
 

 

 

 

 

 

 

University of Southern Denmark

Recent Advances in Self‐Powered Tribo‐/Piezoelectric Energy Harvesters

All‐In‐One Package for Future Smart Technologies
Kumar Karan, Sumanta; Maiti, Sandip; Hyun Lee, Ju; Mishra, Yogendra Kumar; Bhusan
Khatua, Bhanu; Kon Kim, Jin

Published in:
Advanced Functional Materials

DOI:
10.1002/adfm.202004446

Publication date:
2020

Document version:
Accepted manuscript

Citation for pulished version (APA):
Kumar Karan, S., Maiti, S., Hyun Lee, J., Mishra, Y. K., Bhusan Khatua, B., & Kon Kim, J. (2020). Recent
Advances in Self‐Powered Tribo‐/Piezoelectric Energy Harvesters: All‐In‐One Package for Future Smart
Technologies. Advanced Functional Materials, 30(48), [2004446]. https://doi.org/10.1002/adfm.202004446

Go to publication entry in University of Southern Denmark's Research Portal

Terms of use
This work is brought to you by the University of Southern Denmark.
Unless otherwise specified it has been shared according to the terms for self-archiving.
If no other license is stated, these terms apply:

            • You may download this work for personal use only.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying this open access version
If you believe that this document breaches copyright please contact us providing details and we will investigate your claim.
Please direct all enquiries to puresupport@bib.sdu.dk

Download date: 23. May. 2023

https://doi.org/10.1002/adfm.202004446
https://doi.org/10.1002/adfm.202004446
https://portal.findresearcher.sdu.dk/en/publications/16512f67-c70a-4ec2-b63a-6b66a3fd723c


 

This is the author manuscript accepted for publication and has undergone full peer review but has not 

been through the copyediting, typesetting, pagination and proofreading process, which may lead to 

differences between this version and the Version of Record. Please cite this article as doi: 

10.1002/adfm.202004446. 

This article is protected by copyright. All rights reserved. 

Recent Advances in Self-powered Tribo-/Piezoelectric Energy Harvesters: All-in-One Package for 

Future Smart Technologies 

Sumanta Kumar Karan,
a,d#

* Sandip Maiti,
b#

* Ju Hyun Lee,
b
 Yogendra Kumar Mishra,

c*
 

Bhanu Bhusan Khatua
a
* and Jin Kon Kim

b* 

 

(a) Dr. Sumanta Kumar Karan, Prof. Bhanu B. Khatua 

Materials Science Centre, Indian Institute of Technology Kharagpur, Kharagpur-721302, 

India Email:sumanta.karan.fula@gmail.com/sumanta.karan@matsc.iitkgp.ernet.in, 

khatuabb@matsc.iitkgp.ernet.in 

(b) Dr. Sandip Maiti, Dr. Ju Hyun Lee, Prof. Jin Kon Kim  

Department of Chemical Engineering, National Creative Research Initiative Center for Smart 

Block Copolymers, Pohang University of Science and Technology, Pohang, Kyungbuk-

37673, Republic of Korea 

Email: sandychem07@gmail.com/smaiti@postech.ac.kr,  jkkim@postech.ac.kr 

(c) Prof. Yogendra Kumar Mishra 

Mads Clausen Institute, NanoSYD, University of Southern Denmark, Alsion 2, 6400, 

Sønderborg, Denmark. 

Email: mishra@mci.sdu.dk 

(d) School of Advanced Materials Science and Engineering, Sungkyunkwan University 

(SKKU), Suwon, 16419 Republic of Korea 

#
Author contribution: 

S. K. K and S. M contributed equally for this work. 

https://doi.org/10.1002/adfm.202004446
https://doi.org/10.1002/adfm.202004446
https://doi.org/10.1002/adfm.202004446
mailto:sumanta.karan.fula@gmail.com/sumanta.karan@matsc.iitkgp.ernet.in
mailto:khatuabb@matsc.iitkgp.ernet.in
mailto:sandychem07@gmail.com
mailto:smaiti@postech.ac.kr
mailto:jkkim@postech.ac.kr
mailto:mishra@mci.sdu.dk
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202004446&domain=pdf&date_stamp=2020-09-21


 

This article is protected by copyright. All rights reserved. 

2 

Abstract 

Energy has become a necessity in modern smart societies. The energy research community is 

continually exploring new solutions that can be employed as potential and reliable 

alternatives to satisfy future energy requirements. In this context, triboelectric/piezoelectric 

nanogenerators (TNGs/PNGs) are considered promising renewable energy harvesting 

technologies. TNGs/PNGs are gaining considerable research attention because of their 

advantages such as ease of fabrication, cost effectiveness, flexibility, lightweight, long-term-

durability, and excellent output performances. The TNGs/PNGs have an enormous potential 

in harvesting energy from water waves (blue energy), airflow (wind energy), sound frequency 

(acoustic energy), vibrations/mechanical motions (such as body motions activities/sleeping), 

and in vivo body motions. These technologies are thus an “all-in-one package,” which is a 

unique selling point. The advantage of this technology is that all sources are natural and 

abundant with a never-ending process. This paper provides a scientific review of the potential 

use of PNGs/TNGs and includes an introduction, the rise of nanogenerators, their underlying 

mechanisms, different materials used, various models, possible applications, and future 

prospects. Stored energy can be used to develop smart/informative technologies (as 

ultrasensitive sensors) and self-powered bio-medical science. Owing to their considerable 

effect, these harvesting technologies are expected to dominate the future smart world. 

 

Keywords: Piezo/Triboelectric nanogenerators, Green energy harvesting, Self-powered, e-

Healthcare monitoring, Smart electronics applications. 
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1. Introduction 

The term “energy” has already become a part of the current smart civilization, and it is almost 

impossible to survive without energy on a day-to-day basis. Considering the enormous future 

demand for energy, finding its sources and achieving a large amount of energy are expected 

to gain considerable importance in the future; this has indeed become a popular research 

area.
[1,2]

 The rapid advancement of microsensors, microelectronics technology, and micro-

electromechanical systems, actuators, wireless sensors networks, wearable electronics, 

electric skins, and the Internet of Things, open large energy requirements and thus energy 

resources are becoming considerably stringent.
[3]

 The most important and ultimate challenge 

is to deliver an adequate power source that can have sufficient power density to withstand 

wearable operation with superior stretchability/flexibility and atmosphere friendliness. 

Although traditional energy sources such as batteries and electric cables cannot meet the 

requirements for these different microdevices with portable, wireless, environmentally 

friendly, durable, and implantable properties, the battery is yet an irreplaceable and first-order 

choice. However, it faces several problems such as periodical maintenance, cyclical 

recharging, and biological incompatibility. To overcome these issues, energy harvesting from 

living atmospheres such as human body motion activities would be a promising approach to 

generate power at the Watt level, through simple body movement and heat emission.
[4]

 To 

convert this energy into electricity, many techniques have been successfully designed and 

checked for their key characterizations benchmark such as the electromagnetic effect
[5]

, 

thermoelectric effect
[6]

, photovoltaic effect
[7]

, piezoelectric effect
[8]

, and triboelectric effect
[9]

. 

Remarkably, the world consumes a large amount of energy, and most of this energy is 

obtained via fossil fuels that emit greenhouse gases. According to the 2014 International 
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Energy Agency report, humans use 37.7×10
10

 GJ energy. As per the 2018 report, ~80% of the 

global energy was obtained from fossil fuels, 11% from renewable sources, and ~8.6% from 

nuclear energy.
[10,11]

 Although wind energy is the fastest-growing harvesting source, it is still 

less at ~2.4%.
[12]

 Recently, the use of renewable energy has risen more rapidly in India than 

in other countries; according to the 2018 Mercom India research report, India is using 

~20.32% of renewable energy. The consumption capacity of alternative energy significantly 

increased by 167 GW, and reached 2,179 GW worldwide in 2017. According to the 

International Renewable Energy Agency data-base, renewable energy harvesting growth rate 

per year is ~8.3%.
[11,13]

 Interestingly, the renewable power generation capacity improved 

gradually for small-scale smart and portable electronic applications. Therefore, it is more 

important to focus on renewable energy and harvesting green electricity from mechanical 

energy available in the atmosphere, which is left unused. Energy harvesting from the living 

environment is a promising approach to meet the energy demand of IoT microsystems based 

on low-power electronics. It has a considerable potential to employ fully integrated self-

powered devices by replacing the batteries or long wires connected to a power supply. To 

obtain effective energy harvesting, several research groups have utilized various approaches 

such as photoelectric conversion, thermoelectric effect, piezoelectric effect, and biochemical 

reactions. Currently, among various renewable energies, triboelectric/piezoelectric 

nanogenerators (TNGs/PNGs) that utilize mechanical energy are considered the most 

promising energy harvesting approaches towards green technologies
[11,14,15,16]

 This is because 

electricity can be easily and effectively obtained from mechanical motion (blue energy, wind 

energy, acoustic energy) or biomechanical reactions (various human or animal body 

motions).
[17–22]

 These energy harvesting technologies can be used for vibration sensors, 

nanosensors, wearable electronics, and e-health care monitoring (in vivo/in vitro biomedical 

applications). Further, these technologies are environmentally friendly, which is essential for 
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modern highly polluted electronics (e-waste). Nowadays, TNGs/PNGs have been gaining 

considerable interest in efficient energy conversion technologies where triboelectrification 

and electrostatic induction play vital roles in generating electricity. Further, these 

technologies have several benefits such as remarkable high output voltage, current, and 

power density, in addition to light weight, ease of fabrication, and excellent reliability.
[9,23,24]

  

Therefore, TNGs/PNGs have a great capability to harvest green electricity from any type of 

mechanical–biomechanical, wind, blue (ocean wave), and acoustic energies in nature, which 

are almost unused. Owing to their easy accessibility, cost-effectiveness, and long-term 

durability, these mechanical energy-dependent continuous energy supply sources are believed 

to change the definition of renewable energy soon. Further, nature-driven biodegradable 

materials exhibit the ability to generate electricity, which offers considerably promising 

avenues to design smart green bioelectronics with high capability. As a continuous energy 

source, these smart bioelectronics can have a considerable effect on e-healthcare monitoring 

(in vivo or in vitro) in advancing future biomedical science, as shown in Figure 1. Since these 

devices actively support self-powered smart sensors, they can be used as intelligent, portable, 

and wearable bioelectronics sensors in the future. In this review, we briefly discuss various 

multifunctional approaches of piezo-/triboelectric-materials-based energy harvesters that 

potentially offer a new platform in future energy harvesting technologies in a new direction 

for commercial purposes, not only in the smart or portable electronics world but also for 

introducing groundbreaking success in the direction of biomedical science/active sensors. We 

present in detail how TNGs/PNGs harvest energy from various mechanical energy sources 

and their potential applications. Further, bio-waste materials provide harvesting energy using 

these technologies, which is very crucial for designing smart bio-devices for next-generation 

electronics and to resolve issues with electronic (e-) waste. Finally, the perspectives of this 

technology towards future opportunities and the research directions are discussed in detail. 
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The present manuscript demonstrates the progress in the field of PNGs/TNGs based energy 

harvesters in a systematic manner that is appealing for broad scientific research and 

development communities working towards advanced energy technologies.  

2. Improvements in PNGs/TNGs 

A schematic of the history of PNGs/TNGs is shown in Figure 2. Jacques and Pierre Curie 

first reported piezoelectricity in quartz in 1880, which is defined as change in electric 

polarization depending on applied stress or pressure.
[25]

 The variation in polarization is 

directly proportional to applied stress, expressed by qdP  qdP  , where P denotes 

polarization, σ is applied stress, and d is the piezoelectric coefficient (a third-rank tensor). 

The variation in the converse piezoelectric effect with stress or strain in the piezoelectric 

materials occurs because of an applied electric field. The reverse approach is also true: If an 

electrical field is applied on the piezoelectric materials, then strain or stress is induced, which 

is defined by Ed  , where ε is the strain-induced, E is for the applied electric field, and 

“d” is the piezoelectric coefficient. The most important requirement is that the atomic 

structure of the piezoelectric materials should be noncentrosymmetric in terms of the crystal 

structure. The direct and converse piezoelectric effects of the piezoelectric material are 

defined using two dissimilar linearized constitutive relations.  

Direct piezoelectric effect: 
m

d

imjiji
dEeD 


    (1) 

Converse piezoelectric effect: 
m

d

kmj

c

jkk
SEd      (2) 

where the vector 
i

D denotes the dielectric displacement (N/mV or C/m
2
), 

k
  is the strain 

vector, 
j

E  is the applied electric field vector (V/m), and 
m

 is the stress vector (N/m
2
); the 

constants are piezoelectric coefficients d

im
d and c

jk
d  (m/V or C/N), dielectric permittivity 

ij
e  

(N/V
2
 or F/m), and elastic compliance matrix d

km
S  (m

2
/N); superscripts c and d are converse 
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and direct effects, respectively; and superscripts E and σ correspond to the quantity at 

constant stress and electric field, respectively.  

For poled piezoelectric crystalline materials, the general working principle under various 

mechanical conditions (compression and tension) is shown in Figure 3a,i-iii. The first 

development of the PNG was ZnO nanowires by Wang in 2006. Small energy harvesters with 

micro/nanomaterials and structures are now referred to as nanogenerators. Wang introduced 

the term “nanogenerator” with respect to piezo/tribo/pyro and introduced the term “self-

powered,” i.e., a battery-free approach for various electronic applications. 

Micro/nanomaterials have many advantages over their bulk counterparts such as reduced 

reliance on the involved complex and very expensive top-down cleanroom processes, higher 

crystallinity with fewer defects, and higher surface-to-volume ratio. 

Later, Wang first coined the term ‘TNG’ in 2012, as a new energy-harvesting nanogenerator 

where contact electrification between two dissimilar substances introduced the triboelectric 

effect. Electrostatic induction and mechanical energy induced triboelectrification are two key 

parameters for harvesting energy for TNG. The electrical potential mismatch between the two 

electrodes of any TNGs leads to two parts. The first part is from the polarized triboelectric 

charges, and its contribution to the voltage is VOC(x), which is a function of separation 

distance (x). The already transferred charges (Q) also contribute towards a fraction of the 

electric potential mismatch. If one considers the absence of the triboelectric charges, the 

structure becomes a typical capacitor. The contribution of these already transferred charges 

among the two electrodes equals −Q/C(x), where C denotes the capacitance among the two 

electrodes. From the electrical potential superposition principle, the total voltage mismatch 

between the two electrodes is expressed as (Equation 3)
[28]

 

)(
)(

1
XVQV

OCXC
 )(

)(

1
XVQV

OCXC


     (3) 
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The V-Q-x relationship is the governing equation (3) for any TNGs, which explains its 

inherent capacitive nature. The separation of the polarized tribocharges leads to an electrical 

potential mismatch between the two electrodes. If an external circuit is present between the 

two electrodes, this electrical potential will promote the flow of electrons between electrodes. 

These pre-transferred electrons can further screen the electrical potential among the two 

electrodes. Under short-circuit (SC) conditions, these transferred charges (QSC) fully screen 

the electrical potential developed from polarized triboelectric charges. Therefore, the SC 

equations (4, 5, 6) for TNGs are given as
[28]

 

)()(0
1

XVXQ
OCSCC

X

 )()(0
1

XVXQ
OCSCC

X


      (4) 

Thus, the fundamental relationship between QSC, C, and VOC is shown by 

)()()( XVXCXQ
OCSC

 )()()( XVXCXQ
OCSC


        (5) 

The current transport relation for TNG in the contact-separation mode is 

02211

),(
/]),()[(]//)[,( 



Tt

tz
tztHddtzAR 





       

(6) 

where H(t) is a function dependent on the contacting rate among the two dielectrics, A is the 

electrode area, R is the load resistance, z is the piezoelectric film thickness, and σ is the 

polarization charge density. Based on the transport relation, the displacement current, electric 

potential, output current, and output power can be estimated for four basic TNG modes. In 

general, TNG follows four different mechanisms for harvesting energy (Figure 3b,i-iv). The 

vertical contact-separation mode (Figure 3b,i) where two dissimilar dielectric surfaces are 

separated through a small gap from each other. For the contact-sliding mode (Figure 3b,ii), 

one dielectric surface slides over another to generate triboelectric charges and electricity. 

Single electrode mode (Figure 3b,iii) is another type of mechanism for TNG to develop 

energy. Here, the bottom part of the electrode is grounded as shown in Figure 3a,iii, and the 
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movement of the top surface generates triboelectric charges. The potential applications of 

these types of TNGs are shown in Figure 3b,iii. The general mechanism for a freestanding 

triboelectric layer mode is shown in Figure 3b,iv, where the symmetric electrodes are placed 

under a dielectric surface. The dielectric surface movement on the electrodes generates 

asymmetric charge and participates in developing electricity. The possible applications of 

TNG are shown in Figure 3b,iv. 

3. Significant Roles in Various Technologies 

Ocean wave energy (blue energy) is a promising clean and green energy-harvesting source to 

alleviate the growing concern of energy resource depletion and considerably large 

environmental pollution.
[2, 34, 35]

 Wave energy is abundant because the oceans cover almost 

70% of the earth and it does not depend on the weather. Thus, water wave green energy can 

be employed as an effective substitute to overcome the considerable harmful effects of 

batteries and fossil-fuel based energies.
[36]

 Further, wave energy has considerable advantages 

for large power and its wide distribution.
[18,37]

 In recent years, water wave farms have been 

developing around ~1 to ~10 MW at any single time, which is sufficient to provide power to 

a city/town. However, there are no marketable wave farms because of the lack of sufficient 

technology. Further, these energy harvesters are designed based on large electromagnetic 

generators (EMGs) that are manufactured using metal coils, magnets, and propellers. In 

addition, it is technically difficult and costly to construct wave energy collector towers on the 

ocean/sea floor to support EMGs. Furthermore, EMGs perform very poorly in collecting 

energy during slow water waves and flows oscillations in random conditions and directions. 

These deficiencies forcefully drive us to find alternative approaches to harvest water wave 

energy using achievable future energy harvesting technologies with low cost and outstanding 

high power delivery.
[37]

 The emergence of TNG/PNG to generate large amounts of electricity 

from wave energy creates a new field in energy harvesting and conversion and real-life 
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applications.
[16, 38]

 Unlike EMGs, TNGs are monitored through Maxwell’s displacement 

current based on the electrostatic coupling induction and triboelectrification, and they have 

the ability to harvest large amount of energy from the broadband frequency.
[23]

 Further, PNGs 

convert wave energy into electricity. Thus, by optimizing structural design and materials 

choices, TNGs/PNGs display unique advantages of remarkably high power, outstanding 

voltage, high energy conversion efficiency, light weight, and reasonable fabrication cost, 

which make them feasible water wave energy harvesting technologies in the broadband 

frequency.
[11]

 Thus far, various feasible designs have been suggested for TNGs including 

direct water-solid surface contact devices
[39]

, enclosed contact-separation configurations
[40]

, 

wavy-shaped models
[41]

, cylindrical or rolling spherical structures
[42]

, and so on
[43]

.  

Wind energy is another significant mechanical energy and is considered a green energy 

harvesting source.
[19, 44]

 Wind-driven TNGs/PNGs play a key role in effectively harvesting 

clean energy from the surroundings.
[45]

 Conventional wind energy harvesting turbines can 

collect near ground wind energy, and there are several well-found wind power plants 

worldwide. However, near-ground wind varies considerably with weather and geography. 

These drawbacks have been overcome with the development of high-altitude wind energy 

systems
[46, 47]

, which have considerable advantages such as wide distribution, fast speed, and 

high stability
[48]

 compared to those of near-ground wind turbines. High-altitude platforms 

(HAPs) are located at around altitudes 16–23 km above ground level and support services 

ranging from positioning systems and navigation, broadband wireless access, and weather 

monitoring systems.
[19]

 Recently, Google launched an innovative idea (Project Loon) for a 

wireless network for distant/remote areas through a balloon.
[49]

 However, engines or batteries 

are used as a power sources for these HAPs, which restricts their residence time because of 

the need to refuel or recharge at high altitudes. To solve these issues (to provide permanent 

power for HAPs), the design and development of high-altitude wind energy harvesting 
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technologies is necessary. Conventional wind energy harvesting turbines are not the optimum 

choice for such applications because of its limitations such as heavy weight, large size, and 

high installation and manufacturing costs. Although ladder mills
[50]

, tethered airfoils 
[51]

, 

descending kites, and rotorcraft
[52]

 have been used to harvest this energy, they are old 

techniques, and more advanced designs are required. TNGs/PNGs have been gained attention 

to harvest wind energy from nature.
[15, 19]

 Thus far, TNG-based wind energy harvesters have 

provided a remarkable power density of ~500 W/m
2
 and an outstanding energy conversion 

efficiency of ~85%.
[53]

 Thus, the effective design of TNGs or PNGs is a requirement for wind 

energy harvesting, not only for their low-fabrication cost but for their potential applications in 

modern high-tech technologies.
[54]

  

Acoustic energy (sound frequency driven electricity) is another energy harvesting source.
[55]

 

Although our surroundings have abundant acoustic energy sources such as human/animal 

voices, traffic noise, vehicle sounds, instrument/music, and many others, they are mostly 

ignored. In recent times, the triboelectric, piezoelectric, and electrostatic effects have been 

used to convert sound frequency to green energy harvesting.
[20,22,56,57]

 The TNGs or PNGs can 

be implemented into various portable devices, such as commercial cell phones, for harvesting 

acoustic energy generated during talking and using the generated electricity for capacitor 

charging. Thus, acoustic energy can be captured to design future smart electronics using these 

energy-harvesting techniques (TNGs/ PNGs).  

Body implantable smart electronic devices/systems are considerably essential in modern 

medical science for soliciting and monitoring in vivo physiological responses such as cardiac 

pacemakers, intelligent gastric cancer monitors, deep brain stimulators, and cochlear 

implants.
[58, 59]

 Implantable medical electronic devices (IMEDs) are very powerful for e-

healthcare diagnosis for a healthier life.
[60]

 Batteries are the major power source for IMEDs 

and it impedes the progress of IMEDs
[61]

 because of their rigidity, bulkiness, short-life time, 
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inflexible packaging, and comparatively low energy density of the battery. Different energy 

harvesters are explored for supplying power to extend the battery life of IMEDs and for 

offering self-governing power sources.
[62]

 These self-powered devices can harvest energy 

from several human body movements/activities, i.e., muscle stretching, heart beating, 

endocochlear potential, and glucose oxidation by exploiting electromagnetic, thermoelectric, 

electrochemical, and piezo/triboelectric effects.
[58]

 Human organ generated mechanical 

motions such as respiratory movement, blood flow, and cardiac motion, are considered the 

most copious energy source in the in vivo study.
[63]

 Thus, self-powered TNGs/PNGs have 

become potential green energy harvesters for IMEDs
[58]

 because of their biodegradability, 

nontoxicity, flexibility/stretchability, and lightweight in implantable e-health care 

monitoring
[64]

 such as nerve stimulation
[65]

, cardiac pacing
[66]

, tissue engineering
[67]

, and deep 

brain stimulation
[68]

 at cell scale and small animals. For biomedical applications, it is vital to 

design sensitive implantable devices to power IMEDs with well-regulated stimulating 

signals.
[69]

 Thus, an implantable triboelectric nanogenerator (iTNG) is very promising in 

healthcare sensing monitoring and human-interactive devices. Further, high-power, 

nondestructive, intracellular biomacromolecule/drug transport for therapeutics (proteins, 

drugs, and genes) into particular tissues and cells for therapeutic purposes has become more 

significant but is still challenging.
[59]

 Electroporation enables producing transient pores in 

plasma membrane for introducing active molecules (biologically) into cells.
[70, 71]

 A physical 

electroporation technique is better than vesicle/viral vector assisted delivery because of its 

probability for hard-to-transfect cells (such as neurons, immune cells, stem cells, and primary 

cells)
[72]

 and good repeatability. In vitro electroporation is a very general laboratory 

transfection technique. However, in vivo electroporation drug delivery is still obstructed for 

therapeutic purposes. Although electroporation provides high voltage, its generated heat often 

creates permanent pores in cell membranes that results in the death of cells and patient 
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compliance issues.
[73]

 Human biomechanical motions (heartbeat, limb movement, and 

respiration) generate a large amount of kinetic energy. TNGs/PNGs can harvest electricity 

from these biomechanical motions that are considered the most effective approaches for 

therapeutic drug delivery.
[70]

 

With rapid progress in smart robotics, the robotics industry will face several considerable 

challenges in the future smart generation. Robotic auditory systems are one of the most 

important and effectual communication channels through which robots not only attend human 

instructions but further notice human vocal intonations; thus, smart robots will truly show 

their understanding and behave socially with society.
[74,75]

 Thus, an auditory sensor should be 

very sensitive and have the ability of a broader frequency response in a smart robotic system 

to achieve true social interaction with advanced robotics. In general, ~10–12% of people 

worldwide face hearing impairment and are unable to hear one or many specific frequency 

regions, which are potential beneficiaries of robotics service.
[74]

 The main purpose of external 

hearing aids is to increase particular reduced sound frequencies to audible levels.
[74,76]

 The 

microphone of an old-fashioned auditory sensor associations of accurate signals with a 

processing circuit consumes huge power and decreases lifetime.
[74]

 To solve these problems, 

TNGs/PNGs have been considered the most promising emerging technologies
[9,77]

 that have 

potential in self-powered mechanical sensing
[78,79]

. TNGs/PNGs-based sensors are 

ultraresponsive, and they can detect weak signals even with a small mechanical stimuli. 

Further, they can operate at very low frequencies and are very sensitive to the lower 

frequency of human voices.
[80]

 Because of this uniqueness and ultrasensitivity, a triboelectric 

auditory sensor (TAS) is expected to deliver a simple and cost-effective solution for the 

social interaction problems of next-generation smart robotics. Thus, TNG/PNG-based smart 

sensors are expected to become a high-fidelity auditory platform for social robotics 

interaction to meet next generation robotics challenges.  
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To develop smart and intelligent traffic systems (ITS), wireless traffic volume (WTV) 

detectors play a key role in controlling traffic flow in real time.
[81, 82]

 However, conventional 

batteries are the main sources of power for these WTV detectors, and because of their short 

lifetime, heavy weight, and pollution issues, a self-powered energy harvesting source is 

necessary for ITS/traffic volume sensors to monitor traffic volumes regularly in real time.
[81]

 

Further, sleep disorders are common health issues that can be monitored using ultrasensitive 

sensors that can determine breathing airflow and various body motions.
[83]

 However, these 

diagnostic devices are generally powered by heavy and costly batteries. For the exact and 

accurate monitoring of human body motions, battery driven devices are not suitable for 

monitoring sleep apnea in children (generally long-time sleeping). Next-generation smart and 

wearable electronics should be soft devices that are stretchable, flexible, biocompatible, 

deformable, and waterproof.
[84]

 The rapid development of wearable smart electronics is 

accompanied by a demand for underwater power/energy conversion and supply. Thus, smart 

and highly sensitive sensors for sleep disorder monitoring, traffic volume sensors, and bionic 

stretchable underwater sensors can drive themselves without any external energy source.  

Further, to fabricate conventional flexible ultrasmart electronics, devices are designed with 

several toxic materials that are not only harmful to human beings but create e-waste, a global 

threat to the environment.
[11]

 Further, these growing and uncontrollable e-wastes directly or 

indirectly pollute soil, water, and environmental air.
[85]

 Burning e-wastes creates air pollution, 

and inappropriate disposal of these toxic materials pollutes soil and water, which is very 

harmful to all life. Further, e-waste recycling is very expensive, and therefore, it is not an 

environmentally friendly process and a large amount of money ($206 billion) has been spent 

to recycle only 29% e-waste in the US
[86]

; the residual waste products were just trashed. 

These electronics contain various toxic and flame-retardant materials such as Ag, Hg, and P. 

Based on the report of the United Nations Environment Program base titled “Waste Crimes 
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(2017),” computers and smart phones-based e-wastes up to 50 million tons were trashed. 

Another horrible scenario is that landfills of third world countries are being used to trash 

these harmful e-wastes, and around 41 million tons have been demolished since 2015.
[11]

 To 

overcome this situation, the integration of portable electronics with biodegradable 

triboelectric/piezoelectric materials is necessary in the future.
[87]

 These bio-devices can easily 

harvest green energy through bio-mechanical activities and can be simply processed or 

degraded.
[88]

 Moreover, bio-waste materials thrown out in massive amounts as garbage can be 

reused to harvest green energy. This will be one of the alternative movements towards a 

pollution- and e-waste-free society using bio-integrated smart electronics.
[89]

 

4. Device Fabrication and Applications of TNG  

4.1.1. TNG Devices for Blue Energy Harvesting 

Liu et al.
[90]

 first designed an oblate spheroidal (OS)-TNG for harvesting energy from ocean 

waves. The OS-TNG is shown in Figure 4a,i. The top of the designed OS-TNG contains 

spring steel plates based on three basic units with pie-iron, which improves the output 

performance under uneven sea conditions and helps decrease cost and occupied space 

significantly. Because of the mild incline at the bottom of the OS shell in the designed device, 

the pie-iron shot can achieve a more effective area under the small waggle over two polymer 

films, thereby producing more water wave energy. Thus, the OS shell achieves outstanding 

output values for harvesting water wave energy compared with using only a spherical shell. 

