenerator (PENG) reduces the time needed for 

electron neutralization, thereby enabling the device to 

generate higher currents [42]. At various frequencies, the 

PENG’s maximum peak-to-peak voltage and current were 

recorded (as depicted in Figure 3d for voltage and Figure 

3e for current), revealing minimal changes at lower 

frequencies but a linear rise at higher ones. Voltage levels 

increased more sharply than current levels, achieving a 

maximum of 3.5V for voltage and 181nA for current. This 

pattern is due to the PENG's material undergoing 

dimensional shifts and deformation under the applied 

loads, which modifies its resistance and alters its output 

characteristics as frequency increases [43]–[45].  
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The ability of the F-PENG to sense body movements was 

assessed through tests involving motions of the fist and elbow. 

The device recorded a voltage of 0.1 V when exposed to fist 

movements (illustrated in Figure 4a) at a tapping frequency of 

60 BPM. For elbow movements at the same frequency (shown 

in Figure 4b), it registered a voltage of 0.4 V. Both actions 

produced similar characteristic voltage peaks during elbow 

bends, with higher voltages observed at increased frequencies, 

indicating that the PENG can detect both the type and intensity 

of movement. 

To assess the charging efficiency of the PENG further, it was 

integrated into the soles of a shoe (as depicted in Figure 4c), 

where it was tested during jogging and running at 120 BPM 

and 240 BPM, respectively. The device's performance in 

charging 1µF and 4.7µF capacitors was recorded. During 

jogging, the PENG charged the 1µF capacitor to 0.8V and the 

4.7µF capacitor to 0.48V within 8 seconds. In running 

conditions, it charged the 1µF capacitor to 1V and the 4.7µF 

capacitor to 0.6V in the same time frame. These results 

demonstrate the PENG's capability as a self-powered sensor 

for detecting pressure, force, and biomechanical movements. 

Fig. 4: (a) Body Motion Sensing: Fist Movement, (b) Body Motion 

Sensing: Elbow Movement, (c) Capacitor charging while jogging 

and running from F-PENG.     

A thorough investigation was conducted to assess the 

long-term stability of a Piezoelectric Energy Harvesting 

(PENG) system operating under an actuation force of 20 

pounds per square inch (psi) for 500 consecutive cycles 

(Figure 5). The primary focus was on monitoring the 

piezoelectric output voltage throughout the experiment, 

simulating real-world usage conditions. By subjecting the 

PENG device to sustained mechanical stress, this study 

provides crucial insights into its durability and 

performance over extended operational periods, 

contributing to the advancement and optimization of 

PENG technology for practical energy harvesting 

applications. 

Fig. 5: The long-term stability test of PENG with an actuation force 

of 20 psi, piezoelectric output voltage for 500 cycles. 

Fig. 6: (a) Circuit Diagram When PENG is Connected to LEDs with 
Rectifier and Capacitor (b) Charging Different Capacitors for 12s at 

180 BPM, (c) Charging and Discharging of 10µF Capacitor, (d) 

Lighting of LEDs with PENG.  
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To test the energy harvesting and storage performance of the 

PENG, a circuit was designed (Figure 6) featuring a full wave 

bridge rectifier connected to capacitors, resistors, and LEDs. 

The PENG's voltage output was evaluated while charging 

capacitors of 0.1µF, 1µF, and 10µF at a tapping frequency of 

180 BPM over a 12-second interval. The findings indicated 

that the 0.1µF capacitor achieved a voltage of 2.4V, while the 

1µF and 10µF capacitors recorded voltages of 1.3V and 0.9V, 

respectively. Notably, the smallest capacitor displayed the 

highest voltage, aligning with the expectation that higher 

capacitances lead to greater charge losses [44]. Additionally, 

the charge and discharge behaviors of the 10µF capacitor 

were observed, showing charging tied to the external forces 

exerted on the PENG and a steady discharge rate dictated by 

the capacitor’s characteristics [44], [46]. Furthermore, the 

PENG managed to light up two LEDs following 30 seconds 

of tapping at a frequency of 180 BPM, highlighting its 

effectiveness in energy harvesting and transformation.  

In this research, we effectively created LiTaO3 nanoparticles 

and embedded them within a PVDF polymer framework with 

MWCNTs to develop an advanced piezoelectric energy 

harvester. This device achieved a peak open circuit voltage of 

3.4V and a maximum short circuit current of 181nA under the 

influence of hand tapping at 240 BPM and 50 psi. 

Additionally, it efficiently powered two LED lights and 

demonstrated strong potential in self-powered force and 

motion sensing, suggesting opportunities for developing cost-

effective, easily manufactured sensors. The energy-

conserving method used to fabricate the nanorod to composite 

film structure underlines the capability of LiTaO3 

nanoparticle-enhanced nanogenerators for energy harvesting 

and autonomous sensing applications. This opens up 

possibilities for developing cost-effective, easily 

manufactured sensors for a wide range of both experimental 

and real-world biological environments.  