Thus, the designed device showed harvested blue energy from all types of sea conditions 

(rough to calm seas) (Figure 4a,ii,iv). Meanwhile, the rotation of blue energy harvesters about 

the central axis is difficult to understand from the generated water waves owing to its small 

size, because there are only three motions: left horizontal, vertical, and deflection for floating 

objects (Figure 4a,iii). In the case of rough seas, the amplitude of the water waves is large; 

however, the wavelength is short. However, the reverse scenario is observed for calm sea 



 

This article is protected by copyright. All rights reserved. 

16 

conditions. All three existing motions (horizontal, vertical, and deflection) are very dangerous 

for rough seas; however, deflection stands out only for calm seas. It is very difficult for any 

TNG portion to perform effectively in these conditions, particularly in the calm conditions. 

Thus, the designed OS-TNG contains three arched-type basic triboelectric units and pie-iron 

on the top of the device to scavenge energy efficiently in rough seas. Each arched-type basic 

unit is composed of two jointed spring steel plates that are well-covered with fluorinated 

ethylene propylene (FEP) film (Figure 4a,v). Furthermore, this well-polished spring steel 

surface plate is fatigue-resistant, flat, and most importantly, it has good 

flexibility/stretchability, thereby helping in designing a unique TNG.
[90, 91]

 Further, the radial 

pattern FEP film at the bottom of the TNG covered with Cu adheres to the internal surface of 

the OS shell. In addition, the Cu-coated similar-type polyethylene terephthalate (PET) film is 

placed above the FEP film, and these two films are distinctive without overlapping iron shots 

on them (Figure 4a,vii). Because the water surface provides the maximum mechanical 

energy, most TNGs work effectively only during the floating conditions.
[92]

 Figure 4a,vi 

provides an image of the designed oblate spheroidal shell for OS-TNG, which undoubtedly 

shows greater ability to float on the water surface and harvest wave energy from the water 

surface, even from calm seas. Figure 4b,i,ii provides the maximum value of the diameter for 

the OS shell in the OS-TNG compared to only the spherical shell where the iron shot goes 

farther under the constant slant angle compared to the sphere shell (Figure 4b,iii,iv). Thus, the 

designed OS-TNG provides a maximum touching area to water waves, which improves its 

harvesting efficiency and the sensitivity of the device. However, if this slant angle in the 

lower portion of the device is greater than 63°, the sensitivity and efficiency will reduce 

considerably. Further, the top of the designed TNG is in excellent working condition for 

harvesting wave energy in rough seas. The shell volume can be reduced up to ~42% by using 

this innovative device design technique (Figure 4b,v,vi), which is more attractive for 
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commercialization. In OS-TNG, a torque is generated to force the shell to return to the 

original state when the iron shot rolls to one side (Figure 4c,i)—a unique feature of this 

device with lower potential energy. Thus, the designed OS shell-based OS-TNG holds unique 

self-stabilization compared to other TNGs (Figure 4c,i). Thus, the designed OS-TNG network 

not only upholds its superior stability without using an external frame but also can harvest 

green energy from sea waves in any weather condition. Thus, the OS-TNG can be used as an 

effective blue energy harvester using this innovative concept (Figure 4c,ii). Figure 4c,iii 

shows the floating condition of the designed OS-TNG on the water to indicate its potential 

real-life applications. Here, using this water wave, the device can charge capacitors. The OS-

TNG charged different commercial capacitors (2.2, 4.7, and 10 μF) shown in Figure 4c,iv.  

Xiao et al.
[93]

 designed another novel multilayered spring-assisted structure for harvesting 

blue energy. The floating device and its enlarged schematic are shown in Figure 4d,i. The 

outside shell diameter of the device is around 10 cm, and four steel shafts are connected 

through the top and bottom acrylic circular blocks stacked on the sphere internal wall. Thus, 

four flexible springs stacked on the bottom acrylic block sustain the mass block, which 

contains a Cu-sandwiched block between two 2-mm-thick acrylic blocks. In addition, four 

rigid springs are well involved on the top side of the mass portion to prevent any accident 

with the top acrylic block. A multilayered zigzag TNG structure is presented in Figure 4d,i. 

The designed multilayered structure has a total of five TNG units including three front and 

two back units. Here, one Al foil is used as the electrode and another Al-foil-covered FEP 

film (~12.5 μm) acts as the dielectric layer. A flexible foam is used to enhance the surface 

contact to the triboelectric materials that helps increase the output value of the device. A 

photograph of the device is provided in Figure 4d,ii. Figure 4d,iii illustrates the general 

working mechanism for the development of electricity through water waves. The generation 
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of triboelectric positive and negative charges during the separation and contact of the 

multilayered TNG structure is shown in Figure 4d,iii. 

Lei et al. 
[94]

 designed a unique butterfly-shaped TNG device (B-TNG) for scavenging blue 

energy (Figure 5a,i); this devices has two components: the inner TNG moduli and the outer 

shell. To influence the contact-separation movements in the inner TNG moduli, another two 

portions are introduced: the Y-shaped bracket with the inlaid soft base module (Y-bracket 

module) and the spring-assisted four-bar linkage with mounted wings (SFLW). Figure 5a,ii 

displays a symmetrical view of the SFLW with four links. Further, hinged shafts are used to 

connect every neighboring link, and this helps the entire system to deform easily. Owing to 

this structure, the device comes to its original position after the deformation. Figure 5a,iii 

shows the H-shaped single wing; the SFLW was finally developed by connecting 4 H-shaped 

wings into SFL. Every small sheet of the H-type single wing is concealed with double-sided 

Cu tape. Thus, the SFLW holds 16 Cu foils. The SFLW follows two working mechanisms: 

flapping motion and reciprocating swing underwater wave excitation. Figure 5a,iv provides a 

symmetrical structure of the Y-bracket module in the B-TNG, which consists of six soft base 

modules (SBMs). The enlarged view of the SBM with the structural layer is shown in Figure 

5a,v,vi; Figure 5a,vii shows the SEM image of the stretched PTFE surface. Further, the PTFE 

becomes electron-rich through polarization, which is shown in Figure 5a,viii. The flapping 

and swing movement of the SFLW resulted in the contact–separation movements among the 

attached Cu foils on the SFLW and the fixed PTFE films on the Y-bracket module. A real 

image of the device structure is shown in Figure 5a,ix; its waterproof version for good 

working ability on the water surface is shown in Figure 5a,x. The working mechanism of the 

B-TNG underwater wave excitation and the development of the triboelectric positive and 

negative charges during contact-separation motions are demonstrated in Figure 5b,i-iii.
[94]

 

The designed B-TNG can definitely play an important role in the blue energy revolution. 
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Ahmed et al.
[43]

 designed a duck-type TNG to scavenge blue energy. The schematic of this 

device is shown in Figure 5c,i, where a freestanding rolling mode 
[96]

 is the basic operation 

mode for energy harvesting. Figure 5c,ii provides a real image of the device. The general 

working mechanism of the device underwater wave frequencies is shown in Figure 5c,iii, 

where triboelectric positive and negative charges are generated from the solid–solid contact 

triboelectrification and electrostatic induction, respectively, when nylon balls are rolled on 

the dielectric layer (Figure 5c,iii). The corresponding output values are shown in Figure 5c, 

iv. The potential charge distribution during the rolling of the ball in the duck-shaped TNG is 

studied theoretically through the finite element method in COMSOL (Figure 5c,v).
[96]

 Zhang 

et al.
[95]

 designed a sea-snake type TNG (SS-TNG) (Figure 5d,i) for ocean wave energy 

harvesting. The fabricated device structure (Figure 5d,ii) is integrated using Nylon film, 

PTFE balls, coated Cu layer, and soft tampered spring. An enlarged image is shown in Figure 

5d,iii. The working mechanism during the rolling of the PTFE balls caused by different water 

wave motions and their corresponding triboelectric charges during the contact-separation 

mode is shown in Figure 5d,iv.
[97]

 The surface electric potential charge during rolling of the 

balls was checked through simulation using the finite element model simulation technique; 

the outcome could achieve up to 4000 V (Figure 5d,v).  

4.1.2. Output Performances of TNG based Blue Energy Harvesters  

For energy harvesting from sea waves, the B-TNG was sealed to be waterproof and then 

placed in a water tank.
[94]

 The design of a waterproof B-TNG is very important because 

humidity reduces output performance. Figure 6a,i clearly demonstrates that the flat surface of 

the device was parallel to the developed different water wave frequencies in the water tank, 

which influences wave energy harvesting. Figure 6a,i shows that the generated water wave 

frequencies are between 1–2 Hz. Interestingly, the oscillating motion of the device in an up–

down direction was observed for wave frequencies of ~1, ~1.75, and ~2 Hz; the swing 
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motion was seen for ~1.25 and ~1.5 Hz frequencies. Further, the load resistance dependent 

output voltage and current was measured and provided in Figure 6a,ii. In addition, the 

variation of power with different load resistances at different water wave frequencies is as 

shown in Figure 6a,iii. The B-TNG achieved an outstanding power of ~18.509 mW (volume 

power density of ~9.559 W.m
−3

 and instantaneous power density of ~0.712 W.m
−2

) at a load 

resistance of ~15 MΩ and a water wave frequency of ~1.25 Hz. All wings of B-TNG are 

connected through a bridge rectifier to make the device an efficient charging system, as 

shown in Figure 6a,iv. To explore its more potential applicability, B-TNG generated water 

wave energy was used for charging various commercial capacitors (Figure 6a-v,vi). Zhang et 

al.
[95]

 designed an SS-TNG and checked output voltage, charge transferred, and current 

values under horizontal motion with different accelerations (Figure 6b,i-iii). As seen in 

Figure 6b,i-ii, the output values increased significantly with increasing acceleration speed, 

which clearly showed that SS-TNG has real potential as an efficient energy source. The 

effectiveness of the device was further improved by connecting multiple segments and 

devices with four segments delivering an output voltage of ~300 V at an acceleration speed of 

1 m/s
2
 and 1 Hz frequency (Figure 6b,iii). The SS-TNG provided a maximum instantaneous 

power density of ~3.5 W/m3 at 120 MΩ (Figure 6b,iv). Moreover, a single segment SS-TNG 

device (Width: ~5.1 cm, length: ~6.4 cm, and height: ~2.54 cm) was installed on the top of 

the rocking platform (Figure 6c,i) to explore its output performance. This rocking platform 

can move forward and backward, and it can even be inclined in any direction to provide 

water wave motions at low frequency (<0.5 Hz). The SS-TNG contains N number of layers 

with N number of balls in every column (Figure 6c,i). As shown in this figure, the output 

voltage increased for the SS-TNG with two layers when the number of balls increased to 6 

balls per column; further, the voltage decreased further, thereby increasing the number of 

balls (Figure 6c,ii). This result concluded that 6 balls per column are the optimum choice for 
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achieving high output voltage for the designed device. Further, the parallel connection of the 

number of layers increased the value for the output voltage and the current for SS-TNG 

(Figure 6c,iii,iv).  

4.1.3. Practical Applications for Blue Energy Harvesters 

Various realistic devices are proposed to determine the potential applications of the blue 

energy harvester devices. The SS-TNG provides remarkable output voltage with an 

increasing number of segments (Figure 7a,i,ii), and it achieved ~160 V with three segments, 

which have the ability to power up 152 blue LEDs “Blue Energy Dream” instantaneously 

(Figure 7a,iii). Further, this device (Figure 7a,iv) can charge a high capacitor (0.1 mF) to 2V 

within 600 s. Hence, storage energy by a capacitor can be used to drive a humidity sensor to 

monitor temperature and humidity accurately (Figure 7a,v). Ahmed et al.
[43]

 designed a duck-

shaped TNG for use as a self-powered wireless sensor. The wave energy harvested by the 

device can be stored in a 1 mF capacitor via a rectifier; therefore, this capacitor was linked to 

the temperature sensor to power it for processing, sensing, and transmitting data (Figure 7b,i). 

Figure 7b,ii shows the experimental setup for this device. The charging and discharging plots 

of the capacitor curves are displayed in Figure 7b,iii; the capacitor is connected with a 

temperature sensing unit. As shown in Figure 7b,iii, the output voltage immediately drops 

when the temperature sensor is fixed with the capacitor during the sensing operation. A duck-

shaped TNG structure with multiple units is shown in Figure 7c,i with its underwater wave 

image (Figure 7c,ii). In this multiple-unit-based duck-shaped TNG structure, four layers (L1, 

L2, L3, and L4) in their circular sections (Figure 7c,i) with different diameters (6, 7, 8, and 

9.5 cm) are fixed on each other successively from smaller sizes to larger. The total volume is 

around ~0.001 m
3
 of this hybrid structure. Figure 7c,iii-iv provides the output voltage, and 

the current for every single layer and their combined result during parallel connection at a 

frequency of 2.5 Hz. This result indicates that output values increase with an increase in the 
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diameter of the layer size. The accumulated charge was checked for every single layer and 

their combination result during parallel connections was obtained using a connecting rectifier. 

Thus, the duck-shaped TNG would definitely be a better addition for water energy harvesting 

and for supplying sufficient power to the electronics world.  

Wang et al.
[34]

 developed a cube-shaped hybrid nanogenerator device based on EMG and 

TNG for scavenging blue energy (Figure 7d,i). They found that the output performance of the 

device (three different sets of device structure) strongly depends on the number of inner 

triangular prism-shaped chambers (Figure 7d,i). The load resistance dependent output powers 

for these three systems were checked (Figure 7d,i-iv). Interestingly, the output power for the 

EMG part decreased slightly (~7%) and for TNG portion increased up to ~60% by increasing 

number of inner triangular prism-shaped chambers (Figure 7d,i-iv). Thus, the designed TNG 

would be considerably effective for large-scale water wave energy harvesting. Moreover, 

LEDs intensities under different frequencies have been studied (Figure 7e,i,iii), and the 

brightness of the LEDs is strongly dependent on the generating water wave frequency (Figure 

7e,i). Figure 7e,ii provides the average output power with different frequencies for TNG and 

EMG. Interestingly, the generated output power for TNG is higher than that of EMG up to 5 

Hz, and their values become the same at 5.75 Hz; this is called the threshold frequency where 

both provide the same power value. Figure 7e,ii provides the TNG-dominated and EMG-

dominated frequency-dependent power. When the EMG-dominated frequency-dependent 

power becomes higher than that of TNG, brightness of the green LED becomes more 

prominent (Figure 7e,iii). 

The tower-like TNG was composed of 3D printed hemisphere shell, Al electrode, and PTFE 

balls.
[98]

 The developed output voltage for this designed TNG is strongly dependent on the 

used triboelectric materials (Figure 8a,i). The output values were checked using Nylon film 

and Kapton film separately with the PTFE ball (Figure 8a,i). The generated output current for 
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PTFE/Nylon are higher (Figure 8a-ii) than that of PTFE/Kapton at a frequency region of ~1.4 

Hz−1.8 Hz of the water wave. Even the frequency dependent output voltage was higher for 

PTFE/Nylon than that for PTFE/Kapton (Figure 8a,iii). PTFE/Nylon triboelectric pairs 

provided high output values because of their remarkable dissimilarity in triboelectric series. 

The output performance of the device strongly depends on the number (n) of PTFE balls and 

its diameter. In addition, with an increasing number of PTFE balls, the output current reached 

a maximum value (~1.3 μA) when 20 balls were used to design the device (Figure 8a,iv). The 

different arc surface diagram is shown in Figure 8b,i from the flatter (ρ = 5.88 m
−1

) to the 

hemispherical shell (ρ = 16.13 m
−1

).
[98]

 The rolling speed or magnitude of the designed PTFE 

ball in tower-like TNG strongly depends on the curvature of the arc surface. The frequency 

dependent transferred charge (Qsc) was checked for the hemispherical shell (ρ = 16.13 m
−1

), 

which increased with increasing frequency and reached a maximum of ~35 nC at 2.0 Hz 

(Figure 8b,ii). Further, the frequency-dependent current value (Isc) was checked for this shell, 

and this value increased with increasing frequency (Figure 8b,iii). The variation of Isc and 

Qsc values for hemispherical shell (ρ = 16.13 m
−1

) with a frequency is plotted in Figure 8b,iv. 

Similar output performances (Isc and Qsc values) with frequency are demonstrated with two 

other arc surfaces (ρ = 10.3 m
−1

 and ρ= 5.88 m
−1

), as shown in Figure 8b,v,vi where higher 

values are achieved for flatter arc surfaces compared to the hemispherical shell. The resonant 

frequency (f0) was calculated for these three arc surfaces as f0 = 2.0 Hz for ρ = 16.13 m
−1

,
 
f0 = 

1.6 Hz for ρ = 10.30 m
−1

, and f0 = 1.2 Hz for ρ = 5.88 m
−1

. This result confirmed that the 

resonant value decreased with a flatter surface. Thus, a flatter arc surface is very effective for 

blue energy harvesting. For real applications, a water tank was used to generate water waves 

for harvesting blue energy using this designed T-TNG with five units in parallel (Figure 8c,i) 

and by lighting 500 green LEDs. Figure 8c,ii demonstrates that a 100 μF capacitor can be 

charged to ~3.3 V within 7 min using a rectifier to drive the thermometer for temperature 
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sensing. The stability and durability of the device was checked for its long term-applications 

in different water wave conditions (Figure 8c,iii). The device provided almost constant output 

current for long-times (14 h). Thus, the innovative design of T-TNG is an effective approach 

towards harvesting blue energy on a large scale via parallel connections of many blocks to 

create T-TNG networks (Figure 8c,iv). Further, the designed tower-like TNG (T-TNG) was 

composed of many units with a parallel connection in a single tubular block (Figure 8d,i) 

along with the rectified circuit diagram connected in parallel for T-TNG (Figure 8d,ii). The 

current (Figure 8d,iii) and transferred charge (Figure 8d,iv) with multiple numbers (1–5) of 

units in parallel are increased with an increase in the number of units. Load-resistant 

dependent voltage, current, and instantaneous power density were plotted in Figure 8d,v. 

Figure 8d,vi shows the generating output current that increases linearly with an increasing 

number of units from 1–10 units in parallel. Therefore, the power density can be improved 

further by increasing units in parallel connections without using rectifiers for large-scale 

potential applications.  

4.2.1. TNG Devices for Acoustic Energy Harvesting 

Acoustic energy is another abundant natural energy source for harvesting green electricity; in 

this energy source, sound frequency is converted efficiently to harvest energy though the 

TNG. Fan et al.
[99]

 designed a unique device for harvesting energy from sound frequency. 

They designed a multilayered structure comprising vertically laminated thin film materials 

(Figure 9a,i). The structural design involves a Cu-coated thin layer paper with multiple holes 

instead of a smart TNG backbone that acts as an electrification layer and develops 

triboelectric charges during contact with a thin polytetrafluoroethylene (PTFE) membrane 

(Figure 9a,i).
[17,100]

 Lightweight, flexible, highly mechanically stable, inexpensive, and 

biodegradable papers are used. The holes (diameter: ~400 μm) in the paper in the designed 

TNG results in an increase in broadband acoustic response. Nanowire array structures are 
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developed on the PTFE film to improve triboelectrification and the overall output values of 

the designed TNG 
[101]

, which is confirmed via SEM images (Figure 9a,ii). The overall 

thickness of the designed TNG is less than 125 μm (Figure 9a,iii), which is considerably 

effective for sound energy harvesting. Figure 9a,iv shows a used flexible multihole paper 

electrode.  

In general, the designed rollable and ultrathin paper-based TNG follows two basic 

mechanisms for harvesting sound frequency energy: sound-induced membrane vibration and 

vibration-induced electricity generation. While external sound frequency is constantly 

incident onto this designed flexible paper-based thin TNG, the PTFE flexible membrane 

vibrates accordingly. The propagation of sound frequencies (or waves) causes periodic air-

pressure differences on both sides of the membrane, thereby resulting in membrane vibration. 

This vibrational working principle is clearly different from that of the convenient acoustic 

green energy harvester that entirely depends on a resonator cavity, wherein the mechanical 

sound vibration is qualified to alternative air compression-expansion inside the cavity.
[20, 102]

 

A simulation was performed using ANSYS to explore the sound wave-induced vibration for 

the PTFE membrane under different frequencies (Figure 9a,v). Figure 9a,v shows that the 

developed acoustic pressure difference (~20 Pa) was distributed homogeneously over the 

PTFE membrane (thickness: ~0.025 mm) with a Young’s modulus of 440 MPa. The 

simulation results clearly indicate that the magnitudes and deformation regions of the PTFE 

membrane are closely associated with the external sound excitation frequencies, which can be 

related to various resonance frequencies under various vibration modes. In other words, the 

generation of vibration-induced electricity is strongly related to a coupling effect among the 

electrostatic induction and contact electrification. Figure 9a,vi shows the schematic of an 

electricity generation cycle under applied external pressure. At a maximum level of contact 

state, the sound wave-induced contact among Cu and PTFE produces electrical charges. 
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Owing to different electron affinities of the two materials, PTFE attracts electrons from Cu, 

which results in positive triboelectric charges on the Cu side and negative triboelectric 

charges on the PTFE side.
[9,103]

 Then, the acoustic pressure moves away from the PTFE to the 

Cu. Thus, the developed inner dipole moment among the two contact surfaces is changed 

simultaneously, which helps free electrons to flow from the Cu electrode on the PTFE 

membrane to the ultrathin multihole flexible paper electrode until the maximum separation 

state changes to the maximum contact. The free electrons move in the opposite direction from 

the maximum separation state toward the maximum contact states, which completes a full 

electricity generation cycle. The effect of the hole shapes on the multihole electrode at a 

constant void-to-surface ratio was studied (Figure 9b,i). Figure 9b,ii shows the effect of 

central hole distribution on the electrical output for the designed device. The effect of the 

hole diameter on the output is clearly observed in Figure 9b,iii at a constant void-to-surface 

ratio (20%) and their corresponding output values in Figure 9b,iv. Frequency-dependent 

output values are studied on the designed device using the void-to-surface ratio frequency 

(Figure 9b,v). The electrode thickness strongly affects the output values (Figure 9b,vi) as 

shown in Figure 9b,vii. Further, the electrode substrate materials directly affect output 

performance, and the frequency dependent current is shown in Figure 9b, viii-ix. Yang et 

al.
[20]

 designed a TNG device (Figure 9c,i) for harvesting acoustic green energy, and a cross-

sectional image of the core shows a multilayered structure (Figure 9c,ii). Nanoporous Al thin 

film surface plays a dual role; it acts as a contact surface and as an electrode. The SEM image 

shows the nanopores on the Al thin film surface (Figure 9c,iii). The uniform distribution of 

the nanopores with ~57 ± 5 nm average diameter and a density of ~210 per μm
2
 can be 

observed clearly on the Al surface. The Cu deposited PTFE layer worked as another working 

electrode. Nanowire structures with a diameter of ~57 ± 5 nm and an average length of ~1.1 ± 

0.4 μm were developed on the PTFE surface to improve the surface roughness and the active 
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surface area of the PTFE film. (Figure 9c,iv). The MATLAB simulation was performed to 

explore details regarding the deformation nature of the nanowire structure on the PTFE film 

under different acoustic pressures (Figure 9d,i), where the consistently circulated acoustic 

pressure difference was 0.1 Pa, and Young’s modulus of the designed PTFE cylindrical thin 

film (diameter: ~65 mm; thickness: ~0.06 mm) was ~420 MPa. The color signified the 

deformation magnitudes of the designed PTFE cylindrical thin film, and the maximum 

displacement at the center was ~0.7 mm. Monotonic enhancement of the average deformation 

was observed with an increase in the acoustic pressure difference during the experimental 

time period (Figure 9d,ii). The acoustic pressure depends entirely on the electricity generation 

cycle based on triboelectric charges (Figure 9d,iii) flowing through the numerically simulated 

electrostatic potential distribution obtained using COSMOL. At its initial condition, the PTFE 

thin film was in contact with the Al thin film. Since the PTFE film is more triboelectrically 

negative than the Al film, the electrons flow from Al to PTFE and result in negative 

triboelectric charges on the PTFE film and the positive charges on the Al film (Figure 9d,iii, 

stage I). Owing to the wave nature of sound propagation, obtaining the acoustic pressure 

splits the PTFE film from the Al film. Thus, the positive and negative triboelectric charges no 

longer overlap on the identical plane and an inner dipole moment subsequently develops 

among both contact surfaces, thereby helping free electron movements from the Cu electrode 

to the Al electrode to screen the local electric field; this generates positively induced charges 

on the Cu electrode (Figure 9d,iii, stage II). Electron flow continues until the PTFE film 

achieves the highest point, where the corresponding separation reaches the maximum value 

(Figure 9d,iii, stage III). Then, the PTFE film is pressed towards the Al film because of the 

change in the acoustic pressure difference. In response to the reduced separation and the 

weakened potential drop, free electrons in the Al electrode flow back to the Cu electrode until 

the two surfaces come into close contact and complete the electricity generation cycle (Figure 
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9d,iii, stage IV). Thus, the PTFE thin film bounces away from the Al film after gaining 

momentum from the sound waves, thereby generating another electrical cycle.  

4.2.2. Output Performances of Acoustic Energy Harvesters 

Harvesting acoustic energy using TNGs has gained considerable research attention in current 

times. To the best of the authors knowledge, an ultrathin paper based rollable TNG device 

was fabricated for the first time to harvest energy from sound frequency.
[99]

 This designed 

rollable TNG harvests energy from cell phones during conversations. Cell phone generated 

recycled acoustic energy can charge a capacitor up to ~1.8 V within 12 s (Figure 10a,i). 

Although this ultrathin paper based TNG is attached on a glass or a wall window, it can 

harvest electricity from surrounding noise. Further, this TNG is highly capable of acting as an 

effective self-powered microphone for recording sounds with a broad working bandwidth. 

Thus, a self-powered microphone is designed using this smart and inexpensive TNG, which 

has the ability to convert the human voice generated sound frequency into an electrical signal 

for recording sounds (Figure 10a,ii). A conventional old acoustic energy scavenger has a 

heavy and large structure because of the resonance cavity requirement in terms of the 

structural viewpoint. The designed rollable TNG comprises a multihole structure on the paper 

electrode, which removes the conventional resonator for harvesting acoustic energy 

efficiently. The designed TNG delivers a high-volume power density of ∼1 kW/m
3
 at sound 

pressure of ~117 dBSPL. The directional measurement patterns and possible working 

functions for the flat TNG and the ultrathin rolled paper based TNG are shown in Figure 10a-

iii,iv. Figure 10a,v displays their (flat and rolled structure TNG) corresponding shapes (flat 

and rolled) dependent on directional patterns, respectively. In addition, the directional pattern 

of the flat type TNG appears to be butterfly shaped with almost a mirror symmetry; A highly 

symmetric circular directional pattern was found for the rolled type TNG, which strongly 

supports that the output performance does not depend on the incident direction of the sound 
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wave. Owing to the independent incident direction, the rolled type thin TNG is very effective 

for sound energy harvesting. Thus, it can be widely applied as an efficient sensor for various 

purposes such as military surveillance and theatrical stage live recording. Yang et al.
[20]

 

designed an organic film based TNG for harvesting acoustic energy. They designed four 

different devices (NG1, NG2, NG3, and NG4) with different dimensions (11 × 11 × 11 mm
3
, 

9 × 9 × 9 mm
3
, 7 × 7 × 7 mm

3
, and 5 × 5 × 5 mm

3
) corresponding to resonance frequencies of 

~350, ~650, ~1100, and ~1400 Hz, respectively, and they checked their working output 

performance from ~10 to ~1700 Hz (Figure 10b,i) to ensure that they are used as an efficient 

self-powered microphone for sound/music recording. For experimental measurements, a 

multichannel signal acquisition implant was designed using the Lab VIEW method to gather 

electric output values at a sampling rate of ~44.1 kHz. Figure 10b,ii shows the time domain 

waveforms or output voltages of the recorded sounds using NG1 and NG4, respectively. 

Though both NG1 and NG4 use the same sound frequency source, the obtained waveforms 

are very different, which is caused by the various frequency response regions of the two 

(NG1 and NG4). The natural frequency for NG1 is ~350 Hz (Figure 10b,i); thus, the obtained 

waveform is smoother for NG1 because of its lower frequency dominant response regions 

between 10–600 Hz (Figure 10b,ii), which is the corresponding short-time Fourier transform 

(STFT). The developed waveform is rougher for NG4 with a natural frequency of 1400 Hz 

(Figure 10b,i) because of its higher frequency dominant response from 1100–1700 Hz, as 

displayed in Figure 10b,ii compared to its corresponding STFT. The rebuilt signal (Sre) can 

be defined as  






4

1i

iire
saS

     (7)   

where ai represents the weighing factor, which acts as a function of speech-to-noise that 

results in a rule of 


4

1
1

i
a

, and si denotes the developed acoustic output signal from NGi (i = 
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1–4). The reconstructed signal waveform using Equation 4 and its corresponding STFT are 

shown in Figure 10b,iii. The frequency components of the recreated signal cover all 

frequencies regions from 10–1700 Hz, as shown in Figure 10b,iii.  

Figure 10b,iv demonstrates the potential applicability of this designed self-powered TNG for 

sound recording. The output voltage depends strongly on the input acoustic frequencies and 

pressures. The output voltage decreased from ~60.50 to ~0.73 V when the acoustic pressure 

decreased from 110 dBSPL to 70 dBSPL at a constant frequency of 240 Hz. The simulation 

of MATLAB estimated a linear relationship between the applied acoustic pressure (Pin in 

Pascal) and voltage. Interestingly, both the output voltage (from ~60.50 to ~0.81 V) and 

current (from ~15.10 to ~0.21 μA) decreased with an increasing distance from 1 to 100 cm at 

a constant resonant frequency (240 Hz) and an acoustic pressure (110 dB SPL). The output 

voltage of the device was further checked at a constant acoustic frequency (240 Hz) with an 

increasing rotating angle from 0° to 360° (Figure 10c,iv). The corresponding directional 

pattern was achieved through normalization relative to the voltage peak response. The output 

response of the device strongly varied with the incident angle of the sound waves. Further, 

the acoustic potential application of this TNG was demonstrated in a different manner. Three 

TNG devices (AS1/AS2/AS3) were arranged in an L-shape on a 2D plane (dimensions: ~2 m 

× 1.8 m) as shown in Figure 10d,i,ii. A small balloon was used on the 2D plane as an acoustic 

source to generate sound by simply bursting it. Thus, the generated sensing signals during the 

bursting are collected for the three devices (ASs) using a customized triple-channel data 

acquisition system based on Lab VIEW. Figure 10d,iii displays the generated acoustic sound 

signals obtained using ASs during the balloon burst at the 2D plane center. Note that the time 

delays of the two cross-correlation functions among AS2 and AS3 (and AS1 and AS2) are 

zero, thereby supporting the point that a similar distance is moved by the sound from the 

same acoustic source (balloon burst) to the ASs (AS1/AS2/AS3), which is reliable with the 
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real experimental case. Thus, the designed acoustic sensors (i.e., TNG) are used widely for 

sniper localization, military reconnaissance and surveillance, underwater acoustics, and self-

conversation detection in web conferencing. 

4.3.1. TNG Devices for Wind Energy Harvesting 

Various designs of TNG devices are used to harvest wind energy efficiently. A shaft and 

rotary framework based TNG (R-TNG) 
[104]

—a conventional wind cup structure with a 

flexible rotor blade along with two stators—is designed to harvest wind energy (Figure 

11a,i). Two acrylic rectangles are connected with each other (Figure 10a,i) perpendicularly 

through shared central axes to support the entire framework structure where a metallic shaft 

rod is situated through two bearings. Here, polyester (PET) film (thickness: ~125 μm) is used 

to design a soft and flexible rotor blade, which is well attached to the shaft and can rotate 

with the shaft. Two symmetric stator Al covered plates are attached in the shaft direction to 

stretch out from the framework. A designed rotary-based wind cup setup is positioned on the 

shaft top for wind energy during wind flow through the continuous rotation of the flexible 

rotor and shaft. During this rotation, a successive face-to-face contact and separation (in area 

of 6.4 cm×2.5 cm) among the stators and rotor is the basic TNG mechanism to generate green 

wind electricity. To improve the capability of the device, the surface roughness of the PTFE 

film is increased by developing nanowire structures (Figure 11a,i) that use inductively 

coupled plasma (ICP) reactive ion etching.
[107]

 The SEM images (Figure 11a,ii) confirmed the 

uniform development of the nanowires (average nanowire length: ~700 nm) on the PTFE 

surface (etching time: 40 s). The final lightweight device structure is shown in Figure 11a,iii. 

A kelp-forest or lawn structure such as TNG device 
[105]

 is introduced to harvest wind energy 

(Figure 11b,i) and make the device structure more feasible for wind energy harvesting. Here, 

strip type TNG devices (Figure 11b,ii) have been designed through one end of the ITO 

covered PET with a TNG strip attached to the substrate; the other end was free standing. The 
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PET was used because of its high mechanical strength and electron affinity. Nanowires 

structures are developed by ICP process 
[108]

 on the PET surface to increase the surface area 

(Figure 11b,iii). Most importantly, the kelp-forest like TNG devices are used to design 

rooftops of houses (Figure 11b,iv) or other places such as tents, fences, and to harvest wind 

energy continuously. A tube-like TNG device
[106]

 is further designed to harvest wind energy 

(Figure 11c,i). Here, the FEP film is used to design the TNG device along with Al foils. The 

Al foil acts as both the electrode and the triboelectric surface. One end of the FEP film is free 

standing and the other end is attached to the middle of the other side of the tube (Figure 

11c,i). Owing to the wind induced vibration, the distance between the FEP film and two Al 

films are changed periodically, and therefore, the resulting output values change accordingly. 

The side view of the TNG device (Dimension: 2.5 × 2.5 × 5.5 cm
3
) is displayed in Figure 

11c,ii,iii. Nanowires structures are grown on the FEP surface to increase the surface area 

(Figure 11c,iv). A flag-type TNG device (WTNG-flag)
[19]

 was fabricated to harvest wind 

energy effectively from any arbitrary wind flow direction through contact-separation 

triboelectrification (Figure 11d,i). This WTNG-flag is designed by sandwiching Cu belts 

(KSC belts) with Kapton film (20 μm thick) as one electrode, and polyester textiles 

sandwiched Ni coating (Ni belts) as the other where a gap exists between two electrodes for 

the entering wind flow to generate electricity through the contact-separation mode of 

triboelectricity (Figure 11d,i). Both designed KSC belts and Ni belts (~30 cm long and ~1.5 

cm wide) are shown in Figure 11d,ii; the final flexible designed device (WTNG-flag) is 

shown in Figure 11d,ii (right side). The polyester wire surface is fully deposited by a 

conformal Ni nanoparticle layer (Figure 11d,iii) for high surface area, although the Kapton 

film surface is relatively smooth (Figure 11d,iv). The measured resistance of a Ni belt (20 

cm×1.5 cm) is about 2 Ω. The working mechanism of the WTNG-flag is shown in Figure 

11e,i.
[19]

 Contact-separation is the main working mechanism during wind flow between the 
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gap of the KSC belts and the Ni-belts to generate electricity. No charge transferred was 

observed without wind flowing at the original state (Figure 11e,i). These two belts (KSC and 

Ni) come to each other during wind flow (Figure 11e,i), and the electrification of the Kapton 

film is generated because of the electrons captured from the tribopositive Ni film.
[109]

 Thus, 

the KSC belt becomes negatively charged and the Ni belt, positively charged. When both 

belts are detached from each other, a potential charge is generated among the Cu sandwiched 

within KSC belt and Ni belt. At the short-circuit condition, the electrostatic induction through 

the negative Kapton film pushes the transfer of electrons from the Cu to the Ni belt via an 

external circuit, thereby resulting in a high current value (Figure 11e,i). While both belts 

(KSC and Ni) move again together, output values are generated in the opposite direction.
[110]

 

The obtained output voltage of ∼40 V and a current of ∼30 μA for the WTNG-flag (Degree 

of tightness: ~1.09; woven unit = ~1.5×1.5 cm) are remarkably high during wind flow at 22 

m/s (Figure 11e,ii). The designed WTNG-flag provides a maximum power density of ~135 

mW/kg at 6.5 MΩ (Figure 11e,ii). Thus, the wind power energy harvester is expected to play 

a vital role in future wind energy harvesting technology.  

4.3.2. Output Performances for Wind Energy Harvesters 

Another exciting and innovative approach has been demonstrated to harvest bidirectional 

wind energy using TNG.
[111]

 Here, Al, Ti, and Kapton film is used in an acrylic tube to design 

well defined STNG and DTNG arrays for wind energy harvesting (Figure 12a). For STNG, 

the film is attached on one side and it is free standing for the other side (Figure 12a,i). For 

DTNG, the films are attached on both sides with the middle of the acrylic tube (Figure 

12a,ii). Figure 12a,iii,iv depicts different kinds of DTNG arrays (sketches of 2×2 and 4×1) 

connected in parallel with the electrical circuit through Cu wires. Both STNG and DTNG 

devices contain PTFE/Ti/Al as the top and bottom patches and the vibrational 

Al/Ti/Kapton/Ti/Al film. The Kapton film is sandwiched with Al/Ti thin films, which play a 
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key role as both the lower and the upper triboelectric surfaces and transportation of wind 

wave energy, while Al/Ti/Kapton/Ti/Al thin films flutter to a suitable wind flow velocity. In 

the case of rotary TNG (R-TNG),
[104]

 the basic mechanism for electricity generation during 

wind flow is based on contact-sliding-separation-contact processes (Figure 12b). In the initial 

state, no tribo-charge is obtained because the rotor blade is motionless and the triboelectric 

layers are disconnected from each other (Figure 12b,i). Although the rotor blade starts to 

rotate around the shaft during the wind blowing on the designed wind cups, PTFE film comes 

into full contact with the Al film on either one of the stators (Figure 12b,ii). Because of the 

dissimilar tendencies to lose or gain electrons, the triboelectric effect allows surface charge 

generation at the contact area owing to relative sliding, thereby sending off the PTFE with 

negative charges and an Al layer with net positive charges; there is a slight electric potential 

dissimilarity produced in space.
[112–114]

 As the polymeric rotor blade in R-TNG rotates 

continuously, a flexible and lightweight blade is twisted or bent in order to swing across the 

rigid stator (Figure 12b,iii). Owing to the high electrostatic attraction between the two-

tribocharged surfaces in R-TNG, the PTFE film has an affinity to make close contact with the 

Al stator; therefore, bending arc type situations are seen on the PET part of the rotor blade. 

The PTFE plate will be directed to slide outward through the Al surface, thereby providing a 

continuous reduction in the overlapping area of the two-tribocharged surfaces. This results in 

in-plane charge separation. The lateral dipole moment in parallel will develop a higher 

potential to the sliding surface on the Al surface; therefore, it can initiate current flow from 

the Al electrode to the PTFE electrode in the external load to offset the tribocharged induced 

potential. This procedure will exist until the PTFE completely slides out of the Al surface. 

Thus, the total transferred charges will be equivalent the triboelectric charge amount on each 

surface. The sliding mode working principle for TNG develops higher triboelectric charge 

density because of the large amount of friction generated during the sliding process compared 
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to that for other modes of contact 
[112]

 and a very effective approach for TNG. Later, the rotor 

blade of the TNG is rotating continuously toward another stator having involved an electrode 

of positive charges with an identical density of negative tribocharges on the surface of the 

PTFE (Figure 12b,iv).
[115]

 While the rotor blade comes to another Al blade, two surfaces will 

come into contact with each other shortly in the vertical direction (Figure 12b,v). Thus, a 

potential difference will be observed from the electrode on the PTFE to the Al sheet and 

resulting current flow in opposite direction in order to achieve electrostatic equilibrium where 

all accumulated positive charges developed on the PTFE electrode have gone back to the Al 

stator and the cycle is fully completed after this point. Therefore, the entire electricity 

generation process of the R-TNG hybridizes in-plane contact-sliding mode and separation-

contact mode in the vertical direction as a complete cycle route and develops a pair of 

alternating currents: one sharper but narrower peak corresponding to the vertical charge 

recontact, and one lower-magnitude, however broader, peak corresponding to the in-plane 

charge separation (Figure 12b,vi). These different types of wind energy harvesting devices 

provide a large amount of green electricity through triboelectrification mechanisms, and 

indeed, this energy harvesting technology will be a major resource for scavenging wind 

energy in the future. The wind energy based electrical output values of the designed R-TNG 

[104]
 were checked at ~15 m/s wind speed and, interestingly, it achieved ~250 V (Figure 12c,i) 

through this separation-contacting-sliding-separation mechanism of TNG. The obtained 

maximum transferred charge (ΔQ) is ~140 nC (Figure 12c,ii), and it passes back and forth 

between the two electrodes during the contact and separation of the two tribo-charged 

surfaces with each other. Thus, the charge transfer provided a current value (ISC) of ~250 μA 

corresponds to the vertical contact process (Figure 12c,iii). The enlarged views of the VOC, 

ΔQ, and ISC curves in the inset of Figure 12c,i-iii clearly reflect the differences in the 

characteristics of the sliding and contacting modes: the steep rising of the VOC and ΔQ peaks 



 

This article is protected by copyright. All rights reserved. 

36 

with a higher sharp ISC peak represents the vertical contact. The gradual decrease of the VOC 

and ΔQ peaks with a lower and broader ISC peak represents the sliding separation. The 

rectifying bridge was utilized to convert the AC output to DC via a rectifying bridge (Figure 

12c,iv); the current output values remained almost the same even after rectifying them. 

Voltage and current are carefully varied with load resistance (Figure 12c,v) where voltage is 

increased but the current value decreases with an increasing load resistance for R-TNG. The 

R-TNG provided the maximum instantaneous power of ∼12 mW at 1 MΩ load resistance 

(Figure 12c,vi). Further, a designed R-TNG wind energy harvester with two stators is very 

effective, and the best design structure obtains better output values than that with three or 

four stators. The poor performance for many stators (3 or 4) is because space availability is 

less for the rotors to come back to their initial position from the bending state, which reduces 

the contact between the Al stator and PTFE surface. Thus, the proposed R-TNG with two 

stators gives a better wind energy harvest. Yang et al.
[106]

 used finite-element simulation 

based on COMSOL to determine the charge transfer and electric potential distribution among 

the FEP film and Al electrodes in TNG, which explains the mechanism more quantitatively in 

terms of electricity generation. A schematic of the designed model includes an FEP film (20 

mm×30 mm×25 μm) and two Al electrodes (20 mm×30 mm×1 mm) that are grounded 

(Figure 12d,i). The triboelectric charge density on the two FEP film surfaces is −10 μC/m
2
. 

Figure 12d,i displays the estimated electric potential distribution for the designed TNG in 

various locations at 6, 3, 0, −3, and −6 mm, respectively. The maximum value of the 

electrical potential (up to −9000 V) is obtained at the position of the FEP film in the middle 

between the two Al electrodes. The electrical potential value drastically decreased in the FEP 

film when moving towards the bottom or top Al electrode (Figure 12d,i). The variation in the 

overall charge accumulation on the Al electrodes at various locations of the FEP film is 

shown in Figure 12d,ii. While the FEP film moved away from the bottom to the top Al 
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electrode, the charge accumulation increased on the top and decreased on the bottom Al 

electrode, thereby resulting in reverse voltage and current signals at the top and bottom Al 

electrode, respectively.  

Quan et al. 
[111]

 designed a unique model for bidirectional wind energy harvesting by 

designing two different types of TNGs (STNG and DTNG). They studied current and voltage 

values for both the STNG and DTNG under various wind velocities (from ~9.2 m s
−1 

to ~18.4 

m s
−1

). They observed that the rectified I SSF1 for STNG1 (Figure 13a,i) and I SSF2 for 

STNG2 (Figure 13a,ii) values increased with increasing wind velocity and the maximum 

current value is ~54 μA (for STNG1) and ~46 μA (for STNG2) for the same wind velocity of 

18.4 m s
−1

. The rectified ISC value increased slightly up to ~75 μA at the same wind velocity 

of 18.4 m s
−1

, by connecting STNG1 and STNG2 in parallel (STNG1//STNG2), named as I 

SSF3 (Figure 13a,iii). Likewise, Figure 13a,iv-vi provides the rectified current values for 

DTNG [I DSF1 for DTNG1, I DSF2 for DTNG2, I DSF3 (in parallel connection) for 

DTNG1//DTNG2], and the obtained maximum values are ~56 (I DSF1), ~49 (I DSF2), and 

~66 μA (I DSF3) at ~18.4 m.s
−1

. The value of I DSF3 is almost comparable with the I DSF1 

and I DSF2 values. This might be due to the asynchronism for the generated output signals of 

DTNG1 and DTNG2. Because of the unequal fluttering among the middle 

Al/Ti/Kapton/Ti/Al and the PTFE/Ti/Al film during wind speed, the negative output voltages 

for both STNG and DTNG are comparatively higher than positive values. Higher surface 

charge density was generated during the contact force because of the existence of 

nanostructures on the PTFE film.
[15,116]

 Thus, the output values of the STNG and DTNG 

devices are strongly dependent on the wind speed and fluttering motion of the designed films 

(Al, Ti, Kapton, Ti, and Al film; PTFE, Ti, and Al film) inside the device at higher wind 

speed. Zhang et al.
[105]

 designed a lawn structured TNG for harvesting wind energy. The 

coupling among electrostatic induction and contact triboelectrification is the main working 
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mechanism for TNG.
[113,117]

 Owing to the opposite triboelectric polarities among PET and 

ITO, electrons generally move from ITO to PET once they come into close contact. An 

electrical potential mismatch is observed in the following separation process; this will help 

free electron movement to allow them to flow across the electrodes. Hence, alternating 

current will appear via the external circuit. During wind flow across the designed free-

standing strip based TNG, their random/continuous swing will result in physical contact-

separation between them, and finally, they will harvest electricity from the wind motion. A 

COMSOL study is conducted to explore the working mechanism theoretically to simulate the 

periodic potential variation among the two electrodes upon contact-separation (Figure 

13b,i,iii,v,vii,ix,xi, left side). For this, a high-speed camera (frame rate of 2000 Hz) was used 

to capture images for the dynamic process of the contact–separation mode among two 

neighboring flexible strips to explore the working mechanism in detail. Initially, the designed 

TNG strips were carefully bent to contact each other under a successive and steady wind flow 

(Figure 13b,ii, iv). Then, the bent TNG strips l move from the propagation state (Figure 

13b,vi) to separation state (Figure 13b,viii) because of their elastic restoration and the 

atmospheric pressure among the two neighboring strips. When the separation distance is 

further increased among the two strips, the atmospheric pressure drops again. Thus, these 

strips alter to the contact state (Figure 13b,xii) from the propagation state (Figure 13b,x). 

Thus, these flexible TNG strips perform well under any wind speed conditions for energy 

harvesting. Zhao et al.
[19]

 designed the WTNG-flag to harvest energy from any arbitrary wind 

direction. Since wind speed is more steady and faster at high altitudes than near the 

ground,
[47]

 the output performance is higher with increasing altitude. The output current also 

improves with wind speed (from 3 to 32 m/s) (Figure 13c,i). Figure 13c,ii provides a higher 

number of current peaks and more frequent fluttering results for the WTNG-flag with an 

increasing wind speed at a particular time span (0.05 s). The high wind speed will increase 
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the effective contact area in a short period, which results in the maximum charge density on 

the surface. Thus, the maximum current value obtained by transferring more charges in quick 

time resulted in a high output current, voltage, and power. Further, the parallel connection of 

the devices (WTNG-flags) strongly influenced the current values in the higher zone (Figure 

13c,iii), and it can light up many green LEDs instantaneously. The capacitor (4.7 μF) 

charging rate at a particular time span with 3 WTNG-flags in parallel is observed in Figure 

13c,iv and charged up to ~8.1 V. Zhang et al.
[105]

 showed that the wind energy harvesting of 

their devices is strongly dependent on the distance between the two adjacent strips because it 

is associated with the wind induced strips contact-separation method. The output values are 

improved by increasing the gap distance to 7 mm (Figure 13d,i,ii); then, they gradually 

decreased. Moreover, the output performance is strongly influenced by wind speeds. The 

changes in the output values with a wind velocity (0 to 27 ms
−1

) are shown in Figure 13d,iii 

at a distance of 7 mm (strips gap). Further, the output voltage and current values are provided 

at different load resistances at ~27 ms
−1 

wind velocity (Figure 13d,iv); they would be very 

effective for next-generation energy harvesting. 

4.4.1. TNG Devices as Ultrasensitive Sensors 

Besides energy harvesting, TNGs devices are very useful as efficient ultrasensitive sensors, 

and various smart devices have been introduced. The designed smart hybridized TNG 

consists of a disk structure that has a blade on the top for converting the surrounding water or 

wind flow into mechanical motion (Figure 14a,i).
[81]

 The TNG contains two different 

important parts: a stator and a rotator. The rotator has four intercrossing acrylic blades fixed 

on an acrylic disk substrate. A soft polyurethane (PU) layer is placed on the other side of the 

acrylic substrate, which acts as a buffering layer. The PTFE triboelectric layer is coated on 

the top and it accepts electrons easily from the Al foil. Again, four bar-type magnets are 

attached homogeneously on the rotator plane. As it moves close to the stator, the four coil 
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groups as the other portion of the EMG are homogeneously spread on an acrylic substrate. 

The Al layer is used as another triboelectric layer of this designed device, which is coated on 

the stator. To enhance the overall triboelectrification of the device, the roughness on the Al 

and PTFE surface is developed by growing nanostructures on both surfaces.
[107]

 Uniform size 

nanowires are grown on the PTFE film to improve the triboelectrification (Figure 14a,ii). 

Nanopores with a uniform size are grown on the Al surface (Figure 14a,iii). Hence, the 

fabricated TNG device is very effective as a self-powered traffic volume sensor that can be 

installed inside a tunnel to control the traffic (Figure 14a,iv) with its enlarged view (Figure 

14a,v). A highly ultrasensitive TNG is designed for a next generation electronic hearing 

system.
[74]

  

Guo et al.
[74]

 designed a unique triboelectric cochlea (TEC) device for an intelligent auditory 

system [Figure 14b,i]. This TEC device is well incorporated inside an artificial ear. Figure 

14b,i shows the layer-by-layer design for TAS. An integrated circular TAS device is 

composed of an FEP-protected top electrode with many hole channels, a spacer with ~100 

mm thickness, and a Kapton film attached to the bottom electrode. The outer edge of the 

Kapton film is connected through an annular acrylic sheet, and the inner film edge is left free 

for vibration. Nanostructures are grown (Figure 14b,ii) on the FEP surface to achieve a high 

charge density for a greater sensitivity of the device. Owing to its thin and tiny size, this 

device (Figure 14b, iii) can be used for many applications. The working mechanism for the 

TAS device follows two important aspects of sensing an acoustic wave: acoustic wave 

inducing membrane deformation and membrane vibration resulting in an electric signal. The 

cross-section view of the TAS components is displayed in Figure 14b,iv. COMSOL 

Multiphysics is used for the simulation study (Figure 14b,v) of TAS, and the deformation 

displacements of a circular membrane are checked in the presence of three different acoustic 

wave frequencies. In general, the first-order vibration frequency mode delivers the largest 
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mechanical deformation; thus, modulating this mode is strongly related to broadening the 

frequency response. The Kapton film membrane deformation occurs because of contact 

triboelectrification among the bottom electrode and the FEP under the pressure level, definite 

sound frequency, and gap distance; therefore, negative triboelectric charges will develop on 

the FEP surface because of electron affinity differences.
[121]

 During variations in the air 

pressure and mechanical motion-induced separation among the bottom electrode, the charged 

FEP pushes electrons to flow from the top electrode to the bottom via electrostatic induction. 

Reverse contact among these (bottom electrode and FEP) will develop reverse output signals 

because of the reverse flow of electrons. Schematics of charge distribution under three 

different states of the short-circuit situation are shown in Figure 14b,v.  

Robotic hands are very essential in human–machine interactions to perform functions of 

human hands depending on the scenario. To control robotic hands properly through human 

instructions instead of using buttons or handles definitely requires the development of a more 

accurate and natural human–robot interface. Pu et al. 
[118]

 first developed a joint motion 

triboelectric quantization sensor (jmTQS) for designing a robotic hand synchronous control 

system (Figure 14c). The fabrications steps of the jmTQS are categorized into that for those 

for the electrode and the slider part, and the device assembly. Here, a properly designed 

acrylic sheet with a 1 mm thickness is used as a substrate, and then, a patterned Cu electrode 

(200 nm thick) is coated on the surface of this sheet. A  25-μm-thick FEP film with a 

nanostructure surface is fixed onto a Cu-electrode to act as an effective triboelectric layer 

before being attached with two acrylic sheets to develop the slider part. Here, a 1-mm-thick 

sponge foam type mask paper is considered a substrate for the sliding part to achieve a better 

connection with the electrode. Thus, the received pattern mask paper was coated with the Cu 

layer (thickness: ~200 nm). Then, a patterned Cu-layer slider was obtained after peeling off 

the mask paper. Finally, the sliding part attached with the PET belt was obtained and 
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assembled as another electrode. For counting the pulse number, the grafting-sliding mode 

was considered the key device structure. Figure 14c,i displays the designed structural 

presentation for jmTQS, which contains a rectangular acrylic cavity and slider. The 

rectangular acrylic cavity was developed with an acrylic substrate, metal shielding layered 

acrylic roof for better output signals, and two acrylic spacers. A patterned Cu layer is 

developed on the acrylic substrate surface as the electrode for developing pulse signals. 

Figure 14c,ii shows the component details of the Cu layer electrodes. Two interdigital 

electrode pairs (marked by pale and dark yellow) are used to separate the Cu layer. Each 

electrode consists of the blocks (right part) and finer gratings (left part). For covering the Cu 

electrodes, the FEP thin film acts as one triboelectrification layer. The nanostructure pattern 

on the FEP surface is shown by the SEM image (Figure 14c,i). The Cu gratings-block is 

another triboelectrification layer with similar periodicity, and it is deposited on the slider 

sponge foam surface (Figure 14c,ii). Many Velcro belts are attached to the back side of the 

acrylic substrate to support the sensor on the finger joint. Figure 14c,ii (lower image) displays 

the designed jmTQS worn on the index finger.  

Bedsheet like textile-based smart TNG devices are shown in Figure 14d,i. A wavy-shaped 

PET film was placed between two conductive fibers layers (triboelectric layers) to design the 

device (inset in Figure 14d,i). Upon applying external pressure on the device, the contact of 

the PET layer with two triboelectric layers developed an electrical mismatch and generated 

electricity. Figure 14d,ii provides the SEM image of the surface of the fiber, which is well 

coated by Ag. The final device structure (2 m × 1.5 m) is shown in Figure 14d,iii.  

A highly sensitive TNG device is designed as an effective sensor for self-powered human 

sleep monitoring.
[83]

 For this, the patterned aluminum-plastic film (APLF) with ~100 μm 

thickness consists of the Al layer, the polyamide (PA) layer, and a cast polypropylene (CPP) 

layer. The APLF nanopillar structures based highly sensitive TNG is shown in Figure 14e,i. 
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A cantilever Cu spring leaf is fixed through two APLF pieces. Vertically aligned CPP 

nanopillar structures are grown on the surface of APLF to enhance the overall sensitivity 

(Figure 14e,ii). The designed AAO template is used to grow nanopillar structures. The 

uniform distribution of the vertically aligned CPP nanopillars (Diameters: ~350 nm) on the 

APLF surface is confirmed by the SEM study (Figure 14e,v,vi). The designed cantilever 

spring leaf in this TNG plays a crucial role as an electrode and in supporting the APLF to 

move from the middle concave plane of the leaf. When applying force, both internal APLF 

surfaces with the nanopillar structures come into close contact with the two surfaces of the 

middle Cu plane, and therefore, two friction pairs perform. During the release of pressure, 

both the APLF and the middle concave plate spontaneously recover and separate. Figure 

4e,iii shows the schematic structure of the cantilever Cu spring leaf (top) and cross-section 

profile (bottom). Figure 14e,iv displays the image of the final designed TNG, where the 

circular contact area of the middle concave plane is ~1.8 cm
2
 (Figure 14e,vii).  

A TNG is designed as a stretchable electronic skin (e-skin) for various pressure sensing 

applications. Dong et al.
[120]

 designed a yarn embedded TNG (Figure 14f,i) as an efficient e-

skin for next-generation sensing applications. They designed an Ag-coated nylon yarn with 

three-ply-twisted structural configuration (Figure 14f,i) as an electrode because of its 

remarkable mechanical durability and superior electrical conductivity. The surface 

morphology of the Ag-coated nylon yarn is investigated using SEM imaging (Figure 14f,i). A 

fabricated device with stretchability, flexibility, transparency, and mechanical robustness is 

desired for high performance e-skins.
[122]

 Super-soft tough Si-rubber is considered as an 

elastomeric dielectric material to design the device (Figure 14f,i). This material has a large 

tendency for gaining electrons; thus, an interlaced and continuous conductive network path 

with “chain-link” fence type structural configuration is developed using a zigzag-type 

conductive nylon yarn, which delivers a planar reticular sensing path for SI-TNG. This 



 

This article is protected by copyright. All rights reserved. 