REFERENCES 

[1] R. Mishra, S. Jain, and C. Prasad, “A review on

piezoelectric material as a source of generating electricity

and its possibility to fabricate devices for daily uses of

army personnel,” International Journal of Systems,

Control and Communications, vol. 6, p. 212, Jan. 2015,

doi: 10.1504/IJSCC.2015.068908.

[2] S. Wu et al., “Cesium Lead Halide Perovskite

Decorated Polyvinylidene Fluoride Nanofibers for

Wearable Piezoelectric Nanogenerator Yarns,” ACS

Nano, vol. 17, no. 2, pp. 1022–1035, Jan. 2023, doi:

10.1021/acsnano.2c07320.

[3] S. K. Ghosh et al., “Yb3+ assisted self-polarized

PVDF based ferroelectretic nanogenerator: A facile

strategy of highly efficient mechanical energy 

harvester fabrication,” Nano Energy, vol. 30, pp. 621–

629, Dec. 2016, doi: 10.1016/j.nanoen.2016.10.042. 

[4] J. Curie and P. Curie, “Développement par

compression de l’électricité polaire dans les cristaux

hémièdres à faces inclinées,” Bulletin de Minéralogie,

vol. 3, no. 4, pp. 90–93, 1880, doi:

10.3406/bulmi.1880.1564.

[5] S. Katzir, “THE DISCOVERY OF THE

PIEZOELECTRIC EFFECT,” in THE BEGINNINGS

OF PIEZOELECTRICITY, S. Katzir, Ed., in

BOSTON STUDIES IN PHILOSOPHY OF

SCIENCE, vol. 246. Dordrecht: Springer Netherlands,

2006, pp. 15–64. doi: 10.1007/978-1-4020-4670-4_2.

[6] H. S. Klickstein, “Pierre Curie—An appreciation of

his scientific achievements.,” J. Chem. Educ., vol. 24,

no. 6, p. 278, Jun. 1947, doi: 10.1021/ed024p278.

[7] S. Katzir, “Who knew piezoelectricity? Rutherford

and Langevin on submarine detection and the

invention of sonar,” Notes and Records of the Royal

Society, vol. 66, no. 2, pp. 141–157, Mar. 2012, doi:

10.1098/rsnr.2011.0049.

[8] A. R. Chowdhury et al., “Multicomponent

nanostructured materials and interfaces for efficient

piezoelectricity,” Nano-Structures & Nano-Objects,

vol. 17, pp. 148–184, Feb. 2019, doi:

10.1016/j.nanoso.2018.12.002.

[9] W. P. Mason, “Piezoelectricity, its history and

applications,” The Journal of the Acoustical Society of

America, vol. 70, no. 6, pp. 1561–1566, Dec. 1981,

doi: 10.1121/1.387221.

[10] I. Chinya, A. Pal, and S. Sen, “Polyglycolated zinc

ferrite incorporated poly(vinylidene fluoride)(PVDF)

composites with enhanced piezoelectric response,”

Journal of Alloys and Compounds, vol. 722, pp. 829–

838, Oct. 2017, doi: 10.1016/j.jallcom.2017.06.028.

[11] Z. L. Wang and J. Song, “Piezoelectric

Nanogenerators Based on Zinc Oxide Nanowire

Arrays,” Science, vol. 312, no. 5771, pp. 242–246,

International Journal of Engineering Research & Technology (IJERT)

ISSN: 2278-0181http://www.ijert.org

IJERTV13IS060068
(This work is licensed under a Creative Commons Attribution 4.0 International License.)

Published by :

Vol. 13 Issue 06, June - 2024

www.ijert.org
www.ijert.org


[12] W. E. Burns, Ed., Science and Technology in

World History: 2 volumes. Santa Barbara, California:

ABC-CLIO, 2020.

[13] W. E. Burns, Science and Technology in World

History [2 volumes]. ABC-CLIO, 2020.

[14] “The Contamination of the Earth: A History of

Pollutions in the Industrial Age (History for a

Sustainable Future) | mitpressbookstore,” Nov. 16,

2021.

https://mitpressbookstore.mit.edu/book/97802625427

39 (accessed Jun. 20, 2023).

[15] B. Dower, “Wind Farms and Solar PV Panels in the

Landscape,” in Reference Module in Earth Systems

and Environmental Sciences, 2020. doi:

10.1016/B978-0-12-819727-1.00009-1.

[16] “Comprehensive Energy Systems,” ScienceDirect.

http://www.sciencedirect.com:5070/referencework/9

780128149256/comprehensive-energy-systems

(accessed Jun. 20, 2023).