44 

zigzag type conducting network path of nylon yarn is decorated homogeneously on the Si-

rubber elastomer, and it yields a transparent SI-TNG (Figure 14f,i, lower right). An enlarged 

view of the conducting nylon yarn network with rhombic type structure is shown in the top 

left panel of Figure 14f,i. The final device image and its enlarged view are shown in Figure 

14f,i,ii. The designed SI-TNG has ability to adapt to any shape (curved or twisted structure) 

for potential e-skin applications, and it easily covers the human forearm (Figure 14f,iii) 

because of its elastomeric flexibility and stretchability. Thus, the designed SI-TNG would be 

very applicable for body-adaptive portable wearable electronics. Because of the 

stretchable/flexible nature and inherent soft texture of the SI-TNG, it can be folded or 

extended in any direction depending on the shapes of the in-plane, and further, it has the 

excellent ability to tolerate any random complex deformations such as rolling up (Figure 

14f,iv). Figure 14f,v clearly demonstrates the tensile direction of the yarn based zigzag 

arrangement and shape changes of the rhombic region upon external loading. In addition, this 

structural deformation or extension of stretchability depends entirely on the basic structural 

parameters of the device. It depends on the length (l) and height (h) of the yarn network and 

the thickness (d) of the Si-rubber. It is found that SI-TNG achieves a stretchability of ~30% 

when d is ~2.8 mm, and h and l equals ~1.24 mm. The maximum strain of ~27% can be 

endured by the skin on a human arm.
[123]

 Therefore, SI-TNG can be employed as an artificial 

skin sensor under various general epidermis physical conditions. The basic working 

mechanism for SI-TNG is clearly demonstrated in Figure 14f,vi; the coupled effect of 

electrostatic induction and contact electrification plays a vital role in ultrasensitivity. A 

simulation study is conducted using simple finite element simulation through COMSOL 

Multiphysics to explore the electricity generation mechanism for understanding the effects 

quantitatively (Figure 14f,vii).  
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4.4.2. Applications of Different TNG Sensors 

A capsule-type TNG device
[124]

 is introduced as an effective high performance sensor (Figure 

15a,i). The capsule-type TNG contains a polyvinyl chloride (PVC) tube with an inner Al 

slider and outer PVC surface coated with a pair of Al electrodes. To move freely inside a 

PVC tube, the diameter for the Al slider is smaller than that of the PVC tube. The final TNG 

device (~0.73 g per unit) is shown in Figure 15a,ii, which makes it potentially more fit for 

smart electronics. The basic mechanism and generation of triboelectric charges during the 

sliding of the Al slider inside the PVC tube for the capsule-type TNG is shown in Figure 

15a,iii. To achieve high output performances, several devices are stacked vertically in series 

or parallel for their potential commercial applications (Figure 15b). The stacked rhombic 

gridding integrated structure
[125]

 is shown in Figure 15b,i. The output power can be improved 

by increasing the friction area
[126]

 among the TNGs, which can be achieved either by 

designing the pinned type finger structures (Figure 15b,ii) or by making a layer-by-layer-type 

stacked friction structure (Figure 15b,iii). Further, a freestanding TNGs network is integrated 

as shown in Figure 15b,iv, and it has a unique structural advantage over previously designed 

structures. Here, the freestanding TNG numbers would increase up to infinity depending on 

the power requirements.
[42, 127]

 Therefore, the freestanding lightweight TNG structure has a 

unique capability to harvest green energy with high electrical power from broadband 

amplitude vibrations.
[128]

 This capsule-type TNG has unique advantages such as multiple 

TNG capsules can be arranged easily in a 1D, 2D, or 3D structure depending on the situation 

or requirement because of its freestanding key features to improve output power (Figure 

15b,v); this is a better alternative in the near future for harvesting energy. The output power 

from broadband amplitude vibrations can be improved or harvested more effectively by 

changing the capsule tube length or by altering the electrode pairs instead of Al. Most 

importantly, very high energy conversion efficiency is obtained for this hybrid capsule 
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structure, which makes this device preferable for the next generation. The output values for 

the 3D-integrated capsule TNGs are strongly related with three important parameters: the 

power-to-weight ratio, power-to-volume ratio, and the active area-to-volume ratio. Thus, 3D-

integrated high-performance TNGs would be potentially more relevant in terms of high 

output values and high energy conversion for harvesting energy from broadband amplitude 

vibrations. Moreover, the output current and voltage values increase linearly with an increase 

in the number of capsule units. Figure 15c,i shows that current values increase linearly with 

the r capsule unit at a vibrational frequency of ~5.0 Hz. Therefore, a current volume density 

for the packed capsule-TNG is maintained constant at ~16.9 μA/cm
3
. The relationship 

between the output voltage of the integrated capsule TNGs and the capsule number units (n) 

was explored. The output power was checked at ~7.5 MΩ to explore more potential 

applications. Further, the output voltage linearly increased with an increasing n for the 

packed TNG-capsule at the same vibrational frequency (~5.0 Hz) (Figure 15c,ii).  

A linear fitting equation (from Figure 15c,ii) can be expressed as 

Vpeak = 4.6 (V) × n                  (8) 

When “n” is changed to 25 and then to 50, the peak voltage amplitudes are consistent with 

the linear relationship given in Equation (8). The relationship between the peak power and 

“n” is expressed by −1.5 × n + 2.8 × n
2
 (blue line in Figure 15c,iii). A simple equation of ~2.8 

× n
2
 (black dotted line in Figure 15c,iii) can be used to estimate the generated output values 

from the packed capsule TNG. Because the relative error value in determining the output 

values decreased with increasing n, the peak output power value increased with an increasing 

“n” (Figure 15c,iii). For real life potential applications, 50 capsule integrated TNGs provided 

a high output voltage of ~230 V (Figure 15c,iv), which can light up 360 LEDs in series. 

Thus, a self-powered electronics device is designed by connecting the capsule-based TNG 

with a capacitor via a rectifier (Figure 15c,v), where the harvested energy can be stored in the 
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capacitor for smart applications. Simply shaking (vibration frequency: 5 Hz) the TNG device 

for 60 s generates enough power to charge a capacitor (680 μF) to ~1.5 V, which can power a 

digital clock for 30 s (Figure 15c,v).  

The TNG is now effectively utilized as a self-powered sensor for sleep disorder monitoring. 

Song et al.
[83]

 designed a nanopillar array based TNG (TES). The TES can monitor 

overturning motion during sleep (Figure 15d,i) when it is attached on the shoulder. When the 

shoulder turns towards the attached device, the device transmits an output signal. When the 

human body turns over in a supine posture, pressure is released from the device and both 

electrodes move away. Thus, the transmission of an output voltage signal is achieved. 

Further, leg motion during sleep can be monitored well by attaching the device on the leg 

(Figure 15d,ii). Thus, TES is very effective in the diagnoses and monitoring of chronic 

diseases such as diabetes, hypertension, osteopathy, and encephalopathy. TNG plays a vital 

role in introducing changes in medical science. The TES device is highly flexible (Figure 

15e,i) and water resistant (Figure 15e,ii); further, it can power up green LEDs by finger 

tapping (Figure 15e,iii) and can be used as a portable waterproof self-powered TNG pocket 

device (Figure 15e,iv). The output voltage (Figure 15e,v) remains almost unchanged at a 

frequency of 0.5–2 Hz. Figure 15e,vi delivers an output voltage and current for long cycles, 

thereby confirming device durability for long-term applications. 

Guo et al.
[74]

 reported a self-powered ultrasensitive TNG based auditory sensor (i.e., TAS). 

For its real-life potential applications, its sensing performances were systematically 

evaluated. Figure 16a,i displays the circular membrane of TAS with its thickness (T: ~ 75 

µm) and diameter (D: ~15 mm). These two parameters of the circular membrane are very 

sensitive and effective on frequency. Figure 16a,ii represents acoustic frequency dependent 

output signals for TAS (D: ~15 mm; T: ~75 mm; gap: 0.2 mm). These acoustic frequency 

regions (100–5000 Hz) are audible to humans. The self-powered smart TAS device generates 
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an output voltage of ~1.2 V under 100 dB (sound pressure level). This high value confirms its 

ultrasensitive nature for future auditory human–machine interaction applications. The 

variation of the output signal on the acoustic frequency at different diameters (D) of the 

circular membrane at a constant thickness (T: ~75 µm) is checked (Figure 16a,iii), and the 

output signal is found to be high at D: ~15 mm with a lower resonant frequency. This result 

suggests that the output signal strongly varies with D. The output signals at a constant D 

decrease with increasing T (Figure 16a,iv); however, a higher resonant frequency was 

observed for thicker membranes. The output signals with different sound pressure levels 

(SPL) (50–110 dB) are employed to explore TAS as an acoustic sensor for human–machine 

interaction. This value increased with increasing sound pressure (dB) (Figure 16a,v). In 

addition, remarkable sensitivity with a high average value (~112.4 mV/dB) is observed from 

85–110 dB. This TAS device is very ultrasensitive and detects weak noise frequency (Figure 

16a,v). Moreover, the directional sound frequency response with the symmetrical butterfly-

shaped structure confirms the wide-angle region acoustic sensing capability of TAS (Figure 

16a,vi). Figure 16a,vii displays a photographic image of the electronic circuit moduli, which 

delivered an active signal transform module and latching communication. Figure 16a,viii 

directly shows the effectiveness of the TAS in real life application. The device can switch on 

or off a desk lamp through sound effects. Moreover, a TAS integrated sound driven 

transparent antitheft system was designed (Figure 16a,ix) to detect any low noises when 

unlocking a door or window, and if a noise is detected, the alarm will automatically ring 

because of this low sound frequency. The human auditory system, i.e., the ear, is considered 

one of the most important channels for designing intelligent and smart robots for human–

machine (robot) interaction.
[74]

 Thus, this ultrasensitive TAS device with its wide range (100–

5000 Hz) of response for human communication makes it suitable as an efficient auditory 

sensor for smart and intelligent robots. The designed TAS circular structure of an annular 
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inner boundary (T = 50 µm, D1 = 35 mm, D2 = 15 mm) with single channel easily sets up 

onto a robot ear (Figure 16b,i). To exhibit its sensitivity as an effective auditory sensor, the 

music “The Butterfly Lovers,” (Chinese traditional music) is played using a loudspeaker. 

This self-powered TNG based TAS generated a significant output signal from this music 

frequency; the data acquisition device and laptop (Figure 16b,i) recorded this real time 

information. Figure 16b,ii provides the generated time dependent sound (music) wave signals 

for the original and recorded sounds and their corresponding spectrograms are shown in 

Figure 16b,iii; both signals are almost similar. Therefore, the designed TAS would have a 

considerable effect on the design of an intelligent robot. To understand the relationship 

between the master and the robot, the TAS has been adopted for a real demonstration. Figure 

16b,iv shows the sound wave information signal in detail when the guest (Jerry) and the 

administrator (Henry) say “Hello.” Figure 16b,iv delivers the curves of the power spectral 

density estimation (PSDE) and joint time-frequency analysis (JTFA), developed from the 

Fourier transform. The PSDE provided the acoustic frequency information, and JTFA 

provided the joint distribution information of frequency and time domain. The comparison 

and analysis between these two signals help differentiate the identity of the user. The sound 

identification system for smart and intelligent robots is developed using LabVIEW via mean 

deviation comparison Dt = abs (S1−S2)/S1 among the preset one (S1) and the PSDE of the 

guest (S2). With the help of the identification system, the robot communicates with only the 

administrator (Figure 16b,v). Thus, the TAS device, with its precise acoustic sensing 

capability, has a great effect on intelligent and smart robot design. Zhang et al.
[81]

 designed an 

ultrasensitive wireless sensor based TNG for controlling traffic volume. This device can light 

G16 globe lights (Figure 16c,i) at 1000 rpm, which is sufficient illumination for reading. The 

parallel connection of 12G4 lights can also be lit using this device (Figure 16c,ii). Further, 

this device can power up globe light through wind energy when the car is moving at 8 m/s 
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(Figure 16c,iii,iv). Figure 16c,v displays a schematic of the self-powered ultra-sensing 

system. The counter was activated through the wireless transmitter, which was powered by 

the designed wind energy-harvesting device that uses the wind generated by the passing 

vehicles. The counter showed the rotator running times (Figure 16c,vi). Thus, the hybrid 

device would be very useful for monitoring traffic volume in real time. Pu et al. 
[118]

 

developed a joint motion triboelectric quantization sensor (jmTQS). For realistic applications 

of this device, many possible sensing applications are presented. Thus, a home-made hinge 

system (Figure 16d,i) is developed to simulate finger joint motion. A numerical electric 

controlled stepping motor is utilized to run a hinge system for jmTQS device operation. The 

overall testing system is systematically shown in Figure 16d,i. The flexion–extension degree 

of the finger joint can be characterized using a pulse number. Thus, the stepping motor driven 

hinge system movement in different angles (Δθ = 20°, 40°, and 60°) at a constant rotation 

speed of 20°/s and their corresponding output values are evaluated (Figure 16d,ii). A jmTQS 

(grating width = 0.7 mm) induced pulse signal was well recorded and shown in Figure 16d,ii. 

Counting every pulse sequence number, the obtained pulse number is found to be linear with 

the rotation angle. Therefore, it can represent the flexion–extension degree of the finger joint. 

The pulse signal is examined with different rotation speeds (20°/s, 40°/s, and 60°/s) at a 

constant angle. Interestingly, the pulse numbers with different rotation speeds remain the 

same, which indicates the designed jmTQS can sense the flexion–extension degree of the 

finger joint steadily and strongly, and it can directly reflect its moving speed, as shown in 

Figure 16d,iii. Further, the jmTQSs with various grating widths (0.5 mm, 0.7 mm, 1.0 mm, 

and 1.5 mm) is developed to increase the sensing accuracy when rotating the hinge 

components at a 60° rotational angle and a rotation speed of 20°/s to obtain an output-sensing 

signal. Figure 16d,iv-vii shows the finer grating segments that induced pulses at a particular 

rotation degree. This result helps develop ultrasmart robotic hand control with real-time 
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response and better accuracy. Thus, this ultrasensitive jmTQS would open a new window to 

designing a smart robot for human–machine interaction.  

Yarn-based TNG electronic skin has been fabricated as an active pressure sensor.
[120]

 Figure 

17a,i provides an image of hands with and without wearing the smart sensor and various 

activities involving the fingers (no activity, holding a pen with the first two fingers, clicking 

the mouse buttons with the first three fingers, clutching a beaker using the last three fingers, 

and clutching the beaker with all fingers). Figure 17a,ii shows the output signals obtained 

during these activities by wearing a smart device on the hand. When a finger touches any 

object, an output signal is seen in the reverse direction, and no peak is observed when the 

finger does not touch any object (Figure 17a,ii). Figure 17a,iii provides the output signal 

during a hand gesture.  

The fabricated electronic skin device was stitched to the sock at the portion that will is 

attached to the heel (Figure 17a,iv). Further, real-time voltage was monitored during 

standing, walking, and running conditions (Figure 17a,v). In addition, an output signal for the 

right and left heel was carefully checked by adding the device on both heels of the socks 

(Figure 17a,vi). An electrical output signal is generated when the heel touches the ground. An 

increase in the contact between the heel and the ground during activities such as running 

achieves high output values compared to the other two activities (standing and walking). A 

self-powered speedometer or pedometer has been explored with an output interface software 

that shows the motion speed, the step number windows, the step frequency, and an athlete 

image, to monitor real-time output signals (Figure 17a,vii) during right and left foot 

movement. Using this ultraflexible and ultrasensitive yarn based TNG device, a self-powered 

keyboard with silicone rubber embedded numbers from 1 to 9 are designed (Figure 17a,viii). 

These adjacent embedded number keys are disconnected through the nonconductive yarn to 

reduce their possible mutual interference. because they are super flexible, the fabricated smart 
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keyboard is well attached to the human forearm (Figure 17a,ix). When pressure is applied by 

pressing the key, an electrical signal is generated instantaneously. The electrical signal 

interference from any other developed noncontact keys is efficiently omitted through a 

certain threshold setting. If the pressed key developed electrical signal surpasses the set 

threshold, the corresponding user interface digital indicator lights up (Figure 17a,x).  

The future prospects of human–machine (robot) interaction
[118]

 are demonstrated in Figure 

17b,i. Figure 17b,ii displays the robotic hand synchronous control system designed using the 

Lab-VIEW platform. Two channels (the middle and index finger) are demonstrated to display 

a commercial robotic hand (Shenzhen Hiwonder Technology Co., Ltd.) controlled using the 

direct sensing of human gesture with the developed jmTQS. Figure 17b,iii shows the 

generated output signal for the index finger, middle finger, and both. The commercial robotic 

hand is linked to a laptop by a serial port to control it in real time. Interestingly, the jmTQS 

integrated human finger can control the commercial robotic hand synchronously in real time, 

as shown in Figure 17b,iv-vi. Thus, the designed TNG-based ultrasensitive sensor is very 

effective for the design of a smart robot for human–machine interaction.  

4.5.1. Fabrication of TNG Devices for Biomedical Applications 

In the last seven years, the research community has been keenly interested in developing 

implantable TNG (iTNG), particularly for e-healthcare monitoring applications. Zheng et al. 

[129]
 reported that iTNG can be used for wireless cardiac monitoring applications. They 

fabricated iTNG comprising several layered structures: core/shell/shell package, “keel 

structure,” and electrode and triboelectric layers (Figure 18a,i,ii) to increase the output 

performance for in vivo applications. To increase the output signals, they employ 

nanostructured polytetrafluoroethylene (n-PTFE, 50 μm) as a triboelectric layer (Figure 

18a,i). A Kapton film (150 μm) is integrated with the n-PTFE layer to serve as a flexible 

substrate. To form one electrode, an Au layer is coated on the back surface of the Kapton film 



 

This article is protected by copyright. All rights reserved. 

53 

and the Al foil acts as both the triboelectric layer and as another electrode. To overcome the 

effective contact and separation process of iTNG for achieving a better performance from the 

implanted devices, a resilient Ti strip is added as the keel structure of iTNG. This 

considerably supports the total structure and ensures the contact and separation process for in 

vivo applications. For device encapsulation, a core/shell/shell structure is designed. Figure 

18a,iv shows the PTFE film (50 μm) as a core package layer because of its corrosion 

resistance and biocompatibility.
[133]

 To improve performance, the PDMS layer was used to 

cover the entire device. To overcome the adhesion and potential erosion in the physiological 

atmosphere and enhance the in vivo reliability of the iTNG, parylene C was used on the 

surface as an additional shell structure of the device to shape a hole-free and high-density 

coating layer. In fact, using this “layer-by-layer” concept, Zheng et al. made a structurally 

stable iTNG that was resistant to complex external atmosphere. To confirm the in vivo 

reliability and integrity of the iTNG under an electrolyte-rich condition, cytotoxicity absence 

is necessary for the encapsulation layers. Hence, the viability, growth, and adherence of 

mouse fibroblasts (L929) (tissue cell) are checked on the culture dish and the encapsulation 

material. The L929 cells served to the encapsulation material with obvious spreading and 

intact cytoarchitecture for both groups (Figure 18a,v). Figure 18a,vi shows that after three 

days of culture, over 98% of the cells were viable with no difference between two groups. Lin 

et al.
[130]

 demonstrated a downy-structure-based TNG (D-TNG), which holds a multilayer 

structure where acrylic is used as a supporting backbone (Figure 18b,i,ii). Because of the 

innovative inner downy structure, the restoring forces of the stationary layers lead to full-

contact triboelectric layers. Hence, it is favorable to improve the active contact area among 

triboelectric layers, which can accelerate the output performance of the device. They used the 

ICP technique to construct an aligned nanowire array on the PTFE thin film surface to 

enhance the triboelectrification (Figure 18b,iii). Cu films act as both the electrode and the 
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triboelectric material. Figure 18b,iv,v shows the real image for the inner downy structure and 

D-TNG. Liu et al. 
[131]

 fabricated a transcatheter ultrasensitive self-powered endocardial 

pressure sensor (SEPS) for biomedical applications. The SEPS consists of electrode, 

encapsulation, triboelectric, and spacer layers, all of which show excellent flexibility and 

deformation-recovery ability against bending and original states (Figure 18c,i). A schematic 

for SEPS is shown in Figure 18c,ii. The SEM and AFM images for nano-PTFE film (25 μm) 

are considered another triboelectric layer (Figure 18c,iii,iv). Further, the deposited Au layer 

on the back surface of PTFE film acts as another electrode. For a flexible substrate, a Kapton 

film is attached on the PTFE layer and the Al foil serves as both the other triboelectric layer 

and the electrode. For the spacer, they used a 3D ethylene-vinyl acetate (EVA) film (500 

μm), and it was placed between two triboelectric layers for additional assurance of the 

efficient contact-separation process. In addition, they used the corona discharge method to 

modify the PTFE film surface and to obtain a high surface charge density. The 

abovementioned effects influence the sensitivity of TNG device (Figure 18c,v). The working 

method for SEPS is based on electrostatic induction coupling and contact electrification 

(Figure 18c,vi). Briefly, no charge is developed or inducted on the triboelectric layers of both 

surfaces at its original state. During pressing, the nano-PTFE layer touched the Al layer 

vertically, whereas the electrons moved from the Al layer into the nano-PTFE layer because 

of the potential difference in the triboelectric series. This ultimately indicates the net negative 

charges on PTFE layer and net positive charges on the Al layer. When releasing the SEPS, 

the nano-PTFE film returns to its initial position because of its own resilience. When both 

layers are separated, an electric potential mismatch is recognized between both electrodes. In 

particular, the EP fluctuations can lead to a separation–contact process between two 

triboelectric layers, which periodically alters the output voltage on the external circuit. The 
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electric potential of the Au electrode (UG) can be calculated considering the electrode 

potential of Al electrode (UA) as zero. 
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       (9) 

  

where σ represents the triboelectric charge density, d′ is the distance between the triboelectric 

layers, and ε0 is the vacuum permittivity. As SEPS is released, the voltage value is enhanced 

till it reaches the maximum value, while the PTFE film entirely returns to its initial place. 

Accordingly, the output voltage will fall from the maximal value to zero at full contact 

between the two layers. Therefore, one can easily detect cyclic electric output signals. 

Recently, Quyang et al.
[58]

 demonstrated an implanted symbiotic pacemaker (SPM) that 

comprises three components: energy harvest unit (iTNG), pacemaker unit, and power 

management unit (PMU). The energy harvest unit can produce energy from the cardiac 

motion. Initially, the harvest unit generates electrical energy and stores it in the PMU 

capacitor (PMU switch is turned off). After that, the switch is turned on using a magnet 

utilized as a wireless passive trigger. Then, the generated electrical energy activates the 

pacemaker unit to provide electrical pacing pulses and regulates the cardiac contraction rate 

(Figure 18d,i). Figure 18d,ii-iv shows the core-shell structure iTNG that contains two 

triboelectric layers, the shell, and the leading structure with two encapsulation layers. The 

PTFE nanostructured thin film is used as one triboelectric layer (Figure 18d,v). For the 

spacer, 3D EVA copolymer sponge is used (Figure 18d,vi) and a memory alloy ribbon 

(highly resilient Ti) is used as the keel. Finally, the iTNG is encapsulated through Teflon film 

and PDMS coating for enhancing its structural durability and for protecting the device. The 

working mechanism of the iTNG is electrostatic induction coupling and contact 

electrification, as demonstrated in Figure 18d,vii-ix. A schematic image for the charge 
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transfer mechanism is provided in Figure 18d,vii,viii. Figure 18d,ix shows the estimated 

model of the designed device to calculate the quantity of charge separation that can be 

obtained from the charge transfer.  

Recently, Liu et al.
[70]

 demonstrated a biomechanical energy-driven TNG comprising a nano 

needle-array electrode for drug delivery applications. The fabricated device (Figure 18e,i) 

consists of four components: hand-powered TNG, bridge rectifier, a silicon nanoneedle array 

electrode as the anode for the cell attachment, and an Al electrode as the cathode. The 

designed TNG provides a pulsed electrical field between the anode and the cathode, which 

permits every nanoneedle into the cells for electroporation. A contact–separation mode TNG 

or rectangular freestanding TNG is fixed on the human forearm skin for in vivo 

electroporation (Figure 18e,ii); the TNG is powered by hand slapping or finger friction. 

Under the dorsal skin, a stainless-steel needle is used as a cathode and the nanoneedle array is 

fixed to the mice skin as an anode at the selected position. To achieve transdermal drug 

delivery and penetration improvement, a wearable and integrated smart device is driven by 

the TNG as intended. A disk TNG is used, and it comprises a rotator with a layer of radially 

arrayed Cu strips as a frictional layer, a stator with a PTFE layer as another frictional 

material, and Cu strips as the electrodes (Figure 18e,iii). Three screws are used to maintain 

the relative position between the stator and the rotator in the prototype device to confirm 

output voltage stability. To further confirm close contact among the rotator and stator, a foam 

layer is added between the acrylic plate and stator. The generated output voltage, current, and 

transferred charge of the disk TNG are ~20 V, ~4 μA, and ~0.06 μC, respectively. In 

addition, an alternating current pulse is successfully transformed into a direct current pulse 

through a rectifier bridge. The calculated half-peak width of the pulse is ~ 25 ms (Figure 

18e,iv). This device shows outstanding output stability after 30000 cycles (Figure 18e,v); the 

high voltage and its induced heat generation are the reasons for the low cell viability for 
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conventional electroporation. The pore formation in the cell membrane is a stochastic process 

that occurs in a homogeneous electrode field. Liu et al.
[70]

 explored a self-powered TNG for 

intracellular drug delivery. It is impossible to maintain electricity so as to match all cells of 

differ orientations and sizes in one population to form healable and limited electropores.
[134]

 

Si-nano-needles were utilized as a biocompatible bio-interface for electrical sensing,
[135]

 cell 

force sensing,
[136]

 and delivering species into cells through mechanical penetration.
[137]

 

Nevertheless, intracellular delivery has low efficiency under mechanical penetration. A Si-

nanoneedle array is utilized as an electrode and fabricated through lithography and a metal-

containing chemical etching procedure with well-regulated nanoneedle diameters, heights, 

and intervals. An individual nanoneedle with a pointed tip (base diameter: ~700 nm, apical 

width: ~100 nm, and height: ~7 μm) is chosen to reduce physical damage to cells (Figure 

18e,vi).
[137,138]

 Figure 15e,vii shows the electrical field stimulation at an applied voltage of 20 

V; the electrical field was concentrated at each nanoneedle tip, which was up to ~2800 V 

cm
−1

. By comparison, a Si nanoneedle with a cylindrical structure and a flat Si electrode 

produces only 458 V cm
−1

 and 200 V cm
−1

, respectively. Ma et al.
[132]

 fabricated a one-stop 

implantable triboelectric active sensor (iTEAS) that can operate under pathological and 

physiological requirements. The device contains three components: triboelectric layers, 

spacers, and electrodes, which are encapsulated with biocompatible multilayer materials 

(Figure 18f,i,ii). A nanostructured PTFE thin film is used as a triboelectric layer and attached 

on a Kapton film for the substrate because of its excellent strength and elasticity. Next, an Au 

layer is coated behind the Kapton film as another electrode. For another triboelectric layer 

and electrode, an Al film is used in the device. Spacers are joined with an elastic Ti strip 

connected on the Kapton film for more triboelectric layers for effective contact–separation. 

To improve the triboelectric charge density on the surface, the surface is modified by dry 

etching to create nanoscale features in the PTFE thin film (Figure 18f,iii). For 
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biocompatibility, hermetic and flexible packaging, which is a core-shell encapsulating 

strategy, is considered. Further, a PSMS layer is coated by spin coating to improve the leak 

proof characteristics. A parylene film is used to develop a hole-free high-density coating 

layer for increasing device stability and overcoming potential erosion in the corrosive and 

humid in vivo situation for long-term applications. Further, flexibility is needed in the case of 

injury to the brittle tissues or when the function of internal organs is compromised. The 

mechanical elasticity of a self-powered sensor (30 × 20 × 1 mm
3
)
 
is shown in Figure 18f,iv. 

The thickness of the device is controlled strictly for closely fitting nonplanar organ surfaces 

and ensuring sensitivity with the response of biomechanical movements. The generated 

output voltage and current reached ∼75 V and ∼12 μA, which indicates self-powered 

capability. The working mechanism for iTEAS is illustrated in Figure 18f,v,vi. A large-scale 

animal model (adult male Yorkshire pigs, 30 kg) is arranged for an in vivo investigation to 

simulate the internal environment of the human body. Animals were anesthetized using 

ketamine (8 mg/kg, intramuscularly (IM)) injection followed by propofol (1 mg/kg, 

intravenously (IV)) followed by intratracheal intubation and ventilation at a rate of 12 cycles 

per minute (5 s per cycle). For device implantation and delivering a broad operative field for 

testing, a midline sternotomy was placed on each swine chest. Considering the thickness and 

size (3 × 2 × 0.1 cm
3
) of the sensor, minimally invasive techniques with intercostal 

minithoracotomy and video-assisted thoracoscopic surgery (VATS) could be employed in 

next-generation clinical applications, thereby resulting in less scarring and faster recovery. To 

attain complete iTEAS contact with the epicardium during cardiac relaxation, the pericardium 

was sutured after the implantation and fixation.
[132]

 The in vivo output performance was 

measured by output voltage (~10V) and current (4 μA) demonstrating a self-powered sensor 

(Figure 18f,vii,viii).  
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4.5.2. Bio-TNGs in in vivo Applications 

Ectopic R waves of the VPC, which signify abnormal ventricular contractions, correspond 

accurately to clearly diminished output waves. This shows potential applications for warning 

patients and doctors to life-threatening ventricular fibrillation and heart attacks. For the first 

time, Kim et al.
[139]

 demonstrated a transcutaneous ultrasound energy harvesting system using 

capacitive triboelectric technology that charges a battery from an ex vivo condition using 

ultrasound (US). They explored the use of a high-frequency vibrating and implantable 

triboelectric generator (VI-TEG) in vivo state for harvesting US. The VI-TEG was developed 

to be implanted underneath the skin (~10 mm) (Figure 19a,i). They prepared a thin (~50-mm-

thick) and large membrane of perfluoroalkoxy (PFA), which is a copolymer of 

tetrafluoroethylene and perfluoroethers that vibrate under the pressure of US.
[56], [140]

 Such a 

generator confirms easy and constant operation despite the variations in environment and 

usage conditions. The membrane was suspended on a thin Cu electrode (3.6 cm × 3.6 cm) on 

a flexible printed circuit board (PCB) and coated with Au (Figure 19a,ii); the air gap was 80 

mm. A melt adhesive was used to seal the membrane. The VI-TEG (Figure 19a,iii) was less 

than 1-mm-thick. Finally, they integrated on the backside a rectifier, voltage regulator, 

transformer, and battery. The preliminary mechanical and acoustic simulations showed that 

the US vibration cannot pass via VI-TEG because of its reflection (Figure 19a,iv). The 

membrane vibrated in a multimode under a US excitation of 20 kHz (Figure 19a,v), 

developing multiple nodes and antinodes that moved up and down. The VI-TEG works in the 

single-electrode mode using the primary Cu/Au electrode, a small backside reference Cu 

electrode, and a triboelectric PFA membrane layer.
[141]

 The PFA membrane contacts the 

electrode during the vibration and triboelectricity generates negative charges on the inner 

membrane surface. These developed charges reduce the electrical potential of the electrode 
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compared to the reference, resulting in holes in the electrode and developing a current pulse 

in the circuit (Figure 19b,i). At the time of separating, the potential of the electrode increases, 

which releases holes in the circuit and develops a reverse pulse.
[110]

 For characterization, VI-

TEGs were immersed into groundwater at 5 mm under a US probe with a 3 cm diameter 

(Figure 19b,ii) at 20 kHz and 3 W/cm
2
 for human body safety.

[142]
 The VI-TEG generated 

voltage peaks of ~25 V at 40 M impedance (Figure 19b,iii) and current peaks of ~1.3 mA at 

1 impedance (Figure 19b,iv). These outcomes correspond to a root mean square (RMS) 

voltage of ~9.71 V and an RMS current of ~427 mA. The VI-TEG developed 450 mA at 33 

k, providing a maximum power of ~6.74 mW (Figure 19b,v), which is equal to ~0.872 mW 

of average constant power and a power density of ~5.2 W/m
2
. As estimated, at a lower US 

power of 1 W/cm
2
, the voltage was reduced; however, its high current value was maintained 

and it provided ~3.84 mW at 10 k (Figure 19b,vi). With a small integrated circuit, they 

charged a capacitance of 4.7 mF (Figure 19c,i,ii) at an average charging rate of 155 mC/s. For 

real-life applications, they recharged a 700-mAhour Li-ion battery (Figure 19c,iii,iv) that 

could enable self-powered commercial implants such pacemakers, neurostimulators, and 

nerve stimulators, or drug delivery. Since this study showed an improved external charging 

system for the electronic transcutaneous implant, VI-TEG is kept under porcine tissue, which 

is comparable to human skin in terms of composition and anatomy (Figure 19d,i-iii. 

Transcutaneous electronic implants are usually located at a depth of ~5 to 10 mm. At 0.5 cm, 

the VI-TEG provides output signals of more than ~2.4 V and ~156 mA (Figure 19d,iv). The 

lowering in the voltage and current was caused by US attenuation. At 1.0 cm under layered 

tissues including the skin and the fat, the VI-TEG provides output signals of more than ~1.93 

V and ~98.6 mA (Figure 19d,v). The power generating performance for VI-TEG was ~4.78 

and ~2.81 times less than that in water and the BS, respectively, under porcine tissue, because 



 

This article is protected by copyright. All rights reserved. 

61 

of the improved acoustic impedance and attenuation in the different layers and media 

structure. 

4.5.3. Applications of Bio-TNGs 

Wireless transmission is very important for monitoring physiological signals precisely and 

accurately to diagnose chronic or severe diseases. The fabricated iTNG 
[129]

 can harvest 

electrical energy from a heartbeat, which can be transmitted wirelessly to external devices 

and used to explore real-time cardiac information. Thus, a wireless transmitted heartbeat 

signal was successively observed for further analysis of data with an oscilloscope, as shown 

in Figure 20a,i-v. As shown in this figure, various heartbeat rates (120, 80, and 60 bpm) were 

modulated using an electronic pacemaker with the designed device SWTS (R2 = 0.983) and 

monitored successfully. The obtained outputs were reliable with the instantaneously verified 

ECG signal (Figure 20a,vi). Thus, the designed device is very effective for in vivo 

biomedical applications in the near future. Lin et al.
[130]

 also designed a unique device (D-

TNG) for biomedical applications. This device is very sensitive to arterial pulse movements 

and can detect minute movements. Figure 20b,i-vi shows the device generated signals and 

confirms its ultrasensitivity for biomedical applications. Liu et al.
[131]

 chose male adult 

Yorkshire pigs (40 kg) for monitoring real-time biomedical signals using their designed 

device; the device was very sensitive and produced significantly high output signals (Figure 

20c,i-iv). Thus, the designed ultrasensitive device could be used for medical applications in 

the near future. Liu et al.
[131]

 designed a self-powered TNG device and its possible 

applications as an endocardial pressure sensor. They successfully achieved significant 

responses (Figure 20d, i-iv). The performance and activity of the designed device are shown 

in Figure 21a,i-vi. Ouyang et al.
[58]

 designed an ultrasensitive iTNG for harvesting energy 

from heartbeats and its possible potential applications in a pacemaker. The device showed an 
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outstanding capability to recognize heartbeat signals (Figure 21b, i-x) and it could be used to 

develop a smart pacemaker in real life. 

4.6. Nature Driven Bio-TNGs against e-Wastes 

Various nature driven bio-waste materials have strongly contributed to harvesting green 

electricity through this technique. Further, different green leaf based TNGs have been 

fabricated, and they have achieved outstanding electrical performances.
[11,143,144]

 Jie et al.
[143]

 

developed a green leaf based TNG (Figure 22) device and evaluated its potential output 

performances under mechanical stress. Even nature-driven bio-waste materials can be reused 

to design high-performance TNG devices, which not only produce green electricity but also 

considerably contribute to protecting the world from large amounts of e-waste caused by their 

biodegradability. Thus, using biodegradable portable electronics through bio-based TNG will 

be a great move towards a pollution-free society. 

Recently, a research group reported a bio-inspired lotus leaf (LL) based robust TNG
 [11]

; they 

focused on spontaneously occurring liquid–solid contact electrification to develop electricity 

when a water droplet fell on the surface of the leaf. The fabrication of LL-TNG is detailed as 

shown in Figure 23a,i-v. The water droplets rolling on the leaf surface are displayed, and 

superior water repellant property of the leaf surface drives them smoothly (Figure 23a,i). 

Owing to liquid–solid contact electrification, electrical potentials developed before and after 

the sequential contact and detachment of water drops on the superior water repellant surface 

were studied using scanning Kelvin probe microscope images. The average electrical 

potential increases after subsequent contact and detachment of water droplets from 129.0 mV 

to 284.0 mV (Figure 23a,ii). Hence, the liquid–solid contact electrification with water 

droplets on the leaf surface was primarily responsible for the output values.
[11]

 The 

superhydrophobic surface nature of dry LL remains almost similar to the green one. The net 

electrical charge developed because of the liquid–solid contact electrification is shown in 
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Figure 23a,iii. The water droplets dropping on the hydrophobic leaf surface first occurs on the 

LL-TNG top side (Figure 23a, iii); then, owing to contact electrification, the positive and 

negative charges are simultaneously developed on the water droplets and the LL-TNG 

contact surface. The water droplets roll off the LL-TNG and constantly generate a net 

electrical charge until departure from the surface. When the droplets are rolling, the negative 

charges are isolated on the lotus leaf contact surface and they develop a positive charge on 

electrode 1. To ensure electroneutrality of the entire system, the negative charges are 

developed on electrode 2, and at this step, they act as an electrical screening of the isolated 

positive charges on the water droplet (Figure 23a,iii). Because of the solid–liquid contact 

electrification, the generated electric current strongly varies with the total transferred 

electrical charge amount (Qt) during droplet rolling. The electroneutrality cracks and the LL-

TNG turns into negative charges with the departing of the first water droplet, as shown in 

Figure 23a,iii. The electroneutrality in the total system is not satisfied because the electrically 

neutral water droplet drops on the negatively charged surface of the lotus leaf at the time of 

arrival and departure of subsequent droplets. Thus, the developed electrical charges can travel 

inside the water droplet freely because of the fluidic property of water. Hence, the contact 

surface negative charges (above electrode 1) are polarized by the water droplet positive 

charges to balance the electroneutrality in the surrounding contact region. Under these 

circumstances, the current can flow because the negative charges on the electrode 2 contact 

surface are attracted by the positive charges of the same surface. Thus, the location of the 

water droplet rolling on the surface and its subsequent arrival and departure on the LL-TNG 

developed charges on the contact surfaces and helped generate alternating current (Figure 

23a,iv) through this solid–liquid electrification. A commercial capacitor (1 μF) (Figure 23a, 

v) was also charged from the generated electricity developed from the solid–liquid contact 

electrification in LL-TNG. Hence, one can expect to harvest green energy from nature-driven 
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superhydrophobic lotus leaves (or any other superhydrophobic leaves) to be possible in the 

near future using the above technique.  

Another research group
[11]

 used biodegradable natural plant wet leaf and dry leaf powder to 

fabricate a green energy harvesting TNG, and achieved a large output voltage (430 V and 560 

V) and current (15 μA and 25μA), respectively. The dry powder leaf based nanogenerator 

showed a better performance than the plant leaf because of the free water present in the fresh 

leaf, which reduced the generation of electrons for the natural plant leaf. The device 

fabrication and their output values are shown in Figure 23b, i-vii. Thus, naturally abundant 

biodegradable materials can be considered as future energy sources.  

5. Device Fabrication and Applications of PNGs  

5.1. PNG Devices for Acoustic Energy Harvesting 

Han et al.
[145]

 designed a Pb(Zr0.52Ti0.48)O3 (PZT) based flexible piezoelectric acoustic sensor 

(f-PAS) for harvesting energy from sound frequency. Figure 24a,i shows the schematic of the 

machine learning based speaker recognition using this device. Multichannel electrodes are 

interdigitated on the PZT membrane to design this sensitive f-PAS device by etching and 

photolithography (Figure 24a,ii).
[146]

 Thus, the designed device can operate in a wide range 

and convert low-frequency sound to energy. Lang et al.
[147]

 prepared a PVDF-nanofiber-

based PNG device as a high performance acoustic sensor. The electrospun PVDF nanofibers 

are shown in Figure 24b,i. Figure 24b,ii shows a schematic of the fabricated device (Figure 

24b,iii). To determine its real potential, the device is well attached with a loud speaker 

(Figure 24b,iv) to receive speaker generated sound frequency and its corresponding acoustic 

energy. This PNG device significantly harvested electricity from sound frequency (Figure 

24b,v). Figure 19b,vi provides an output voltage of ~2 V at 220 Hz and 115 dB. Thus, this 

design would be very effective to harvest acoustic energy from surrounding noise. Du et 

al.
[148]

 designed an acoustic piezoelectric sensing device using a low-cost technique (Figure 
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24c). The device is compared with an electronic stethoscope (Litmann 3200), and an almost 

similar performance was observed (Figure 24c,i). A flexible tubigrip type belt was utilized to 

clamp the device head at the right location. The detailed schematic of the fabrication is shown 

in Figure 24c,ii. Karan et al.
[22]

 first used vitamin B2 as a beta-phase stabilizer with PVDF to 

design an effective PNG device. This designed device can convert various sound frequencies 

to electricity. The detailed fabrications steps for PVDF/Vitamin based PNG are shown in 

Figure 24d,i-vi. Sun et al.
[149]

 designed a PVDF-ZnO based PNG device for harvesting 

acoustic energy. The detailed device structure and its acoustic sensing ability are shown in 

Figure 24e,i. Here, the PVDF-ZnO PNG device is sandwiched between two PET films 

(Figure 24e,ii) and nine holes are generated on electrodes for accepting the sound frequency 

directly (Figure 24e,iii).  

5.2. Applications for PNG-based Wind Energy Harvesters  

Lee et al. 
[150]

 developed a PNG device using perovskite PbTiO3 nanotube; the detailed 

fabrications steps are shown in Figure 25a,i. The output voltage is checked for the forward 

(Figure 25a,ii) and reverse connections (Figure 25a,iii); almost similar output values are 

achieved. The nanotube length is increased to ~3.4, ~5.3, ~8.8, and ~11.0 μm by increasing 

the anodization time to 3, 6, 12, and 24 h, respectively (Figure 25a,iv). Figure 25a,v shows 

the Raman spectra of the as-prepared NTs with different lengths. The output voltage of PNG 

is checked for different nanotube lengths (Figure 25a,vi); the ~11.0-μm-long nanotube 

achieves the highest output values. In particular, a strain effect on growth nanotubes can 

develop because of different deformation styles such as distorting and buckling of the tubular 

structural morphology related to nanoparticles or nanowires. The variation of output voltage 

under different strains, ranging from −1.8% to +1.8% (concave and convex), is measured 

(Figure 25a,vii); it indicates a proportional enhancement of output voltage. Figure 25a,viii 

shows a plot of output voltage under concave and convex conditions of the nanotubes. A 
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single core-shell fiber device can bend in both directions—convex and concave—which is a 

limitation for this device. A tubular-shaped PTONTs/Ti core–shell fibers-based device is 

fabricated (Figure 25b,i) for harvesting the wind energy from every direction and overcome 

the abovementioned issue. Figure 25b,i,ii shows the device schematic; the device can move in 

either the “in-plane” and “out-of-plane” direction. Figure 25b,iii shows the bending; the 

corresponding output voltages are shown in Figure 25b,iv under natural wind flow. Figure 

25b,v showed that the fabricated tubular-shaped PNG device generated a voltage of ~69.74 ± 

10.97 mV when directions were changed from 0° to 360°. Figure 25b,vi shows the output 

voltage values under natural wind with different wind velocities; interestingly, the output 

voltage increased with increasing wind speed. 

Orrego et al.
[151]

 designed an inverted piezoelectric flag by employing an innovative approach 

to harvest wind energy efficiently. Their developed device can be installed on the rooftop of a 

house as a flag (Figure 26a) for harvesting natural wind energy. This harvested energy can be 

stored in a capacitor to power several potential sensors such as temperature sensors. Zhang et 

al. 
[152]

 developed a high-performance PNG device based on PVDF and ZnO NW. The 

fabricated transparent device is shown in Figure 26b,i. Its flexible and bendable nature is 

shown in Figure 26b,ii. Figure 26b,iii,iv shows the high piezoelectric output voltage of ~30 V 

and a current value of ~1.6 μA obtained by periodically bending and releasing the finger 

force for the designed PNG. The enlarged views of voltage and current are displayed in 

Figure 26b,v,vi. 

5.3. PNG Devices for Active and Smart Sensors 

Xie et al.
[153]

 developed PZT-PDMS based PNG device as an active self-powered sensor. The 

pressure (d33) and shear (d15) sensor is established to sense finger shearing/tapping. Figure 

27a,i shows the schematic of the measurement. Figure 27a,ii shows the pressure sensor 

response (d33 mode) for the device designed with an active single sensing line, and Figure 
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27a,iii shows the measurement circuit. Figure 27a,iv,v shows the generated output voltage for 

the d33 and d15 mode pressure sensors. Thus, the designed PNG device is useful for active 

pressure sensors. Noise-free output signals are checked through software development for 

ultrasensitive applications using the d33 mode pressure (Figure 21a,vii) and d15 mode shear 

sensors (Figure 27a,viii) by attaching the sensors to the ‘L’ shaped sample holders (Figure 

27a,vi). Jin et al.
[154]

 developed a unique PVDF-based self-powered PNG device by using a 

spring as an active acceleration sensor. Figure 27b,i shows the schematic of the device under 

spring pressing and releasing conditions for generating output values. Figure 27b,ii shows the 

developed output current during pressing and releasing. Figure 27b,iii illustrates the 

measured frequency vs. actual frequency. Figure 271b,iv,v provides the acceleration 

dependent output current and voltage for this device. The mechanical durability of the device 

(Figure 27b,vi) shows that it can generate almost a similar output current even after long 

cycles. Thus, this ultrasensitive device would considerably affect real life applications. Lee et 

al.
[155]

 developed a highly sensitive PNG device using ZnO NWs and ZnO layers sandwiched 

between PMMA and the Al2O3 layer. This ultrasensitive device is fixed with the right and left 

eyelid (as shown in Figure 27c,i) by placing the top Al electrode face down on the eyelid to 

achieve the ZnO NW layer strained in compression because of the eyeball motion for 

ultrasensitivity. Figure 27c,ii-v shows the output voltage and current from this ultrasensitive 

device during eyeball movements. Thus, flexible devices would be very effective in 

biomedical applications such as sleep pattern monitoring, and for monitoring various 

expressions such as sadness, enjoyment time, or any type of pain. Further, the flexible 

devices can be attached to any part of the body as e-skin to detect several human body motion 

signals for e-health care monitoring. Chen et al.
[156]

 developed flexible PNG as an active 

pressure sensor using micropillar patterned P(VDF-TrFE)/BaTiO3 nanocomposites. This 

integrated device is placed inside the syringe (Figure 27d,i) and a pressure is developed by 
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pushing the syringe piston; this is done periodically. The output voltage is obtained with the 

periodic pressing and releasing of the syringe piston (Figure 27d,ii,iii). Further, an increase in 

the volume of the syringe increases the generated output voltage. The sensitivity of the device 

is further checked by attaching it to the chest (Figure 27d,iv); the device responded 

remarkably during breathing and heart beats (Figure 27d,v). This result strongly supports the 

ultrasensitivity of the designed device thereby making it suitable for healthcare monitoring. 

5.4. Bio-PNGs for Biomedical Activities 

PNGs have been used for in vivo/in vitro biomedical purposes owing to their biocompatible 

or biodegradable nature.
[157–159]

 Cheng et al. 
[157]

 designed an effective device using polarized 

PVDF based PETF (Figure 28a,i). Device structures were laminated using PI films (50 μm) 

from both sides (Figure 28a,ii); aortic dilation and the dissimilarity in elastic moduli among 

PETF and the aorta resulted in both circumferential and axial stresses in the PETF wrapped 

on the aorta (Figure 28a,iii). The in vivo output voltage waveform was generated under 

various BP (Figure 28a,iv). A self-powered and implantable BP monitoring system was 

demonstrated for in vivo and in vitro applications, as shown in Figures 28a,v and 28a,vi, 

respectively. The device acts as a power source and sensor of the system, and it is associated 

with a battery-free LCD for BP monitoring. The LCD is set to the off state when the voltage 

is lower than 1 V for in vivo (or 2 V for in vitro); however, it switches on once the voltage 

surpasses the corresponding set threshold. A resistor is attached to the in vitro state in series 

to reduce the voltage to 2 V while the FP is 120 mmHg. A signal was not received on the 

LCD for a flow pressure less than 120 mmHg. However, various digits appeared on the LCD 

with an increase in flow pressure (Figure 28a,vii). The device is implanted in porcine models 

for in vivo study and wrapped on the ascending aorta. The LCD is turned on with a digit 

appearing once the systolic BP exceeded 140 mmHg, which concludes the risk status for 

hypertension (Figure 28a,viii,ix). Wang et al.
[159]

 designed a self-powered PNG device for 
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enhancing the pre-osteoblasts prolife ratio. Figure 28b,i shows the NG-cell diagram and its 

corresponding equivalent circuit.
[160]

 The deformation of the NG module during mechanical 

vibration is the main source (VNG) for generating electricity. The voltage touches the cell 

membrane via the culture medium; the medium conductivity influences the voltage that 

stimulates the cell. The cell membrane consists of an insulator phospholipid bilayer. The 

extracellular fluid, intracellular fluid, and cell membrane establish a capacitor (Cm).
[161]

 The 

initial potential for the ion channel is denoted by Vm.
[162]

 Figure 28b,ii shows the voltage and 

current simulation results transmitted to the cell membrane via the circuit because of the 

sinusoidal voltage stimulation. With an input excitation of 1.3 V, the voltage and current 

transferred to the cell was ~0.8 V and ~0.4 mA, respectively. Because large substrate 

deformation can obstruct cell adhesion, the deformation of the device was found to be under 

0.5 MPa stress. The maximum deformation value using the finite element method (Figure 

28b,iii) was ~7 µm. Dagdeviren et al. 
[158]

 developed a high-performance PNG device for 

experimental and clinical studies of soft tissue biomechanics. In an earlier report, the PZT 

nanoribbons on the Si-elastomer could evaluate mechanical deformation on a cow lung.
[163]

 

Measurements were performed from the apex of the bovine heart, in addition to the left (LV) 

and right (RV) ventricles, and the lung (Figure 28c,i-iv). The stress–strain plots obtained 

through DMA are verified from tissue samples for ∼2 h after the explanation (Figure 28c,v). 

Figure 28c,vi provides comparative results with the CMS voltages. The highest modulus was 

shown at the apex of the heart because of the crisscrossing and convergence of the fibrous 

bands and the multiple cardiac muscles in this region.
[164]

 

5.5. Bio-PNGs against e-Wastes 

Bio-waste materials are excellent for generating electricity even when using PNG technology. 

These devices produce a sufficient quantity of energy via simple biomechanical motions on 

the device. Figure 29 shows the output values for various bio-PNG devices. Figure 29a shows 



 

This article is protected by copyright. All rights reserved. 

70 

that the bacteriophage virus-based PNG device is very effective and shows potential for 

future biomedical applications. Figure 29b confirms the mechanical durability of the device 

and the increasing rate of the output voltage with the variation in applied pressure (Figure 

29b, v). Further, the load resistance dependent output performance is checked (Figure 29b, 

vi).  

A spider silk-based PNG (SSNPNG) device produced remarkably high output values (Figure 

30a, i-ii), which could be used as an effective energy harvester. A 1D-type SSBPNG can also 

be used for generating output performances by bending (Figure 30a, iii,iv) the device. Thus, 

this bio-device would be effective in biomedical applications and in designing smart textile 

based wearable electronics. An eggshell membrane-based PNG device (Figure 30b) can 

harvest energy from various mechanical and bio-mechanical activities. This device is very 

sensitive and effective for generating electricity through various bio-mechanical activities 

(Figure 30b, i-iii) and ultrasonic vibrations (Figure 30b, iv). Thus, it would be efficient for 

large-scale potential applications and bio-medical purposes. The large amount of onion skin 

that is wasted daily is highlighted as an effective piezoelectric energy harvester (Figure 30c) 

that can deliver a large amount of electricity from simple mechanical and biomechanical 

activities. An onion skin-based PNG device produced remarkably high output voltage, which 

could be increased as per the requirement by connecting multiple devices in series for output 

voltage and in parallel for output current. This fabricated device can power different LEDs 

and various smart electronics, which makes it potentially useful for large-scale commercial 

applications. Prawn skin (Figure 30d, i-ii) and fish scale (Figure 30d, iv,v) based PNG 

devices are also effective for producing large amounts of electricity. 

6. Conclusions  

This review article focused on the effectiveness and diversity of TNGs/PNGs devices for 

harvesting energy from different sources. The importance and real effect of these 
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technologies for future smart societies were described in detail. Such energy harvesting 

technologies can be used to harvest electricity from ocean/seawater waves (blue energy), 

wind flow (wind energy), sound frequency (acoustic energy), ultrasound vibrational motions, 

and various mechanical activities (human/animal body motions or vehicle movements etc.) 

easily. These technologies can thus be employed under any scenario (sea to mountain, day to 

night, locality to deep forest) as continuous power sources, because all sources are natural 

and never ending. Further, these technologies can be used as ultrasensitive self-powered 

sensors in various smart and information technologies. Further, various biomechanical 

activities such as the heartbeat, arterial pulse motion, blood flow, are considerably 

responsible for generating green energy that can be used for biomedical purposes. For in vivo 

biomedical applications (pacemakers, deep brain simulation, etc.), low power is required to 

activate the systems; these harvesting technologies based on implantable devices can provide 

continuous power without harming body cells. We discussed in detail how these technologies 

are utilized for harvesting large amounts of energy and their effectiveness in sensors, smart 

bio-medical applications, and in developing a pollution-free society. Furthermore, various 

nature-driven bio-waste materials are thrown away every day at a ton-scale as garbage 

globally, and this bio-waste can be reused to generate electricity, which is one of the biggest 

achievements of these technologies. Thus, bio-based smart electronics can be designed using 

bio-waste materials to save us from large amounts of e-wastes, which is a great threat for the 

future environment. In short, these technologies can be called an “all-in-one package” as they 

can be used for harvesting energy from different sources and applied in various fields under 

any conditions using simple and cost-effective approaches.  

7. Future Prospects 

Smart and portable electronics are key to modern life; these devices are useful not only for 

entertainment purposes or other information technologies, but also for modern biomedical 
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applications. Thus, these portable smart electronics have been considered similar to our 

organs; it is very difficult to live without them. However, energy is basic necessity for smart 

electronics and for using them in proper working conditions. Although fossil fuels have been 

used widely as energy sources, their continuous crises and large carbon emissions from 

combustion have not only forced society to search for alternative energy sources, but also to 

consider developing pollution-free energy. To this end, many renewable energy sources such 

as solar cells or thermal energy sources have been developed. Although they have 

considerable benefits and they work as well as efficient energy sources, they face several 

difficulties. For example, solar cells require solar energy and have high fabrication costs. Li-

ion batteries cannot serve as a continuous power source, which becomes a considerable 

barrier for ultrasmart electronics in modern times. Further, many toxic materials are used to 

design these energy sources, and these materials result in considerable electronics waste (e-

wastes) and danger for human society and the ecosystem. These energy sources are still 

irreplaceable; however, there is an urgent need to find an alternative, self-powered, and 

pollution-free green energy harvesting approach. To this end, TNGs or PNGs are preferred as 

their mechanical energy is converted to green electricity. Further, mechanical energy is a 

continuous source (a never-ending process in nature) and considerably abundant in different 

forms such as ocean/water waves, raindrops, wind flow, human body motion activities 

(walking, running, kicking, various organ movements, even blood flow, heartbeat and many 

more), vehicle movements, and even from various sound wave frequencies. Thus, wave 

energy, which has excellent benefits for large power and has a wide distribution, can be 

harvested via the proper structural design of TNGs/PNGs devices in the near future; 

consequently, it can replace complicated traditional and high-cost wave energy technologies. 

The conventional wind energy-harvesting turbine is not the optimum choice because of its 

heavyweight, large size, a high installation and manufacturing costs. These issues can be 
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overcome by using TNGs/PNGs to harvest wind energy as they offer easy fabrication, low 

cost, remarkable output power, excellent reliability, and high efficiency. Thus far, TNG- 

based wind energy harvesters have provided a remarkable power density of ~500 W/m
2
 and 

outstanding energy conversion efficiency of ~85%. Moreover, enormous amounts of noise 

pollution can be recycled as efficient energy sources using TNGs/PNGs, which can be 

implemented into various portable devices (such as cell phones) for harvesting acoustic 

energy when speaking. 