[17] C. Dagdeviren, Z. Li, and Z. L. Wang, “Energy

Harvesting from the Animal/Human Body for Self-

Powered Electronics,” Annual Review of Biomedical

Engineering, vol. 19, no. 1, pp. 85–108, 2017, doi:

10.1146/annurev-bioeng-071516-044517.

[18] V. Leonov, T. Torfs, P. Fiorini, and C. Van Hoof,

“Thermoelectric Converters of Human Warmth for

Self-Powered Wireless Sensor Nodes,” IEEE Sensors

Journal, vol. 7, no. 5, pp. 650–657, May 2007, doi:

10.1109/JSEN.2007.894917.

[19] J. Su, R. J. M. Vullers, M. Goedbloed, Y. van Andel,

V. Leonov, and Z. Wang, “Thermoelectric energy

harvester fabricated by Stepper,” Microelectronic

Engineering, vol. 87, no. 5, pp. 1242–1244, May 2010,

doi: 10.1016/j.mee.2009.11.135.

[20] C. Xu, C. Ouyang, R. Jia, Y. Li, and X. Wang,

“Magnetic and optical properties of poly(vinylidene

difluoride)/Fe3O4 nanocomposite prepared by

coprecipitation approach,” Journal of Applied

Polymer Science, vol. 111, no. 4, pp. 1763–1768,

2009, doi: 10.1002/app.29194.

[21] O. D. Jayakumar, B. P. Mandal, J. Majeed, G. Lawes,

R. Naik, and A. K. Tyagi, “Inorganic–organic

multiferroic hybrid films of Fe3O4 and PVDF with 

significant magneto-dielectric coupling,” J. Mater. 

Chem. C, vol. 1, no. 23, pp. 3710–3715, May 2013, 

doi: 10.1039/C3TC30216D. 

[22] H. H. Singh, S. Singh, and N. Khare, “Design of

flexible PVDF/NaNbO3/RGO nanogenerator and

understanding the role of nanofillers in the output

voltage signal,” Composites Science and Technology,

vol. 149, pp. 127–133, Sep. 2017, doi:

10.1016/j.compscitech.2017.06.013.

[23] S. Sarkar, S. Garain, D. Mandal, and K. K.

Chattopadhyay, “Electro-active phase formation in

PVDF–BiVO4 flexible nanocomposite films for high

energy density storage application,” RSC Adv., vol. 4,

no. 89, pp. 48220–48227, Oct. 2014, doi:

10.1039/C4RA08427F.

[24] T. Yang et al., “Powder synthesis and properties of

LiTaO3 ceramics,” Advanced Powder Technology,

vol. 25, no. 3, pp. 933–936, May 2014, doi:

10.1016/j.apt.2014.01.011.

[25] F. Zheng, H. Liu, D. Liu, S. Yao, T. Yan, and J. Wang,

“Hydrothermal and wet-chemical synthesis of pure

LiTaO3 powders by using commercial tantalum

hydroxide as starting material,” Journal of Alloys and

Compounds, vol. 477, no. 1, pp. 688–691, May 2009,

doi: 10.1016/j.jallcom.2008.10.159.

[26] P. Manchi, S. A. Graham, H. Patnam, N. R. Alluri, S.-

J. Kim, and J. S. Yu, “LiTaO 3 -Based Flexible

Piezoelectric Nanogenerators for Mechanical Energy

Harvesting,” ACS Appl. Mater. Interfaces, vol. 13, no.

39, pp. 46526–46536, Oct. 2021, doi:

10.1021/acsami.1c10116.

[27] Z.-W. Ouyang, E.-C. Chen, and T.-M. Wu, “Enhanced

piezoelectric and mechanical properties of

electroactive polyvinylidene fluoride/iron oxide

composites,” Materials Chemistry and Physics, vol.

149–150, pp. 172–178, Jan. 2015, doi:

10.1016/j.matchemphys.2014.10.003.

[28] S. K. Ghosh et al., “Yb3+ assisted self-polarized

PVDF based ferroelectretic nanogenerator: A facile

strategy of highly efficient mechanical energy

harvester fabrication,” Nano Energy, vol. 30, pp. 621–

629, Dec. 2016, doi: 10.1016/j.nanoen.2016.10.042.

International Journal of Engineering Research & Technology (IJERT)

ISSN: 2278-0181http://www.ijert.org

IJERTV13IS060068
(This work is licensed under a Creative Commons Attribution 4.0 International License.)

Published by :

Vol. 13 Issue 06, June - 2024

www.ijert.org
www.ijert.org


[29] C.-W. Tang, B. Li, L. Sun, B. Lively, and W.-H.