The applications area of these energy-harvesting systems is very broad: actuators, resonators, 

pressure sensors, touch sensors, and biomedical devices including drug delivery. Thus, self-

powered TNGs/PNGs have become the most potential energy harvesters for IMEDs in recent 

times owing to their biodegradability, flexibility, and lightweight in implantable e-health care 

monitoring such as nerve stimulation, cardiac pacing, and deep brain stimulation at cell scale 

and for small animals. Thus, an implantable TNG (iTNG) is very promising in biomedical 

sensing monitoring and for human-interactive devices. Further, TNGs/PNGs-based sensors 

are ultraresponsive, and they are very active to detect weak signals such as arterial pulse 

signals, heartbeat signals, and lower frequency human voices. Owing to its uniqueness and 

ultrasensitivity, TAS would definitely play an effective role in the social interaction of next 

generation smart robotics. Thus, TENGs/PENGs have become an “all-in-one package” that 

indicates they can harvest energy continuously from any type of mechanical source at any 

time and at any condition, and they can be used for any smart potential applications. 

Furthermore, these technologies are almost a pollution-free approach; they effectively play a 

crucial role in solving e-waste issues in the near future. 

Although the commercialization of these devices is still at the infant stage, the scientific 

community strongly believes in their tremendous effectiveness in the near future as an 

efficient potential energy source. After the long commitment, strong determination, and hard 
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work invested in these energy-harvesting areas, the devices are now delivering power on the 

Watt level, which is a great achievement for these technologies. Because of diverse areas in 

energy harvesting and their applications, these technologies can be considered the most 

important power sources for various smart electronics purposes in the near future.  

Acknowledgments 

S.K.K. and S.M. contributed equally to this work. This work is supported by the National 

Creative Research Initiative Program supported by the National Research Foundation of 

Korea (NRF) grant (no. 2013R1A3A2042196) funded by the Korean government. This work 

is also supported by the Department of Science and Technology (DST) Govt. of India via the 

INSPIRE fellowship (IF130632). The research facilities provided by Pohang University of 

Science and Technology (POSTECH), South Korea and Indian Institute of Technology (IIT) 

Kharagpur are highly acknowledged. 

Conflict of Interest 

The authors declare no conflict of interest. 



 

This article is protected by copyright. All rights reserved. 

75 

 

References 

[1] M. Asif, T. Muneer, Renew. Sustainable Energy Rev. 2007, 11, 1388-1413. 

[2] D. Gielen, F. Boshell, D. Saygin, Nat. Mater. 2016, 15, 117. 

[3] J. Wang, S. Li, F. Yi, Y. Zi, J. Lin, X. Wang, Y. Xu, Z. L. Wang, Nat. Comm. 2016, 

7, 12744; S. Wang, J. Xu, W. Wang, G.-J. N. Wang, R. Rastak, F. Molina-Lopez, J. W. 

Chung, S. Niu, V. R. Feig, J. Lopez, Nature 2018, 555, 83. 

[4] X.-S. Zhang, M. Han, B. Kim, J.-F. Bao, J. Brugger, H. Zhang, Nano Energy 2018, 

47, 410-426. 

[5] S. Kaps, S. Bhowmick, J. Gröttrup, V. Hrkac, D. Stauffer, H. Guo, O. L. Warren, J. 

Adam, L. Kienle, A. M. Minor, R. Adelung, Y. K. Mishra, ACS Omega 2017, 2, 6, 2985–

2993. 

[6] L. Yang, Z. G. Chen, M. S. Dargusch, J. Zou, Adv. Energy Mater. 2018, 8, 1701797. 

[7] F. Di Giacomo, A. Fakharuddin, R. Jose, T. M. Brown, Energy Environ. Sci. 2016, 9, 

3007-3035. 

[8] J. Gröttrup, S. Kaps,  J. Carstensen,  D. Smazna,  Y. K. Mishra,  A. Piorra,  C. 

Kirchhof,  E. Quandt,  R. Adelung, Phys. Status Solidi A 2016, 213, 2208–2215. 

[9] M. Mintken, M. Schweichel, S. Schröder, S. Kaps, J. Carstensen, Y. K. Mishra, T. 

Strunskus, F. Faupel, R. Adelung, Nano Energy, 2019, 56, 420-425. 

[10] A. Sieminski, Energy Information Administration (EIA) 2014, 18. 

[11] S. Maiti, S. K. Karan, J. K. Kim, B. B. Khatua, Adv. Energy Mater. 2019, 9, 1803027. 

[12] J. Randolph, G. M. Masters, Energy for Sustainability: Foundations for Technology, 

Planning, and Policy, Island Press,  2018. 

[13] G. Feng, G. Xia, B. Chen, Y. Xiao, R. Zhou, Sustainability 2019, 11, 3212. 

[14] S. K. Karan, D. Mandal, B. B. Khatua, Nanoscale 2015, 7, 10655-10666. 

[15] Z. L. Wang, Faraday discuss. 2015, 176, 447-458. 

[16] S. Wang, F. Yuan, S. Liu, J. Zhou, S. Xuan, Y. Wang, X. Gong, J. Mater. Chem. C, 2020, 8, 

3715-3723. 

[17] J. Kim, W. Kim, G. Jang, D. S. Hyeon, M. H. Park, J. P. Hong, Adv. Energy Mater. 

2020, 10, 1903217. 

[18] J. Qian, J. He, S. Qian, J. Zhang, X. Niu, X. Fan, C. Wang, X. Hou, J. Mu, W. Geng, X. 

Chou, Adv. Funct. Mater. 2020, 30, 1907414. 

[19] Z. Zhao, X. Pu, C. Du, L. Li, C. Jiang, W. Hu, Z. L. Wang, ACS Nano 2016, 10, 

1780-1787. 

[20] S. Jang, M. La, S. Cho, Y. Yun, J. H. Choi, Y. Ra, S. J. Park, D. Choi, Nano Energy, 2020, 

70, 104541 

[21] C. Dagdeviren, Z. Li, Z. L. Wang, Ann. Rev. Biomed. Eng. 2017, 19, 85-108; S. N. 

Cha, J. S. Seo, S. M. Kim, H. J. Kim, Y. J. Park, S. W. Kim, J. M. Kim, Adv. Mater. 2010, 

22, 4726-4730.  

[22] S. K. Karan, S. Maiti, A. K. Agrawal, A. K. Das, A. Maitra, S. Paria, A. Bera, R. 

Bera, L. Halder, A. K. Mishra, Nano Energy 2019, 59, 169-183. 

[23] Z. L. Wang, Materials today 2017, 20, 74-82. 



 

This article is protected by copyright. All rights reserved. 

76 

[24] S. Kim, M. K. Gupta, K. Y. Lee, A. Sohn, T. Y. Kim, K. S. Shin, D. Kim, S. K. Kim, 

K. H. Lee, H. J. Shin, Adv. Mater. 2014, 26, 3918-3925.  

[25] S. K. Karan, R. Bera, S. Paria, A. K. Das, S. Maiti, A. Maitra, B. B. Khatua, Adv. 

Energy Mater. 2016, 6, 1601016. 

[26] Z. L. Wang, J. Song, Science 2006, 312, 242-246. 

[27] M. Han, X.-S. Zhang, B. Meng, W. Liu, W. Tang, X. Sun, W. Wang, H. Zhang, ACS 

Nano 2013, 7, 8554-8560. 

[28] S. Niu, Z. L. Wang, Nano Energy 2015, 14, 161-192. 

[29] Z. L. Wang, Nano Energy 2019, 104272. 

[30] Z. L. Wang, L. Lin, J. Chen, S. Niu, Y. Zi, in Triboelec. Nanogenerators, Springer, 

2016, 23-47. 

[31] J. Chen, X. Pu, H. Guo, Q. Tang, L. Feng, X. Wang, C. Hu, Nano Energy 2018, 43, 

253-258. 

[32] Y. Yang, Y. S. Zhou, H. Zhang, Y. Liu, S. Lee, Z. L. Wang, Adv. Mater. 2013, 25, 

6594-6601. 

[33] S. Wang, Y. Xie, S. Niu, L. Lin, Z. L. Wang, Adv. Mater. 2014, 26, 2818-2824. 

[34] J. Wang, L. Pan, H. Guo, B. Zhang, R. Zhang, Z. Wu, C. Wu, L. Yang, R. Liao, Z. L. 

Wang, Adv. Energy Mater. 2019, 9, 1802892. 

[35] M. Z. Jacobson, M. A. Delucchi, G. Bazouin, Z. A. Bauer, C. C. Heavey, E. Fisher, S. 

B. Morris, D. J. Piekutowski, T. A. Vencill, T. W. Yeskoo, Energy Environ. Sci. 2015, 8, 

2093-2117. 

[36] D. Larcher, J.-M. Tarascon, Nat. Chem. 2015, 7, 19. 

[37] Z. L. Wang, Nat. News 2017, 542, 159. 

[38] Z. L. Wang, ACS Nano 2013, 7, 9533-9557. 

[39] Y. Yang, H. Zhang, R. Liu, X. Wen, T. C. Hou, Z. L. Wang, Adv. Energy Mater. 

2013, 3, 1563-1568. 

[40] T. Jiang, L. M. Zhang, X. Chen, C. B. Han, W. Tang, C. Zhang, L. Xu, Z. L. Wang, 

ACS Nano 2015, 9, 12562-12572. 

[41] Y. Su, X. Wen, G. Zhu, J. Yang, J. Chen, P. Bai, Z. Wu, Y. Jiang, Z. L. Wang, Nano 

Energy 2014, 9, 186-195. 

[42] X. Wang, S. Niu, Y. Yin, F. Yi, Z. You, Z. L. Wang, Adv. Energy Mater. 2015, 5, 

1501467. 

[43] A. Ahmed, Z. Saadatnia, I. Hassan, Y. Zi, Y. Xi, X. He, J. Zu, Z. L. Wang, Adv. 

Energy Mater. 2017, 7, 1601705. 

[44] G. J. Herbert, S. Iniyan, E. Sreevalsan, S. Rajapandian, Renew. Sustainable Energy 

Rev. 2007, 11, 1117-1145. 

[45] J. H. Lee, R. Hinchet, S. K. Kim, S. Kim, S.-W. Kim, Energy Environ. Sci. 2015, 8, 

3605-3613. 

[46] L. Perković, P. Silva, M. Ban, N. Kranjčević, N. Duić, Applied Energy 2013, 101, 

151-160. 

[47] B. W. Roberts, D. H. Shepard, K. Caldeira, M. E. Cannon, D. G. Eccles, A. J. 

Grenier, J. F. Freidin, IEEE Transactions on Energy Conversion 2007, 22, 136-144. 

[48] C. Archer, K. Caldeira, Energies 2009, 2, 307-319. 



 

This article is protected by copyright. All rights reserved. 

77 

[49] Y. Chen, Y. Cheng, Y. Jie, X. Cao, N. Wang, Z. L. Wang, Energy Environ. Sci. 2019, 

12, 2678-2684. 

[50] W. J. Ockels, Aircraft Design 2001, 4, 81-97. 

[51] M. Canale, L. Fagiano, M. Milanese, IEEE Control Systems Magazine 2007, 27, 25-

38. 

[52] P. Williams, B. Lansdorp, W. Ockesl, J. Guidance, Control, Dynamics 2008, 31, 81-

93. 

[53] Y. Xie, S. Wang, S. Niu, L. Lin, Q. Jing, J. Yang, Z. Wu, Z. L. Wang, Adv. Mater. 

2014, 26, 6599-6607. 

[54] J. Chun, J. W. Kim, W.-s. Jung, C.-Y. Kang, S.-W. Kim, Z. L. Wang, J. M. Baik, 

Energy Environ. Sci. 2015, 8, 3006-3012. 

[55] F. Liu, A. Phipps, S. Horowitz, K. Ngo, L. Cattafesta, T. Nishida, M. Sheplak, J. 

Acoustical Soc. Am. 2008, 123, 1983-1990. 

[56] N. Cui, L. Gu, J. Liu, S. Bai, J. Qiu, J. Fu, X. Kou, H. Liu, Y. Qin, Z. L. Wang, Nano 

Energy 2015, 15, 321-328. 

[57] E. J. Lee, T. Y. Kim, S.-W. Kim, S. Jeong, Y. Choi, S. Y. Lee, Energy Environ. Sci. 

2018, 11, 1425-1430. 

[58] H. Ouyang, Z. Liu, N. Li, B. Shi, Y. Zou, F. Xie, Y. Ma, Z. Li, H. Li, Q. Zheng, Nat. 

Comm. 2019, 10, 1821. 

[59] X. Yu, H. Wang, X. Ning, R. Sun, H. Albadawi, M. Salomao, A. C. Silva, Y. Yu, L. 

Tian, A. Koh, Nat. Biomed. Eng. 2018, 2, 165. 

[60] S.-K. Kang, R. K. Murphy, S.-W. Hwang, S. M. Lee, D. V. Harburg, N. A. Krueger, 

J. Shin, P. Gamble, H. Cheng, S. Yu, Nature 2016, 530, 71. 

[61] R. Hinchet, S.-W. Kim, ACS Nano 2015, 9, 7742-7745. 

[62] P. Nadeau, D. El-Damak, D. Glettig, Y. L. Kong, S. Mo, C. Cleveland, L. Booth, N. 

Roxhed, R. Langer, A. P. Chandrakasan, Nature Biomed. Eng. 2017, 1, 0022; L. Cheng, M. 

Yuan, L. Gu, Z. Wang, Y. Qin, T. Jing, Z. L. Wang, Nano Energy 2015, 15, 598-606; A. 

Haeberlin, A. Zurbuchen, S. Walpen, J. Schaerer, T. Niederhauser, C. Huber, H. Tanner, H. 

Servatius, J. Seiler, H. Haeberlin, Heart Rrhythm 2015, 12, 1317-1323. 

[63] D. H. Kim, H. J. Shin, H. Lee, C. K. Jeong, H. Park, G. T. Hwang, H. Y. Lee, D. J. 

Joe, J. H. Han, S. H. Lee, Adv. Func. Mater. 2017, 27, 1700341. 

[64] Q. Zheng, Y. Zou, Y. Zhang, Z. Liu, B. Shi, X. Wang, Y. Jin, H. Ouyang, Z. Li, Z. L. 

Wang, Sci. Adv. 2016, 2, e1501478. 

[65] G. Yao, L. Kang, J. Li, Y. Long, H. Wei, C. A. Ferreira, J. J. Jeffery, Y. Lin, W. Cai, 

X. Wang, Nat. Comm. 2018, 9, 5349. 

[66] Q. Zheng, B. Shi, F. Fan, X. Wang, L. Yan, W. Yuan, S. Wang, H. Liu, Z. Li, Z. L. 

Wang, Adv. Mater. 2014, 26, 5851-5856; G. T. Hwang, H. Park, J. H. Lee, S. Oh, K. I. Park, 

M. Byun, H. Park, G. Ahn, C. K. Jeong, K. No, Adv. Mater. 2014, 26, 4880-4887. 

[67] A. Wang, Z. Liu, M. Hu, C. Wang, X. Zhang, B. Shi, Y. Fan, Y. Cui, Z. Li, K. Ren, 

Nano Energy 2018, 43, 63-71. 

[68] G.-T. Hwang, Y. Kim, J.-H. Lee, S. Oh, C. K. Jeong, D. Y. Park, J. Ryu, H. Kwon, 

S.-G. Lee, B. Joung, Energy Environ. Sci. 2015, 8, 2677-2684. 

[69] Q. Zheng, B. Shi, Z. Li, Z. L. Wang, Sci. Adv. 2017, 4, 1700029. 



 

This article is protected by copyright. All rights reserved. 

78 

[70] Z. Liu, J. Nie, B. Miao, J. Li, Y. Cui, S. Wang, X. Zhang, G. Zhao, Y. Deng, Y. Wu, 

Adv. Mater. 2019, 31, 1807795. 

[71] R. Langer, Nat. London 1998, 5-10. 

[72] X. Xie, A. M. Xu, S. Leal-Ortiz, Y. Cao, C. C. Garner, N. A. Melosh, ACS Nano 

2013, 7, 4351-4358. 

[73] V. Caprettini, A. Cerea, G. Melle, L. Lovato, R. Capozza, J.-A. Huang, F. Tantussi, 

M. Dipalo, F. De Angelis, Sci. Rep. 2017, 7, 8524. 

[74] H. Guo, X. Pu, J. Chen, Y. Meng, M.-H. Yeh, G. Liu, Q. Tang, B. Chen, D. Liu, S. 

Qi, Sci. Robotics 2018, 3, eaat2516. 

[75] G.-Z. Yang, J. Bellingham, P. E. Dupont, P. Fischer, L. Floridi, R. Full, N. Jacobstein, 

V. Kumar, M. McNutt, R. Merrifield, Sci. Robotics 2018, 3, eaar7650. 

[76] E. Villchur, J. Acoustical Soc. Am. 1973, 53, 1646-1657. 

[77] A. Li, Y. Zi, H. Guo, Z. L. Wang, F. M. Fernández, Nat. Nanotech. 2017, 12, 481. 

[78] X. Pu, M. Liu, X. Chen, J. Sun, C. Du, Y. Zhang, J. Zhai, W. Hu, Z. L. Wang, Sci. 

Adv. 2017, 3, e1700015. 

[79] J. Chen, Y. Huang, N. Zhang, H. Zou, R. Liu, C. Tao, X. Fan, Z. L. Wang, Nat. 

Energy 2016, 1, 16138. 

[80] J. Jang, J. Lee, J. H. Jang, H. Choi, Adv. Healthcare Mater. 2016, 5, 2481-2487. 

[81] B. Zhang, J. Chen, L. Jin, W. Deng, L. Zhang, H. Zhang, M. Zhu, W. Yang, Z. L. 

Wang, ACS Nano 2016, 10, 6241-6247. 

[82] E. Taniguchi, H. Shimamoto, Transportation Research Part C: Emerging 

Technologies 2004, 12, 235-250. 

[83] W. Song, B. Gan, T. Jiang, Y. Zhang, A. Yu, H. Yuan, N. Chen, C. Sun, Z. L. Wang, 

ACS Nano 2016, 10, 8097-8103. 

[84] Y. Zou, P. Tan, B. Shi, H. Ouyang, D. Jiang, Z. Liu, H. Li, M. Yu, C. Wang, X. Qu, 

Nat. Comm. 2019, 10, 2695; J. A. Rogers, T. Someya, Y. Huang, Science 2010, 327, 1603-

1607. 

[85] M. D. Adesokan, G. U. Adie, O. Osibanjo, J. Health Pollut. 2016, 6, 26-33. 

[86] C. P. Baldé, V. Forti, V. Gray, R. Kuehr, P. Stegmann, The global e-waste monitor 

2017: Quantities, flows and resources, United Nations University, International 

Telecommunication Union, and …,  2017. 

[87] B. D. Chen, W. Tang, C. He, C. R. Deng, L. J. Yang, L. P. Zhu, J. Chen, J. J. Shao, L. 

Liu, Z. L. Wang, Mater. Today 2018, 21, 88-97. 

[88] S. Maiti, S. K. Karan, J. Lee, A. K. Mishra, B. B. Khatua, J. K. Kim, Nano Energy 

2017, 42, 282-293. 

[89] J. M. Wu, C. K. Chang, Y. T. Chang, Nano Energy 2016, 19, 39-47. 

[90] G. Liu, H. Guo, S. Xu, C. Hu, Z. L. Wang, Adv. Energy Mater. 2019, 1900801. 

[91] G. Liu, J. Chen, Q. Tang, L. Feng, H. Yang, J. Li, Y. Xi, X. Wang, C. Hu, Adv. 

Energy Mater. 2018, 8, 1703086. 

[92] L. Feng, G. Liu, H. Guo, Q. Tang, X. Pu, J. Chen, X. Wang, Y. Xi, C. Hu, Nano 

Energy 2018, 47, 217-223; L. Xu, T. Jiang, P. Lin, J. J. Shao, C. He, W. Zhong, X. Y. Chen, 

Z. L. Wang, ACS Nano 2018, 12, 1849-1858. 



 

This article is protected by copyright. All rights reserved. 

79 

[93] T. X. Xiao, X. Liang, T. Jiang, L. Xu, J. J. Shao, J. H. Nie, Y. Bai, W. Zhong, Z. L. 

Wang, Adv. Func. Mater. 2018, 28, 1802634. 

[94] R. Lei, H. Zhai, J. Nie, W. Zhong, Y. Bai, X. Liang, L. Xu, T. Jiang, X. Chen, Z. L. 

Wang, Adv. Mater. Technol. 2019, 4, 1800514. 

[95] S. L. Zhang, M. Xu, C. Zhang, Y.-C. Wang, H. Zou, X. He, Z. Wang, Z. L. Wang, 

Nano Energy 2018, 48, 421-429. 

[96] L. Lin, Y. Xie, S. Niu, S. Wang, P.-K. Yang, Z. L. Wang, ACS Nano 2015, 9, 922-

930. 

[97] Z. Wang, W. Xie, K. Duan, Y. Wang, Signal Processing 2017, 130, 159-168. 

[98] M. Xu, T. Zhao, C. Wang, S. L. Zhang, Z. Li, X. Pan, Z. L. Wang, ACS Nano 2019, 

13, 1932-1939. 

[99] X. Fan, J. Chen, J. Yang, P. Bai, Z. Li, Z. L. Wang, ACS Nano 2015, 9, 4236-4243. 

[100] J. Chen, G. Zhu, W. Yang, Q. Jing, P. Bai, Y. Yang, T. C. Hou, Z. L. Wang, Adv. 

Mater. 2013, 25, 6094-6099. 

[101] P. Bai, G. Zhu, Q. Jing, J. Yang, J. Chen, Y. Su, J. Ma, G. Zhang, Z. L. Wang, Adv. 

Func. Mater. 2014, 24, 5807-5813. 

[102] X. Hu, K.-M. Ho, C. T. Chan, J. Zi, Phys. Rev. B 2008, 77, 172301. 

[103] G. Zhu, Y. S. Zhou, P. Bai, X. S. Meng, Q. Jing, J. Chen, Z. L. Wang, Adv. Mater. 

2014, 26, 3788-3796. 

[104] Y. Xie, S. Wang, L. Lin, Q. Jing, Z.-H. Lin, S. Niu, Z. Wu, Z. L. Wang, ACS Nano 

2013, 7, 7119-7125. 

[105] L. Zhang, B. Zhang, J. Chen, L. Jin, W. Deng, J. Tang, H. Zhang, H. Pan, M. Zhu, W. 

Yang, Adv. Mater. 2016, 28, 1650-1656. 

[106] Y. Yang, G. Zhu, H. Zhang, J. Chen, X. Zhong, Z.-H. Lin, Y. Su, P. Bai, X. Wen, Z. 

L. Wang, ACS Nano 2013, 7, 9461-9468. 

[107] H. Fang, W. Wu, J. Song, Z. L. Wang, J. Phys. Chem. C 2009, 113, 16571-16574. 

[108] Y. Su, G. Zhu, W. Yang, J. Yang, J. Chen, Q. Jing, Z. Wu, Y. Jiang, Z. L. Wang, ACS 

Nano 2014, 8, 3843-3850; G. Zhu, W. Q. Yang, T. Zhang, Q. Jing, J. Chen, Y. S. Zhou, P. 

Bai, Z. L. Wang, Nano Lett. 2014, 14, 3208-3213. 

[109] S. Wang, L. Lin, Z. L. Wang, Nano letters 2012, 12, 6339-6346; A. Diaz, R. Felix-

Navarro, J. Electrostatics 2004, 62, 277-290. 

[110] S. Niu, Y. Liu, S. Wang, L. Lin, Y. S. Zhou, Y. Hu, Z. L. Wang, Adv. Func. Mater. 

2014, 24, 3332-3340. 

[111] Z. Quan, C. B. Han, T. Jiang, Z. L. Wang, Adv. Energy Mater. 2016, 6, 1501799. 

[112] S. Wang, L. Lin, Y. Xie, Q. Jing, S. Niu, Z. L. Wang, Nano Lett. 2013, 13, 2226-

2233. 

[113] G. Zhu, J. Chen, Y. Liu, P. Bai, Y. S. Zhou, Q. Jing, C. Pan, Z. L. Wang, Nano Lett. 

2013, 13, 2282-2289. 

[114] L.-H. Lee, J. Electrostatics 1994, 32, 1-29. 

[115] F. Saurenbach, D. Wollmann, B. Terris, A. Diaz, Langmuir 1992, 8, 1199-1203. 

[116] Y. Momose, Y. Yamashita, Tribology International 2012, 48, 232-236. 

[117] J. Yang, J. Chen, Y. Su, Q. Jing, Z. Li, F. Yi, X. Wen, Z. Wang, Z. L. Wang, Adv. 

Mater. 2015, 27, 1316-1326. 



 

This article is protected by copyright. All rights reserved. 

80 

[118] X. Pu, H. Guo, Q. Tang, J. Chen, L. Feng, G. Liu, X. Wang, Y. Xi, C. Hu, Z. L. 

Wang, Nano Energy 2018, 54, 453-460. 

[119] Z. Lin, J. Yang, X. Li, Y. Wu, W. Wei, J. Liu, J. Chen, J. Yang, Adv. Func. Mater. 

2018, 28, 1704112. 

[120] K. Dong, Z. Wu, J. Deng, A. C. Wang, H. Zou, C. Chen, D. Hu, B. Gu, B. Sun, Z. L. 

Wang, Adv. Mater. 2018, 30, 1804944. 

[121] D. Davies, Journal of Physics D: Appl. Phys. 1969, 2, 1533. 

[122] D. A. Davis, A. Hamilton, J. Yang, L. D. Cremar, D. Van Gough, S. L. Potisek, M. T. 

Ong, P. V. Braun, T. J. Martínez, S. R. White, Nature 2009, 459, 68; S. L. Potisek, D. A. 

Davis, N. R. Sottos, S. R. White, J. S. Moore, J. Am. Chem. Soc. 2007, 129, 13808-13809. 

[123] C. Jacquemoud, K. Bruyere-Garnier, M. Coret, J. Biomechanics 2007, 40, 468-475. 

[124] C. Wu, J. H. Park, B. Koo, X. Chen, Z. L. Wang, T. W. Kim, ACS Nano 2018, 12, 

9947-9957. 

[125] P. Bai, G. Zhu, Z.-H. Lin, Q. Jing, J. Chen, G. Zhang, J. Ma, Z. L. Wang, ACS Nano 

2013, 7, 3713-3719; S. Gao, M. Wang, Y. Chen, M. Tian, Y. Zhu, X. Wei, T. Jiang, Nano 

Energy 2018, 45, 21-27. 

[126] W. Du, X. Han, L. Lin, M. Chen, X. Li, C. Pan, Z. L. Wang, Adv. Energy Mater. 

2014, 4, 1301592. 

[127] J. Chen, J. Yang, Z. Li, X. Fan, Y. Zi, Q. Jing, H. Guo, Z. Wen, K. C. Pradel, S. Niu, 

ACS Nano 2015, 9, 3324-3331. 

[128] R. K. Gupta, Q. Shi, L. Dhakar, T. Wang, C. H. Heng, C. Lee, Sci. Rep. 2017, 7, 

41396; D. Bhatia, W. Kim, S. Lee, S. W. Kim, D. Choi, Nano Energy 2017, 33, 515-521. 

[129] Q. Zheng, H. Zhang, B. Shi, X. Xue, Z. Liu, Y. Jin, Y. Ma, Y. Zou, X. Wang, Z. An, 

ACS Nano 2016, 10, 6510-6518. 

[130] Z. Lin, J. Chen, X. Li, Z. Zhou, K. Meng, W. Wei, J. Yang, Z. L. Wang, ACS Nano 

2017, 11, 8830-8837. 

[131] Z. Liu, Y. Ma, H. Ouyang, B. Shi, N. Li, D. Jiang, F. Xie, D. Qu, Y. Zou, Y. Huang, 

Adv. Func. Mater. 2019, 29, 1807560. 

[132] Y. Ma, Q. Zheng, Y. Liu, B. Shi, X. Xue, W. Ji, Z. Liu, Y. Jin, Y. Zou, Z. An, Nano 

Lett. 2016, 16, 6042-6051. 

[133] X. Wang, Advances in Biomaterials Science and Biomedical Applications in 

Biomedicine; Lazinica, R., Ed 2013, 111-155. 

[134] M. L. Yarmush, A. Golberg, G. Serša, T. Kotnik, D. Miklavčič, Ann. Rev. Biomed. 

Eng. 2014, 16, 295-320. 

[135] J. T. Robinson, M. Jorgolli, A. K. Shalek, M.-H. Yoon, R. S. Gertner, H. Park, Nat. 

Nanotech. 2012, 7, 180. 

[136] Z. Li, J. Song, G. Mantini, M.-Y. Lu, H. Fang, C. Falconi, L.-J. Chen, Z. L. Wang, 

Nano Lett. 2009, 9, 3575-3580. 

[137] Y. Wang, Y. Yang, L. Yan, S. Y. Kwok, W. Li, Z. Wang, X. Zhu, G. Zhu, W. Zhang, 

X. Chen, Nat. Comm. 2014, 5, 4466. 

[138] C. Chiappini, ACS Sensors 2017, 2, 1086-1102. 

[139] R. Hinchet, H.-J. Yoon, H. Ryu, M.-K. Kim, E.-K. Choi, D.-S. Kim, S.-W. Kim, 

Science 2019, 365, 491-494. 



 

This article is protected by copyright. All rights reserved. 

81 

[140] A. Yu, X. Chen, R. Wang, J. Liu, J. Luo, L. Chen, Y. Zhang, W. Wu, C. Liu, H. 

Yuan, ACS Nano 2016, 10, 3944-3950. 

[141] R. Hinchet, W. Seung, S. W. Kim, Chem. Sus. Chem. 2015, 8, 2327-2344. 

[142] M. C. Ziskin, Radiographics 1993, 13, 705-709; S. B. Barnett, G. R. Ter Haar, M. C. 

Ziskin, H.-D. Rott, F. A. Duck, K. Maeda, Ultrasound in Medicine Biology 2000, 26, 355-

366. 

[143] Y. Jie, X. Jia, J. Zou, Y. Chen, N. Wang, Z. L. Wang, X. Cao, Adv. Energy Mater. 

2018, 8, 1703133. 

[144] Y. Feng, L. Zhang, Y. Zheng, D. Wang, F. Zhou, W. Liu, Nano Energy 2019, 55, 

260-268. 

[145] J. H. Han, K. M. Bae, S. K. Hong, H. Park, J.-H. Kwak, H. S. Wang, D. J. Joe, J. H. 

Park, Y. H. Jung, S. Hur, Nano Energy 2018, 53, 658-665. 

[146] B. H. Mun, B. K. You, S. R. Yang, H. G. Yoo, J. M. Kim, W. I. Park, Y. Yin, M. 

Byun, Y. S. Jung, K. J. Lee, ACS Nano 2015, 9, 4120-4128. 

[147] C. Lang, J. Fang, H. Shao, X. Ding, T. Lin, Nat. Comm. 2016, 7, 11108. 

[148] X. Du, G. Allwood, K. Webberley, A. Osseiran, B. Marshall, Sensors 2018, 18, 4240. 

[149] B. Sun, X. Li, R. Zhao, H. Ji, J. Qiu, N. Zhang, D. He, C. Wang, J. Mater. Sci. 2019, 

54, 2754-2762. 

[150] Y. B. Lee, J. K. Han, S. Noothongkaew, S. K. Kim, W. Song, S. Myung, S. S. Lee, J. 

Lim, S. D. Bu, K. S. An, Adv. Mater. 2017, 29, 1604500. 

[151] S. Orrego, K. Shoele, A. Ruas, K. Doran, B. Caggiano, R. Mittal, S. H. Kang, Appl. 

Energy 2017, 194, 212-222. 

[152] M. A. Johar, J.-H. Kang, M. A. Hassan, S.-W. Ryu, Appl. Energy 2018, 222, 781-789. 

[153] M. Xie, Y. Zhang, M. J. Kraśny, C. Bowen, H. Khanbareh, N. Gathercole, Energy 

Environ. Sci. 2018, 11, 2919-2927. 

[154] L. Jin, S. Ma, W. Deng, C. Yan, T. Yang, X. Chu, G. Tian, D. Xiong, J. Lu, W. Yang, 

Nano Energy 2018, 50, 632-638. 

[155] S. Lee, R. Hinchet, Y. Lee, Y. Yang, Z. H. Lin, G. Ardila, L. Montès, M. Mouis, Z. L. 

Wang, Adv. Func. Mater. 2014, 24, 1163-1168. 

[156] X. Chen, X. Li, J. Shao, N. An, H. Tian, C. Wang, T. Han, L. Wang, B. Lu, Small 

2017, 13, 1604245. 

[157] X. Cheng, X. Xue, Y. Ma, M. Han, W. Zhang, Z. Xu, H. Zhang, H. Zhang, Nano 

Energy 2016, 22, 453-460. 

[158] C. Dagdeviren, Y. Shi, P. Joe, R. Ghaffari, G. Balooch, K. Usgaonkar, O. Gur, P. L. 

Tran, J. R. Crosby, M. Meyer, Nat. Mater. 2015, 14, 728. 

[159] A. Wang, M. Hu, L. Zhou, X. Qiang, Nanomaterials 2019, 9, 349. 

[160] G. Murillo, A. Blanquer, C. Vargas‐Estevez, L. Barrios, E. Ibáñez, C. Nogués, J. 

Esteve, Adv. Mater. 2017, 29, 1605048. 

[161] A. Natarajan, J. Hasler, IEEE Transactions Biomed. Circuits Systems 2018, 12, 918-

926. 

[162] B. Frankenhaeuser, A. L. Hodgkin, J. Physiology 1957, 137, 218-244. 

[163] T. D. Nguyen, N. Deshmukh, J. M. Nagarah, T. Kramer, P. K. Purohit, M. J. Berry, 

M. C. McAlpine, Nat. Nanotech. 2012, 7, 587. 



 

This article is protected by copyright. All rights reserved. 

82 

[164] M. Fernandez‐Teran, J. Hurle, Anatomical Record 1982, 204, 137-147. 

[165] B. Y. Lee, J. Zhang, C. Zueger, W.-J. Chung, S. Y. Yoo, E. Wang, J. Meyer, R. 

Ramesh, S.-W. Lee, Nat. Nanotech. 2012, 7, 351. 

[166] D.-M. Shin, H. J. Han, W.-G. Kim, E. Kim, C. Kim, S. W. Hong, H. K. Kim, J.-W. 

Oh, Y.-H. Hwang, Energy Environ. Sci. 2015, 8, 3198-3203. 

[167] S. K. Karan, S. Maiti, O. Kwon, S. Paria, A. Maitra, S. K. Si, Y. Kim, J. K. Kim, B. 

B. Khatua, Nano Energy 2018, 49, 655-666. 

[168] S. K. Karan, S. Maiti, S. Paria, A. Maitra, S. K. Si, J. K. Kim, B. B. Khatua, Mater. 

Today Energy 2018, 9, 114-125. 

[169] S. K. Ghosh, D. Mandal, Appl. Phys. Lett. 2017, 110, 123701. 

[170] S. K. Ghosh, D. Mandal, ACS Sustainable Chem. Eng. 2017, 5, 8836-8843.  

 



 

This article is protected by copyright. All rights reserved. 

83 

FIGURE CAPTIONS 

 

Figure 1. Applications of self-powered PNGs/TNGs devices to advanced technologies and 

biomedical engineering. All images have been taken from www.google.com. 

 

http://www.google.com/
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Figure 2: The rise of piezoelectric/triboelectric nanogenerators and related information.
[25]

 

Adapted with permission.
[26]

 Copyright, 2006, Science, AAAS. Adapted with permission.
[9]

 

Copyright, 2012, Elsevier. Adapted with permission 
[27]

 Copyright, 2013, American Chemical 

of Society. Adapted with permission. 
[28, 29]

 Copyright 2013, 2019, Elsevier, 2015. Some 

images collected from www.google.com 

http://www.google.com/
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Figure 3. (a). The working principle of a piezoelectric material. (a,i) orginal shape with no 

signal,  (a,ii) direct and (a,iii) converse piezoelectric effects under external stress and voltage, 

respectively). (b). The four fundamental working modes of TNGs (b,i) vertical contact-

seperation mode, (b,ii) contact-sliding mode, (b,iii) single electrode mode and (b,iv) 

freestanding triboelectric-layer mode. All  inset images of (b,i-iv) were reproduced with 

permission. (i) Adapted with permission.
[30]

 Copyright 2016, Springer. (ii) Adapted with 

permission.
[31]

 Copyright 2018, Elsevier. (iii) Adapted with permission.
[32]

 Copyright 2013, 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (iv) Adapted with permission.
[33]

 

Copyright 2014. WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 4. (a) (a,i) Device design of OSTNG, (a,ii) rough seas, (a,iv) calm seas, and (a,iii) 

three different basic motions of floating OSTNG. The final image of (a,v) fabricated OSTNG 

in top part and (a,vii) bottom part, (a,vi) the tonnage of OS shell and sphere shell with 

dissimilar depth of immersion and basic units (inset). (b) Comparison of the OS shell (red 

color) with sphere (blue color) in (b,i,ii) distance away from central point under the identical 

slant angle, (b,iii,iv) coverage area of the iron shot under the same slant angle, and (b,v,vi) 

the shell volume. (c) (c,i) Schematic diagram for integrated OSTNG and (c,ii) assumed future 

picture for large-scale TNG networks in blue energy harvesting. (c,iii) The OSTNG can 

capable to charge a capacitor by floating in water (real picture) and (c,iv) the charging 

voltage of capacitors with different capacitance. (a-c) Adapted with permission.
[90]

 Copyright 

2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) (d,i) Schematic diagram for 

spring-assisted multilayered spherical TNG floating on water and schematic enlarged view of 

zigzag multilayered structure with five basic units. (d,ii) Original image for fabricated TNG. 

(d,iii) The working mechanism for TNG units. Adapted with permission.
[93]

 Copyright 2018, 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 5. (a) (a,i,x) Schematic of B-TNG. (a,ii,iii) four-bar linkage with wings and mass 

blocks. (a,iv-vi) the structure of Y-bracket module and SBM. (a,vii) SEM image for surface 

of PTFE film after stretching and (a,viii) schematic presentation for electron injection process 

to develop negative charges on PTFE surface, and (a,ix) final image for B-TNG. (b) (b,i) 

Schematic diagram for freestanding duck-shaped TNG. (b,ii) final device structure. (b,iii) 

Possible mechanism at various ball positions. (b,iv) output voltage among state I (α = 0) and 

state II (α ≈ 18). (b,v) simulation results at various ball positions using COMSOL. (a,b) 

Adapted with permission.
[94]

 Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. (c) (c,i) Schematic view for the spring-assisted four-bar linkage with wings. 

(c,ii,iii) working mechanism in swing mode and flap mode, respectively. Adapted with 

permission.
[43]

 Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) 

(d,i) Schematic view of sea snake TNGs array on ocean. (d,ii) Single segment image of SS-

TNGs (d,iii) schematic cross sectional image for SS-TNG. (d,iv) Possible working principle. 

(d,v) The electric potential distribution induced through rolling PTFE balls. Adapted with 

permission.
[95]

 Copyright 2018, Elsevier. 
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Figure 6: (a) (a,i) Schematic presentation for B-TNG while device flat surface was in 

parallel with incident water wave. (a,ii,iii) Variation of current and power with load 

resistance for TNG unit at different frequencies. (a,iv) Schematic view for the connected 

electrical circuit in parallel via four bridge rectifier. (a,v) Powering up of electronic 

thermometer by device through charging a capacitor of 470 μF. (a,vi) The different capacitors 

charging by device. Adapted with permission.
[94]

 Copyright 2018, WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim. Electrical output values of the SS-TNG through linear 

motor. (b) (b,i-ii) voltage and charge of SS-TNG with two layers. (b,iii) Output voltages of 

SS-TNG with multiple segments at a constant acceleration of ~1 m/s
2
. (b,iv) Load resistance 

dependent power density and current density for 2 SS-TNG segments at a constant 

acceleration of ~3 m/s
2
. Electrical activities of SS-TNG through laboratory rocking platform. 

(c) (c,i) 3D schematic image of SS-TNG. (c,ii) generated voltage with various balls/columns. 

(c,iii,iv) Voltage and current with time at various layers for SS-TNG. (b,c) Adapted with 

permission.
[95]

 Copyright 2018, Elsevier.  
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Figure 7. (a, i) SS-TNG with linear motor actuating water waves inside water. (a, ii) Output 

voltage with different numbers of SS-TNG segments. (a, iii) powering up 152 LEDs in the 

pattern “Blue Energy Dream”. (a,iv) The charging 100 μF capacitor in water. (a, v) The 

powering up humidity sensor with SS-TNG. Adapted with permission.
[95]

 Copyright 2018, 

Elsevier. (b, i) Schematic presentation for circuit diagram of wireless self-powered 

temperature sensor node system assisted by duck-shaped TNG. (b, ii) Powering up 50 LEDs. 

(b, iii) Charging-discharging curve of a capacitor (1 mF) and following operation of RF 

temperature sensor node. (c,i) Schematic image for multilayered duck TNG. (c-ii) TNG 

oscillating by wave generator. (c,iii) Output voltage and (c-iv) current generated by TNG 

motion. (b,c) Adapted with permission.
[43]

 Copyright 2016, WILEY-VCH Verlag GmbH & 

Co. KGaA, Weinheim (d,i) Schematic designed for hybrid nanogenerators having two, three, 

and four chambers. Load resistance dependent of peak power for hybrid nanogenerators with 

(d,ii) two chambers, (d,iii) three chambers, and (d,iv) four chambers. Real images of 

lightening LED arrays powered up through TNG and EMG under (e,i) shaking and (e,iii) 

shifting mode. (e,ii) The average values of output powers for both TNG and EMG under 

different working frequencies with LED loads. (d,e) Adapted with permission.
[34]

 Copyright 

2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.  
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Figure 8. (a,i) Schematic view of TNG unit pushing reciprocally through linear motor with 

amplitude (A~90 mm). The variation of (a,ii) current and (a,iii) voltage for dielectric film of 

Kapton and nylon. (b,i) The arc surface diagram with dissimilar curvatures. The frequency 

dependent (b,ii) transferred charge and (b,iii) current value of TNG unit checked for 

hemisphere shell arc surface curvature of ρ=16.13 m
−1

. The variation of frequency dependent 

transferred charge and current values for different curvatures (b,iv) ρ=16.13m
−1

, (d,v) 

ρ=10.30 m
−1

, and (d,vi) ρ=5.88 m
−1

, respectively. Application of the T-TNG with five units 

connected in parallel in one block for wave energy harvesting. (c,i) Image for lightening of 

540 green LEDs using T-TNG. (c,ii) The charging-discharging voltage (the inset) of the 

capacitor, powered up a thermometer. (c,iii) The durability test of T-TNG in water wave for 

14 h. (c,iv) T-TNG networks for large-scale blue energy harvesting. Output values of T-TNG 

containing many units joined in parallel connection in one tubular block. The schematic view 

of (d,i) T-TNG structure and (d,ii) its corresponding model for equivalent circuit. (d,iii) The 

induced current and (d,iv) transferred charge with number of units. Load resistance dependent 

(d,v) output voltage, current and power density for 10 units T-TNG. (d,vi) Variation of 

current value with different unit numbers. (a-d) Adapted with permission.
[98]

 Copyright 2019, 

American Chemical Society.  
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Figure 9. (a,i) Schematic view for paper-based TNG. (a,ii) Real image for multihole paper 

electrode. (a,iii) SEM image for PTFE polymer nanowires. (a,iv) final fabricated TNG 

device. (a,v) PTFE membrane vibration was studied by ANSYS software under different 

sound frequencies. (a,vi) Designing to interpret the sound wave induced vibration of PTFE 

membrane and generation of electricity. b. i-viii Factors that affect on the output 

performances of designed TNG without Helmholtz resonator. All of characterizations were 

studied at the same sound pressure of 120 dBSPL. (a,b) Adapted with permission.
[99]

 

Copyright 2015, American Chemical Society. (c,i) sketch and (c,ii) cross-sectional image of 

the device. SEM images of (c,iii) nanopores on Al electrode and (c,iv) PTFE nanowires on 

film surface through plasma etching. (d,i) Simulation image of PTFE thin film oscillating 

mode of organic film nanogenerator. (d,ii) Relationship between acoustic pressure difference 

and the average PTFE thin film deformation. (d,iii) COMSOL simulation of the periodic 

potential variation between the two electrodes upon acoustically induced cyclic deformation, 

displaying the driving force for back-and-forth charge flow generated by fabricated 

nanogenerator. (c,d) Adapted with permission.
[20]

 Copyright 2014, American Chemical 

Society. 
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Figure 10. Demonstration of paper-based TNG for harvesting cell phone sound wave energy 

and self-powered sound recording. (a,i) Reprocessing the cell phone driven acoustic energy 

through 2 μF capacitor charging. Inset displayed a commercial cell phone attached with a 

paper-thin TNG for capacitor charging. Schematic view to demonstrate the directional 

measurement for patterns of the (a,ii) flat type and (a,iii) rolled type paper-thin TNG with 

their corresponding images. (a,iv) Shape dependent achieved directional patterns for flat type 

and rolled type TNG, respectively. (a,v) Image displayed that designed TNG acts as a self-

powered microphone for sound wave recording with electrical signals (Inset). Adapted with 

permission.
[99]

 Copyright 2015, American Chemical Society. (b,i) Frequency dependent NGs 

array, which contains of four NGs with different designed natural frequencies, intended to 

improve the overall working bandwidth. (b,ii) Sound waveforms and related short-time 

Fourier transforms of the signals developed through NG1 and NG2, respectively. (b,iii) 

Sound waveform and related short-time Fourier transform of the developed signals through 

NGs array. (b,iv) Real image for NG as a self-powered microphone for recording of sound 

frequencies. Variation of (c,i) output voltage and (c,ii) current with acoustic pressures and 

frequencies. (c,iii) Device acts as an effective acoustic sensor for measurement of distance 

and source detection. Output values increased exponentially while sound source approaching 

towards device. (c,iv) Directional pattern for device. (d,i) Schematic drawings for organic 

film based TNG as an efficient TNG for acoustic energy source localization and (d,ii) 

photograph displaying the working mechanism of NGs for sound localization. (d,iii) The 

generated acoustic wave signals from three NGs during bursting of balloon. (d,iv) Correlation 

functions of the developed acoustic wave signals from AS 1, 2 and 3. (b-d) Adapted with 

permission.
[20]

 Copyright 2014, American Chemical Society. 
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Figure 11. (a,i) The schematic image displaying the design R-TNG structure with its 

nanowire-like structures (enlarge view) on PTFE surface. (a,ii) The SEM image for etched 

nanowire-like morphology on PTFE surface with an enlarge view (the inset). (a,iii) Real 

image for designed R-TNG. Adapted with permission.
[104]

 Copyright 2013, American 

Chemical Society. (b,i) Schematic presentation for Lawn structure type TNG with its kelp-

forest-like morphology. (b,ii) A designed basic unit for the device that consist of a pair of 

strips, ITO coated PET with an end attached onto a substrate and the other side remains 

freestanding. (b,iii) A Schematic view for TNG easily covered to any kind of rooftops for 

harvesting natural wind energy. (b,iv) SEM image for PET nanowires. Adapted with 

permission.
[105]

 Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c,i) 

Schematic view for designed TNG. (c,ii,iii) Real image for device. (c,iv) SEM image for 

surface of etched FEP film. Adapted with permission
[106]

. Copyright 2013, American 
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Chemical Society. (d,i) Schematic image for designed woven TNG-flag (WTNG-flag). (d,ii) 

Optical picture for Kapton film-sealed Cu belt (KSC belt) and Ni-coated polyester textiles 

(Ni belt) conductive belt. WTNG-flag consisted of KSC belts and woven Ni belts. SEM 

images of (d,iii) one single polyester microwire coated with compact Ni nanoparticles and 

(d,iv) the surface of Kapton layer. (e,i) Schematic image for working mechanism of designed 

WTNG-flag under wind flow. (e,ii) Generated output voltage. (e,iii) Current. (e,iv) Load 

resistance dependent output power and current for designed WTNG-flag (woven unit is 

1.5×1.5 cm, and tightness degree is 1.09) at a wind speed of 22 m/s. (d,e) Adapted with 

permission.
[19]

 Copyright 2016, American Chemical Society. 
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Figure 12. Schematic designs for (a,i) 1×1 STNG array and (a,ii-iv) 1×1, 2×2, and 4×1 

DTNG arrays. Adapted with permission.
[105]

 Copyright 2016, WILEY-VCH Verlag GmbH & 

Co. KGaA, Weinheim. (b,i-v) Schematic working principle for designed R-TNG based on a 

hybridization of contact-sliding-separation-contact processes under wind flow. (b,vi) R-TNG 

generated output current profile under wind flow. Adapted with permission.
[104]

 Copyright 

2013, American Chemical Society. The wind flow driven output performances for R-TNG, 

(c,i) output voltage, (c,ii) the transferred charges, (c,iii) current value, and (c,iv) rectified 

current value at a wind speed of 15 m/s (in the scale of 7 BF). The external load resistance 

dependent (c,v) output voltage (green), current  (blue), and (c,vi) power (red). Adapted with 

permission.
[104]

 Copyright 2013, American Chemical Society. (d,i) Schematic image of the 

designed model for charge calculation and its Finite-element simulation of the potential 
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distribution in TNG at various locations of FEP film between two Al electrodes. (d,ii) Total 

developed charges on two Al electrodes (top and bottom) as a function of the location of FEP 

film. Rectified current values as a functions of wind velocity for STNG and DTNG  between 

~9.2 to ~18.4 m.s
−1

: Adapted with permission.
[106]

 Copyright 2013, American Chemical 

Society. 

 

Figure 13. (a,i) ISSF1 values for STNG1, (a,ii) ISSF2 for STNG2, (a,iii) ISSF3 for STNG1 

and STNG2 in parallel connection, (a,iv) IDSF1 for DTNG1, (a,v) I DSF2 for DTNG2, and 

(a, vi) I DSF3 for DTNG1 and DTNG2 in parallel connection. Adapted with permission.
[111]

 

Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b,i-xii) Sketch that 

demonstrates the fluttering behavior and operating mechanism for TNG. Left side: 2D 

simulation of the potential distribution of two adjacent stripes through COMOSOL. Right 

side: Fluttering behavior of two adjacent strips with dimensions of 10×2 cm using a high-

speed camera at a wind flow velocity of ~27 m.s
−1

. Wind speed dependent rectified current 

value (c,i) and electric current frequency peak (c,ii) for W-TNG flag (woven unit is 1.5×1.5 

cm, and the degree of tightness is 1.09). (c,iii) Rectified current values for multiple numbers 
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of W-TNG-flags (same oven unit and degree of tightness) in parallel connection with 

lightening green LEDs for three devices in parallel connection (inset) and their corresponding 

(c,iv) Charging behavior for a capacitor 4.7 μF at wind speed of 14 m/s. Effect of wind flow 

velocity and gap distance among stripes on the electrical performance. Adapted with 

permission.
[19]

 Copyright 2016, American Chemical Society. (d,i) output voltage, (d,ii) 

current for TNG with different strips’ gap distances from 3 mm to 15 mm. (d,iii) Output 

voltage for TNG with various flow velocities from 6 mm to 27 mm. (d,iv) The external load 

resistance dependent voltage and current output values. (b,d) Adapted with permission.
[105]

 

Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 14. (a,i) Schematic image for self-powered wireless sensor for traffic volume system. 

SEM image for (a,ii) PTFE nanostructure surface and (a,iii) Al nanopores. (a,iv) Schematic 

view of the designed sensor under working condition in tunnel and with enlarged view (a,v). 

Adapted with permission.
[81]

 Copyright 2016, American Chemical Society. (b,i) Proposed 

structural image for triboelectric auditory system (TAS) for a robot and its schematic view. 

(b,ii) SEM image for FEP surface (scale bar~1 mm). (b,iii) Real image for the acrylic-based 

device and the transparent device (scale bar~1 cm) with cross-sectional image of the working 

components. (b,iv) Vibration patterns of Kapton film under various frequencies (simulated by 

COMSOL at a sound pressure of ~5 Pa). (b,v) Schematic design for charge distribution 

during vibration of the film. Adapted with permission.
[74]

 Copyright 2018, Science, AAAS. 
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(c,i) Multilayer structural design for jmTQS with FEP nanowires and SEM image (inset). 

(c,ii) The grating-block coupled structure on electrode and slider. Below left: jmTQS with 

fitting device sensor for convenient adjustment. Below right: real image for fabricated sensor 

with finger. Adapted with permission.
[118]

 Copyright 2018, Elsevier. (d) Integrated structure 

for smart textile based self-powered TNG. (d,i) Drawing of TNG–array (9 ×11) based smart 

textile. Enlarged view for a single smart textile TNG unit (inset). (d,ii) SEM image of the 

conductive fiber surface in the smart textile. (d,iii) Real image for self-powered smart device. 

Adapted with permission.
[119]

 Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. (e,i) Schematic image for TES. (e,ii) Fabrication steps for nanopillar arrays on 

APLF surface. (e,iii) Schematic image for the cantilever spring leaf (top image) and its cross-

sectional profile (bottom image). (e,iv) Optical image for typical cantilever spring Cu leaf. 

SEM pictures of nanopillar arrays for (e,v) top and (e,vi) side view. (e,vii) Optical image for 

TES. Adapted with permission.
[83]

 Copyright 2016, American Chemical Society. (f,i) 

Schematic image for SI-TNG with its “chain-link” fence-shaped like structure and design 

rhombic unit. Enlarged view for a basic repeated rhombic design unit of the conductive 

network yarn (top left). Surface morphology for the three-ply-twisted Ag-coated nylon yarn 

was shown on the right (SEM image, scale bar~400 μm). The transparency of the device was 

displayed on lower right. (f,i) Real image for actual designed device and (f,ii) its enlarged 

image. (f,iii) Image displaying that the device can fix conformably to an individual’s forearm 

and also (f,iv)  can be stretched in any kind of in-plane direction in addition to  rolled up. (f,v) 

Schematic presentation in-plane tensile behaviors of repeated rhombic unit in the designed 

device and (f,vi) the operation mechanism in single-electrode mode. (f,vii) Numerical 

calculation result of the potential charge distribution of the device through COMSOL 

software at the maximally separated state. Adapted with permission.
[120]

 Copyright 2018, 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 15. (a,i) Schematic image for capsule TNG and its cross-sectional view (inset). (a,ii) 

Image for capsule TNG weight. (a,iii) the working mechanism diagram for the device in one-

way operation. (a,iii-first image) Initial state, the induced negative charges gather on 

electrode A. (a,iii-middle image) since Al slider shifts toward B electrode, the free electrons 

moved from electrode A to B. (a,iii-last image) while Al slider touches final state, the 

induced negative charge stored on B electrode. (b) Schematic images for the integrated 

devices of TNGs and electrical batteries for high output electrical. The center panel displays 

the integrated batteries in series and in parallel, which is a vital model for integrated TNGs 

design as a reference. (b,i) Schematic image for zig-zag-shaped TNGs and an integrated 

structure like rhombic gridding. (b-ii) pinned fingers TNG structure. (b-iii) layer-by-layer 

stacked TNG structure. (b-iv) TNG network. (b-v) Photo image for TNG device, which 

works a similar function like electric battery pack. (c,i) Variation of ISC and ISC density with 

unit numbers and volume of capsule-TNG pack, respectively. (c,ii) voltage’s amplitude 

variation with unit numbers. (c,iii) output peak power with unit numbers. (c,iv) Image for 

lightening series connected 370 LEDs using 50 TNG capsules. (c,v) Equivalent electrical 

circuit of the self-powered system with digital clock. (a-c) Adapted with permission.
[124]

 

Copyright 2018, American Chemical Society. Voltage variation with time from TES device 

fixed onto various parts of human body for sleep monitoring: (d, i) shoulder and (d, ii) leg 

with their corresponding images in inset figures. Real image for (e,i) bent TNG, (e,ii) TNG 

device soaked in water, (e,iii) lightening LEDs by device, and (e,iv) the pocket card light 

developed using TNG with a cantilever Cu leaf spring. (e,v) Frequency dependent Voc for 

TNGs. (e,vi) Mechanical durability of the device. (d,e) Adapted with permission.
[83]

 

Copyright 2016, American Chemical Society.  
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Figure 16. Characterization of acoustic response performance of the TAS with different 

geometric designs and their practical applications. (a,i) Schematic illustration of TAS with 

various geometric designs. (a,ii) Voltage signal measured from the TAS (gap distance, 

0.2mm; sweeping frequency range, 100 to 5000 Hz; sound intensity, 100 dBSPL). The 

frequency spectrum of TAS derived through Fourier transform (device gap distance, 0.2mm) 

when varying (a,iii) diameter and (a,iv) thickness of the Kapton membrane. (a,v) The 

acoustic response of the TAS (D=15 mm, d=75mm) under various sound intensities. Inset: 

Acoustic response difference between the noise and specific sound signal (around 60 dB). 