Zhong, “The effects of nanofillers, stretching and

recrystallization on microstructure, phase 

transformation and dielectric properties in PVDF 

nanocomposites,” European Polymer Journal, vol. 48, 

no. 6, pp. 1062–1072, Jun. 2012, doi: 

10.1016/j.eurpolymj.2012.04.002. 

[30] Y. Konishi and M. Cakmak, “Nanoparticle induced

network self-assembly in polymer–carbon black

composites,” Polymer, vol. 47, no. 15, pp. 5371–5391,

Jul. 2006, doi: 10.1016/j.polymer.2006.05.015.

[31] O. Korostynska, K. Arshak, D. Morris, A. Arshak, and

E. Jafer, “Radiation-induced changes in the electrical

properties of carbon filled PVDF thick films,”

Materials Science and Engineering: B, vol. 141, no. 3,

pp. 115–120, Aug. 2007, doi:

10.1016/j.mseb.2007.06.025.

[32] S. L. Jiang et al., “Positive temperature coefficient

properties of multiwall carbon 

nanotubes/poly(vinylidene fluoride) 

nanocomposites,” Journal of Applied Polymer 

Science, vol. 116, no. 2, pp. 838–842, 2010, doi: 

10.1002/app.31569. 

[33] G. Zhu, Z. Zeng, L. Zhang, and X. Yan,

“Piezoelectricity in β-phase PVDF crystals: A

molecular simulation study,” Computational Materials

Science, vol. 44, no. 2, pp. 224–229, Dec. 2008, doi:

10.1016/j.commatsci.2008.03.016.

[34] S. Liu, S. Xue, W. Zhang, and J. Zhai, “Enhanced

dielectric and energy storage density induced by

surface-modified BaTiO3 nanofibers in

poly(vinylidene fluoride) nanocomposites,” Ceramics

International, vol. 40, no. 10, Part A, pp. 15633–

15640, Dec. 2014, doi:

10.1016/j.ceramint.2014.07.083.

[35] F.-A. He et al., “Preparation of organosilicate/PVDF

composites with enhanced piezoelectricity and

pyroelectricity by stretching,” Composites Science

and Technology, vol. 137, pp. 138–147, Dec. 2016,

doi: 10.1016/j.compscitech.2016.10.031.

[36] H. Parangusan, D. Ponnamma, and M. A. A. Al-

Maadeed, “Stretchable Electrospun PVDF-HFP/Co-

ZnO Nanofibers as Piezoelectric Nanogenerators,” Sci

Rep, vol. 8, no. 1, Art. no. 1, Jan. 2018, doi: 

10.1038/s41598-017-19082-3. 

[37] J.-H. Lee et al., “Micropatterned P(VDF-TrFE) Film-

Based Piezoelectric Nanogenerators for Highly

Sensitive Self-Powered Pressure Sensors,” Advanced

Functional Materials, vol. 25, no. 21, pp. 3203–3209,

2015, doi: 10.1002/adfm.201500856.

[38] S. Bairagi and S. W. Ali, “Influence of High Aspect

Ratio Lead-Free Piezoelectric Fillers in Designing

Flexible Fibrous Nanogenerators: Demonstration of

Significant High Output Voltage,” Energy

Technology, vol. 7, no. 10, p. 1900538, 2019, doi:

10.1002/ente.201900538.

[39] S. Y. Chung et al., “All-Solution-Processed Flexible

Thin Film Piezoelectric Nanogenerator,” Advanced

Materials, vol. 24, no. 45, pp. 6022–6027, 2012, doi:

10.1002/adma.201202708.

[40] G. Suo et al., “Piezoelectric and Triboelectric Dual

Effects in Mechanical-Energy Harvesting Using

BaTiO3/Polydimethylsiloxane Composite Film,” ACS

Appl. Mater. Interfaces, vol. 8, no. 50, pp. 34335–

34341, Dec. 2016, doi: 10.1021/acsami.6b11108.

[41] J. K. Han et al., “Nanogenerators consisting of direct-

grown piezoelectrics on multi-walled carbon

nanotubes using flexoelectric effects,” Sci Rep, vol. 6,

no. 1, Art. no. 1, Jul. 2016, doi: 10.1038/srep29562.

[42] H. Lee, H. Kim, D. Y. Kim, and Y. Seo, “Pure

Piezoelectricity Generation by a Flexible

Nanogenerator Based on Lead Zirconate Titanate

Nanofibers,” ACS Omega, vol. 4, no. 2, pp. 2610–

2617, Feb. 2019, doi: 10.1021/acsomega.8b03325.

International Journal of Engineering Research & Technology (IJERT)

ISSN: 2278-0181http://www.ijert.org

IJERTV13IS060068
(This work is licensed under a Creative Commons Attribution 4.0 International License.)

Published by :

Vol. 13 Issue 06, June - 2024

www.ijert.org
www.ijert.org