(a,vi) Shape-dependent directional patterns of the TAS (D=15mm, d=75 mm). (a,vii) 

Electronic module used for potential application demonstration. (a,viii) Demonstration of 

TAS as a sensitive sound switch control. (a,ix) Demonstration of a transparent TAS for an 

antitheft system. Application of the TAS for imitating an auditory system. (b,i) Application of 

TAS for music recording. (b,ii) Original music wave and recorded sound wave information 

and their corresponding music and recorded sound spectrograms. (b,iv) Voices recorded from 

two people saying “Hello” and their power spectral and voice spectrogram of the recorded 

voices for identification. (b,v) Demonstration of the TAS-based voice recognition system. 

(a,b) Adapted with permission.
[74]

 Copyright 2018, Science Robotics, AAAS. Demonstration 

of the hybridized nanogenerator as practical power sources and for a self-powered wireless 

traffic volume sensing system. Photographs of a G16 globe light (c,i) and 12 G4 spot lights 

(c,ii) that are directly powered by the hybridized nanogenerator in complete darkness 

(rotation rate: 1000 rpm). (c,iii,iv) A G16 globe light was powered for reading illumination in 

complete darkness by harvesting energy from fresh breeze at a flow speed of 7.76 m/s. 
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Schematic diagram (c,v) and photograph (c,vi) of the wireless traffic volume sensing system 

that powered by the hybridized nanogenerator. Adapted with permission.
[81]

 Copyright 2016, 

American Chemical Society. Characterizing the performance of jmTQS. (d,i) The 

measurement model established with a programmable controller, a step motor, a single joint 

hinge component and the jmTQS. (d,ii) The pulses generated from a jmTQS when the hinge 

model rotates through different angles (Δθ=20°, 40°, 60°). The pulse number can 

approximately represents the relevant rotation angle. (d,iii) The pulses produced from a 

jmTQS when the hinge model rotates through 60° at different rotation speeds (60°/s, 40°/s, 

20°/s). The rotation speed does not affect the number of pulses. (d,iv-vii) The pulses 

produced from the jmTQSs with different grating widths (1.5 mm, 1.0 mm, 0.7 mm, 0.5 mm, 

scale bar: 7 mm) when the hinge model rotates through the same degree at a certain rotation 

speed. Adapted with permission.
[118]

 Copyright 2018, Elsevier. 
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Figure 17. Applications of the SI-TENG-based pressure sensor as an intelligent prosthetic 

hand, a self-powered pedometer/speedometer, and a flexible digital keyboard. (a,i) 

Photograph of a glove with five pressure sensors implanted on its fingertips. The top is the 

glove holding different objects, and the bottom is the corresponding hand gestures. (a,ii) 

Real-time voltage signals of the five independent pressure sensors in response to five 

different hand motions. (a,iii) The developed output interface for the personalized intelligent 

prosthesis. (a,iv) Photograph showing an SI-TENG sewn on the heel of a sock. (a,v) 

Photographs demonstrating the different motion states of an individual, including standing, 

walking, and running. (a,vi) Real-time voltage signals of the two SI-TENGs (attached on left 

foot and right foot, respectively) during the process of walking and running. (a,vii) Software 

output interface of the self-powered pedometer and speedometer. (a,viii) Photograph of a 
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flexible digital keyboard with nine key buttons. (a,ix) Photograph demonstrating that the 

flexible digital keyboard is conformably attached on a personal forearm. (a,x) Digital display 

interface for the self-powered digital keyboard. Adapted with permission.
[120]

 Copyright 

2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Human-robot joint motion 

mapping via jmTQS and its application. (b,i) Prospect of the natural interface between human 

and robot. (b,ii) Demonstration of the interface for controlling the robot hand via signal from 

jmTQS. (b,iii) The control signals from jmTQSs worn on the index finger and the middle 

finger. Counting the pulse number in unit time and signing the positive/negative peak can 

accurately detect the flexion-extension degree/speed of each finger. (b,iv) An example of 

performing the victory v-sign with two fingers. (b,v) and (b,vi) Demonstration of grasping 

one object via single-finger's control signal with certain programming. Adapted with 

permission.
[118]

 Copyright 2018, Elsevier.  
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Figure 18. Device structure, surface modification, and cytocompatibility of the iTENG. (a,i) 

SEM image of a nanostructure on the PTFE film (scale bar: 5 μm). (a,ii,iii) Schematic 

diagram and photograph of the iTENG. (a,iv) Encapsulation process of the iTENG. (a,v) 

Fluorescence images of stained L929 cells that were cultured on encapsulation layers (scale 

bar: 100 μm). (a,vi) Cell viability after being cultured for 3 days. Structural design of the 

downy-structured triboelectric nanogenerator (D-TENG). Adapted with permission.
[129]

 

Copyright 2016, American Chemical Society. Schematic illustration of the (b,i) process flow 

and (b,ii) device structure of the D-TENG. (b,iii) SEM image of the PTFE polymer nanowire 

array. Photograph of the (b,iv) inner structure and (b,v) as-fabricated D-TENG. Adapted with 

permission.
[130]

 Copyright 2017, American Chemical Society. (c,i) Photograph of the SEPS in 

bending and original states. (c,ii) Schematic illustration of the structure of the SEPS. (c,iii) 

SEM image of a nanostructure on the PTFE film. (c,iv) AFM image of a nanostructure on the 

PTFE film. (c,v) Schematic illustration of a corona discharge system. (c,vi) Schematic 
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proposed mechanisms of the device working in a vertical contact-separation mode. Adapted 

with permission.
[131]

 Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Overview of symbiotic pacemaker system. (d,i) Illustration of symbiotic cardiac pacemaker 

system. (d,ii) Schematic structure diagram of implantable triboelectric nanogenerator 

(iTENG). (d,iii) Photograph of iTENG under bending. (d,iv) Cross-sectional SEM image of 

the iTENG (scale bar: 500 μm). (d,v) SEM image of the nanostructure on 

polytetrafluoroethylene (PTFE) film (scale bar: 1 μm). (d,vi) SEM image of three 

dimensional (3D) elastic sponge structure (scale bar: 500 μm). (d,vii and d,viii) Schematic 

representation of the mechanism of charge transfer. (d,ix) The model used to estimate the 

amount of charge separation that can arise from the transfer of charges. Adapted with 

permission.
[58]

 Copyright 2019, Nature Springer. Illustrations of TENG-driven 

electroporation system. Schematic illustration of (e,i) in vitro electroporation and (e,ii)  in 

vivo electroporation system. (e,iii) Structural design of the disk TENG and its (e,iv) output 

voltage under 1 rps after rectifying, and (e,v) stability of open-circuit voltage over 30 000 

cycles. (e,vi) SEM image of the silicon nanoneedle array. (e,vii) The simulated electrical field 

distribution of the nanoneedle array at an applied voltage of 20 V. Adapted with 

permission.
[70]

 Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (f,i) 

Enlarge view of the structure. (f,ii) Schematic drawings of the iTEAS in original and bending 

states. (f,iii) SEM image of nanoscale feature of n-PTFE triboelectric layer on elastic Kapton 

substrate. Scale bar: 5 μm. (f,iv) Photograph of the flexible fabricated nanogenerator. (f,v) 

Schematic proposed mechanisms of the device working in a vertical contact-separation mode. 

(f,vi) Schematic correspondence between voltage output of the iTEAS and different phases of 

heart motion indicated by ECG. Typical in vivo (f,vii) VOC and (f,viii) ISC of the implanted 

device. Magnified views of highlighted regions are shown in the inserted figures. Adapted 

with permission.
[132]

 Copyright 2016, American Chemical Society.  
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Figure 19. Concept and design of the VI-TEG.(a,i) Illustration of US energy harvesting 

under skin using the VI-TEG. (a,ii) Exploded view of the VI-TEG structure. (a,iii) Front and 

back photo of the VI-TEG. (a,iv) Finite element method (FEM) simulation of US acoustic 

pressure propagation through water and the VI-TEG. (a,v) FEM simulation of the VI-TEG’s 

vibrations in water at 5 mm under the 20-kHz US probe. Electrical characterization of the VI-

TEG.(b,i) Side view of the experimental characterization setup. (b,ii) Schematic of the VI-

TEG operation mechanism. (C and D)Triboelectric voltage (b,iii) at 40-megohm impedance  

and current (b,iv) at 1-megohm impedance measured in water at 5 mm from the US probe 

setup at 20 kHz and 3W/cm
2
 . (E and F) Maximum current (b,v) and power (b,vi) depending 

on the electrical impedance at 5 mm from the US probe set at a power density of 3 and 1 

W/cm
2
, respectively. Power generation and recharging ability of the VI-TEG.(c,i and c,ii) 

Charge of a 4.7-mF capacitor using the integrated transformer (c,i) and charge of a 700-

mA∙hour thin-film Li-ion battery in water at 5 mm from the US probe set at 3 W/cm2 (c,ii). 

(c,iii) Maximum voltage and current depending on the distance from the US probe (at 3 

W/cm2). The insets i and ii show the electric voltage signal shapes at 2 mm and 5 mm from 

the US probe, respectively. (c,iv) Maximum voltage and current depending on the power of 

the US probe at 5 mm. The insets i and ii show the electric voltage signal shapes from the US 

probe power set from 0.5 to 2.0 W/cm2 and from 2.5 to 5.0 W/cm2, respectively. VI-TEG 

characterization ex vivo and inside porcine tissue. (A and B) Schematic of the porcine ex 

vivo (d,i) and the tissue (d,ii) showing the location of the implanted VI-TEG. (d,iii) Picture of 

the VI-TEG implanted at 0.5 cm and at 1 cm under the porcine tissue. (DandE) Voltage at 40-

M impedance, and current at 1-M impedance generated by the VI-TEGs implanted at 0.5 

cm (d,iv) and 1 cm (d,v) under the porcine tissue. The US probe was set at 20 kHz and 1 

W/cm
2
. Adapted with permission.

[139]
 Copyright 2019, Science, AAAS. 
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Figure 20. Wireless heart rate monitoring based on the iTENG. (a,i) Schematic diagram of 

the self-powered wireless transmission system based on the iTENG (iWT, implantable 

wireless transmitter; PMU, power management unit; WTS, wireless transmission signal). 

(a,i,ii) Photograph of the implantable wireless transmitter: (a,ii) schematic diagram of 

unfolded implantable wireless transmitter, exhibiting the multilayer structure; (a,iii) optical 

microscope image of an implantable wireless transmitter (scale bar: 50 μm). (a,iv) In vivo 

heart rate monitoring (inset: enlarged view of implantable wireless transmitter, iTENG, and 

wireless transmission signal). (a,v) Top: wireless transmission signal as received at different 

heart rates (charging time = 10 s). Bottom: wireless transmission signal as received at 

different charging times (HR = 60 bpm). (a,vi) Linear relationship between the heart rate and 

the normalized wireless transmission signal (inset: implantable wireless transmitter that was 

implanted under the skin). Adapted with permission.
[129]

 Copyright 2016, American Chemical 

Society. Demonstrations of the integrated power-supplying system for driving and charging 

electronics. (b,i) System diagram of the complete power-supplying system. (b,ii) Photograph 

showing that the integrated system was equipped onto a human arm. (b,ii) Photograph 

showing the acquired heart rate data were wirelessly transmitted to a cell phone in a real-time 

manner. (b,iv) Enlarged view to show the whole software interface of the real-time acquired 
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heart-rate signals. (b,v) Diagram of all TENG-based wireless BSN system. (b,vi) 

Demonstration of an all-TENG based wireless BSN system and the acquired real-time heart-

rate information displayed on a personal phone. (b, vii) Heart-rate signal acquired by a 

TENG-based sensor and commercial sensor. Adapted with permission.
[130]

 Copyright 2017, 

American Chemical Society. (c,i) Schematic diagram of the semaphore acquisition from the 

SEPS implanted into an adult Yorkshire swine’s heart. (c,ii) Photograph of minimally 

invasive surgery with a DR image of the heart implanted device by integration with a surgical 

delivery system. (c,iii) The comparison of working signals from the ECG, FAP and SEPS 

under different physical status. (c,iv) QRS waves of ECG (rectangles) absolutely 

corresponded to the rising points of the SEPS outputs (circles), and the leading time (LT) 

represents the time interval between the peaks of the two corresponding waveforms (SEPS 

and FAP). (d,i) Schematic diagram of the SEPS implanted into left atrium and a commercial 

arterial pressure sensor placed in the right femoral artery. (d,ii) Detailed inspection into the 

corresponding relationship between waveforms of ECG and the SEPS outputs. (d,iii) The 

comparison among signals of ECG, FAP, and SEPS during reinforcing process of cardiac 

function. (d,iv) Ectopic R waves in representative ECG indicating ventricular premature 

contraction corresponded to enhanced waveform of the device. (c,d) Adapted with 

permission.
[131]

 Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.  
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Figure 21. Dynamics at nanoneedle–cell interface. (a,i) SEM and (a,ii) FIB-SEM image of 

MCF-7 on nanoneedle array after seeding for 3 h (scale bar = 5 μm). (a,iii) 3D fluorescence 

morphologies of MCF-7 on the nanoneedle array after seeding for 3 h. Nuclei were stained 

with blue, F-actin were stained with green, and vinculin was stained with red. Inset shows the 

vinculin distribution at the middle cross section of the nanoneedles (scale bar = 50 μm). (a,iv) 

PI fluorescence image during electroporation, and the change of PI fluorescence intensity 

(F/F0) for all the cells in sight. (a,v) Fluorescence image and normalized fluorescence 

showing plasma membrane potential during electroporation (scale bar = 10 μm). (a,vi) 

Schematic diagram, fluorescence image, and lipid recovery traces after photo bleaching at 

different cellular heights. Adapted with permission.
[70]

 Copyright 2019, WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim. Symbiotic cardiac pacing in vivo. (b,i) Illustration of 

symbiotic cardiac pacemaker system turned on by wireless passive trigger. (b.ii) A block 

diagram of the components in symbiotic cardiac pacemaker system. (b,iii) Stimulation pulse 

with different frequencies generated by pacemaker unit. (b,iv,v) Symbiotic cardiac 

pacemaker system turned on by wireless passive trigger in animal experiments. (b, vi) ECG, 

Femoral Artery Pressure (FAP) and heart rate (HR) and systolic blood pressure (sBP), 

Stimulus-R wave (S-R) interval during symbiotic cardiac pacemaker system work. (b, vii) 

ECG of the intrinsic heart rate, with a normal sBP. (b, viii) ECG with a pacing stimulus in the 
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refractory period, with a normal sBP. (b, ix) ECG of successful pacing, with a significantly 

decreased sBP. (b, x) ECG with failed pacing by attenuated stimuli and EGG with a restored 

sBP. Adapted with permission.
[58]

 Copyright 2019, Nature Springer.  

 

Figure 22. (a,i) Schematic of  the fabrication of Leaf-TNG. (a,ii) The real images of Hosta 

leaf and Leaf-TNG which are directly accumulated with Hosta leaf and PMMA. (a,iii) The 

cross section image for Hosta leaf. Inset displays the schematic of cross sectional structure 

for common leaves. (a,iv) The SEM image for Hosta leaf. b. (b,i) The generated output 

voltage and (b,ii) current from Leaf-TNG (enlarged views shows in inset). (b,iii) Area 

dependence output voltage from Leaf-TNG. (b,iv) The frequency dependence output voltage. 

(b,v) Time dependence output voltage. (b,vi) External load resistance variation on power 

density. c. (c,i) The real image displays the experimental setup contained linear motor and 

light up LEDs Leaf-TNG. (c,ii) The charging voltage of the capacitors (1, 2.2, and 10 μF) 

charged by Leaf-with the corresponding electrical circuit displays in inset. (c,iii) The 

generation of electric signal from Leaf-TNG was stored by capacitor which drives the 

temperature sensor. (c,iv) Generated electric signal from Leaf-TNG power up the LEDS 
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under hand touching process. (c,v) Two types of natural Leaf-TNG demonstration. Here, 

Hosta leaf and M. denudata leaf are considered in the freestanding mode which can power up 

LEDs. (c,vi) The tree-shaped design energy harvester assembled with Leaf-TNG (M. 

denudate leaf) that can power up multiple LEDs. d. (d,i) The electrical output values of Leaf-

TNG (PMMA) assembled with numerous leaves, insets display the images of corresponding 

leaf. (d,ii) In response to different contact materials, Leaf-TNG (Hosta leaf) produces an 

electrical output voltage. (d,iii) The generated output voltage when assembling (different 

times) of multiple Leaf-TNGs. (a–d) Adapted with permission.
[143]

 Copyright 2019, WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 23. a. (a,i) Real image of lotus leaf containing a water droplet on its surface. (a,ii) 

Generation of output signal before and after consecutive contact and noncontact of the water 

droplet on the surface of lotus leaf. (a,iii) Fabrication and working mechanism of the LL-

TNG. (a,iv) The generation of output current from the LLT-ENG when water droplets falling 

on the surface of lotus leaf. (a,v) The charging voltage of the capacitor when LL-TNG is 

connected to the capacitor. b. (b,i-v) The schematic presentation of TNG using plant leaf and 

dry leaf powder. (vi,vii) Current and voltage for fresh plant leaf and dry leaf powder based 

TNGs. (a,b) Adapted with permission.
[11]

 Copyright 2019, WILEY-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 
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Figure 24. Overall schematic of the machine learning-based speaker recognition system and 

its multiple signals from f-PAS multi-channel. (a,i) Overall schematic of the machine 

learning-based speaker recognition system. The f-PAS with multi-channel provides multi 

signals while the piezoelectric membrane vibrates in response to the speaker's voice. The 

training and test procedure demonstrate the machine learning process using GMM algorithm. 

Speaker recognition is implemented by this process. (a,ii) A photograph of f-PAS and a 

schematic of multi-channel flexible piezoelectric acoustic sensor with its output voice signal, 

which consists of multiple signals. Adapted with permission.
[145]

 Copyright 2018, Elsevier.  

(b,i) SEM image of the PVDF nanofibres (scale bar, 1 mm), (b,ii) schematic illustration of 

sensor structure, (b,iii) digital photo image of the device (scale bar, 1 cm), (b,iv) schematic 

illustration of the setup for testing the sensor device, (b,v) illustration of sound wave (the 

black dots illustrate the motion of air molecules associated with sound), (b,vi) voltage outputs 

of the device under sound with and without FFT treatment (hole diameter, 12.8 mm; web 

thickness, 40 mm; web area, 12 cm2). Adapted with permission.
[147]

 Copyright 2016, Nature 

Springer. c. (i) Decomposition of the real sensor and (ii) its corresponding consistence 

including the top lid, housing, foam, piezoelectric disk, and the membrane. Adapted with 

permission.
[148]

 Copyright 2018, MDPI. (d,i) MSPNG device fabrication steps using 

PVDF/VB2 composite film are shown schematically. Translucent nature of PVDF/VB2 film 

as studied through snaps without (d,ii) and with (d,iii) placing it on the camera lens 



 

This article is protected by copyright. All rights reserved. 

115 

(translucent nature of the film). Demonstration of flexibility of PVDF/VB2 film is shown by 

bending (d,iv) and crumbling (d,v). (d,vi) Real photograph of the MSPNG device. Adapted 

with permission.
[22]

 Copyright 2019, Elsevier. (e,i) Schematic illustrations of the apparatus 

for acoustoelectric conversion testing, (e,ii) the acoustoelectric conversion nanogenerator 

device, (e,iii) digital photo of the nanogenerator device. Adapted with permission.
[149]

 

Copyright 2019, Springer.  
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Figure 25. (a,i) The illustration of p-NG device applying single PTONT/Ti fiber, the output 

signals of (a,ii) forward connection and (a,iii) reverse connection, (a,iv) graph of length of 

PTO NTs with anodization time of TiO2 NTs, (a,v) Raman spectra of TiO2 NTs and length-

controlled PTO NTs, (a,vi) the output voltage obtained from various lengths of PTO NTs 

with different anodizing time of 3, 6, 12, and 24 h, (a,vii) the output voltage measured from 

negative to positive strains, and (a,viii) average output voltage depending on strain and 

mechanism of generated signals with polarity property at convex and concave bending. (b,i) 
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Schemes and sample image of electrically connected double PTONT/Ti fibers system to 

adopter, (b,ii) illustration of fabrication process of double PTONT/Ti fibers system 

encapsulated in the cylindrical PDMS matrix, (b,iii) two possible bending directions of the p-

NGs embedding two PTONT/Ti fibers termed as in-plane-bending and out-of-plane-bending, 

(b,iv) output voltage signals from double wire p-NGs bended by 0°, 180°, 90°, and 270°, 

(b,v) blowing angle dependence of generated output voltage, and (b,vi) graph of damped 

harmonic oscillating with increasing velocity on the p-NGs devices. (a,b) Adapted with 

permission.
[150]

 Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

Figure 26. Outdoor experimental setup. Harvested energy from the piezoelectric flag was 

utilized to power a temperature sensor (a). A pre-amplifier and a signal conditioner (power 

management board LTC-3588) were used to provide required input voltage for the sensor 

(1.5–3.3 VDC). Signals from the temperature and wind sensors and charges from the flag 

were captured using the data acquisition system. Adapted with permission.
[151]

 Copyright 

2017, Elsevier. (b,i) Photograph of the NiO/GaN STF PNG bent by finger force to measure 

piezoelectric output, (b,ii) schematics of the generation of piezoelectric charges under 

bending force, and the polarization direction under compressive and tensile stress in STF 

PNG on right side, Piezoelectric output of NiO/GaN STF PNG by finger force (b,iii) 

piezoelectric output potential, (b,iv) piezoelectric output current, (b,v) magnified view of 

piezoelectric output potential, and (b,vi) magnified view of piezoelectric output current. 

Adapted with permission.
[152]

 Copyright 2018, Elsevier. 
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Figure 27. d33 and d15 sensor array’s response to light finger tapping and shearing and the 

study of sensor sensitivity. (a,i) Schematic of the finger tapping measurement, (a,ii) d33 

mode pressure sensor response with active single sensing line. (a,iii) Schematic of the 

measurement circuit. (a,iv) Voltage response of the d33 pressure sensor to light finger 

tapping (a reference voltage signal without touching, voltage response of sensor array 1, 2, 3 

with light finger tapping and shearing). (a,v) Voltage response of d15 shear sensor to light 

finger shearing. Sensor sensitivity vs. acceleration/force. (a,vi) Experimental setup of the 

sensor sensitivity measurement (vertical mount of L holder for shear sensor measurements). 

(a,vii and a,viii) Voltage response of the d33 sensor and d15 sensor to shaker acceleration (m 

is the seismic mass attached to the sensor). Adapted with permission.
[153]

 Copyright 2019, 

The Royal Society of Chemistry. Working principle and electrical property of the 

acceleration sensor. (b,i) Schematic diagram showing the basic working principle of 

electricity generation by hβ-PVDF. (b,ii) The typical waveform of short-circuit current for 

acceleration and frequency analysis at 3 Hz. (b,iii) Measured frequency (abstracted from fast 

Fourier transform (FFT)) over different actual frequency. Dependence of the (b,iv) short-

circuit current and (b,v) open-circuit voltage with different acceleration ranging from 5 m/s
2
 

to 30 m/s
2
. (b,vi) Stability and durability test under 10 m/s

2
 for about 10000 cycles. Super-

flexible NG as an active sensor for detecting the motion of a human eye ball. Adapted with 
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permission.
[154]

 Copyright 2018, Elsevier.  (c,i) The NG attached a right eyelid was driven by 

moving the eye ball from right (R), center (C), and to left (L) or reversely from L, C, and to 

R. Output voltage measured under (c,ii) slow and (c,iii) rapid eye movement. Output current 

measured under (c,iv) slow and (c,v) rapid eye movement. Adapted with permission.
[155]

 

Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.  (d,i) Integration and 

performance of the PENM-NG as a flexible sensor. The inset shows the schematics of an air-

pressure sensor when it is placed in a syringe. The variation in the air pressure is created by 

the piston of the syringe. (d,ii) The measured output voltages of the air pressure sensor under 

different compression of the piston. (d,iii) The relationship between the peaks of the output 

voltages and the different compression volume of the air. (d,iv) The PENM-NG used for a 

highly sensitive wearable sensor for detecting the breathing motion of a human. (d,v) The 

output curves according to different breathing patterns and their enlarged views. Adapted 

with permission.
[156]

 Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.  
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Figure 28. a. (a,i) Exploded view of the device showing the multilayer thin film structure. 

(a,ii) Photograph of the device showing its flexibility and the device wrapping on the 

ascending aorta of porcine. (a,iii) The circumferential stress in expanded aorta wall and the 

distribution of induced charge in device. (a,iv) The in vivo output voltage declines with BP in 

a continuous and highly-corresponded fashion. The implantable, self-powered and visualized 

BP monitoring system. (a,v) Components of the system, including the device, diodes and a 

battery less LCD. (a,vi) Photograph of the system in vitro with the device wrapped around a 

latex tube and its leads connected with a batteryless LCD. (a,vii) The LCD is off state when 

the peak FP is less than 120 mmHg, while different digits are displayed when the peak FP 

increases. (a,viii) Photograph of the system in vivo, the device was wrapped on the aorta and 

a batteryless LCD was fixed on the thoracic wall of porcine. (a,ix) The LCD was turned on 

when the systolic BP was higher than 140 mmHg. Adapted with permission.
[157]

 Copyright 

2016, Elsevier. b. Electrical model of the NG-cell and FEM model of NG. (b,i) The 

diagrammatic sketch of NG-cell and corresponding equivalent circuit model. (b,ii) The 

voltage (yellow) and current (black) applied to the cell membrane due to sinusoidal voltage 

stimulation (blue). (b,iii) FEM stimulation of deformation distribution of nanofibers on NG at 

the stress amplitude of 0.5 MPa. c. Ex vivo CMS measurements on bovine organs. b,i–iv, 

Photographs of a device placed on: heart apex (c,i), left ventricle (LV) (c,ii), right ventricle 

(RV; c,iii) and lung (c,iv). (c,v), Stress–strain curves on tissue samples. (c,vi), Modulus 

values extracted from the data in e and from CMS measurements (actuation voltage and 

frequency of 5 V and 1 kHz, respectively), as a function of sensor voltage. Adapted with 

permission.
[158]

 Copyright 2015, Nature Springer. 
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Figure 29 (a,i) Real photograph of a generator made by phage. (a,ii) Piezoelectric signal 

generation (under mechanical load) measurement set-up is schematically shown. The 

generated (a,iii) current and (a,iv) voltage signals from the generator made by phage. 

Assembling of two devices generates (a,v) current value (parallel) and (a,vi) voltage (serial 

connection) under similar conditions. (a,i-vi) Adapted with permission.
[165]

 Copyright 2012, 

Nature Springer. (b,i) Phage nanopillar based nanogenerator is shown by schematically. The 

(b,ii) voltage and (b,iii) current generated from the nanopillar-phage based nanogenerator. 

(b,iv) Demonstration of a single pVIII major coated protein that was genetically modified to 

modulate the dipole strength as shown schematically. (b,v) Load resistance dependent 

voltages of the Phage nanopillar based nanogenerator. (b,vi) External loads dependent 

voltage and current of Phage nanopillar based nanogenerator. (b,i-vi) Adapted with 

permission.
[166]

 Copyright 2015, The Royal Society of Chemistry. 
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Figure 30. The generated (a, i) output voltage and (a, ii) current from SSBPNG during 

forward connection under constant mechanical force. Generation of output voltage during 

(iii) bending and (a, iv) imparting on SSBPNG. (a, i-vi) Adapted with permission.
[167]

 

Copyright 2018, Elsevier. The output voltage values for (b,i) mouth air blowing and writing, 

(b,ii) wrist up-down movement and elbow movement, (b,iii) sound frequency from speaker 

and air blowing (from wall fan), (b,iv) vibration of bath sonicator. (b,i-iv) Adapted with 

permission.
[168]

 Copyright 2018, Elsevier. (c,i) The output voltage values during parallel 

connection of 2 and 3 units. (c,ii) Separate blue and green LEDs instantly under dark 

condition. (c,i-ii) Adapted with permission.
[88]

 Copyright 2017, Elsevier. (d,i) The output 

voltage values in forward connections and reverse connections, (ii) and output current. (d,i-ii) 

Adapted with permission.
[169]

 Copyright 2017, AIP Publishing. (d,iii) Output voltage curve 

with power density (inset displays circuit diagram) vary with external load resistances for 

FSK based nanogenerator under contact force. (d,iv) The generated of output voltage and 

current of FSK based PNG. (d,iii-iv) Adapted with permission.
[170]

 Copyright 2017, 

American Chemical Society. 
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Energy has become a necessity in modern smart society; without it, our lives would grind to a 

halt. Triboelectric/piezoelectric nanogenerators (TNGs/PNGs) are going to be promising 

energy harvesting technologies and become “all in one package” which means they can 

harvest energy continuously from any kind of mechanical source at any time and conditions 

and used in any smart potential applications. 
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