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ABSTRACT: Serious climate changes and energy-related environmental w
problems are currently critical issues in the world. In order to reduce
carbon emissions and save our environment, renewable energy harvesting
technologies will serve as a key solution in the near future. Among them,
triboelectric nanogenerators (TENGs), which is one of the most
promising mechanical energy harvesters by means of contact
electrification phenomenon, are explosively developing due to abundant
wasting mechanical energy sources and a number of superior advantages
in a wide availability and selection of materials, relatively simple device
configurations, and low-cost processing. Significant experimental and
theoretical efforts have been achieved toward understanding fundamental
behaviors and a wide range of demonstrations since its report in 2012. As
a result, considerable technological advancement has been exhibited and
it advances the timeline of achievement in the proposed roadmap. Now, the technology has reached the stage of prototype
development with verification of performance beyond the lab scale environment toward its commercialization. In this review,
distinguished authors in the world worked together to summarize the state of the art in theory, materials, devices, systems,
circuits, and applications in TENG fields. The great research achievements of researchers in this field around the world over
the past decade are expected to play a major role in coming to fruition of unexpectedly accelerated technological advances
over the next decade.
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1. INTRODUCTION
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harvesting is a technology through which ambient energy in
nature or everyday life, otherwise wasted, can be converted into

useful electrical energy, offering a sustainable power generation
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Figure 1. (a) Energy harvesting sources in nature and potential power levels (bottom) corresponding to each source, (b) various kinds of
mechanical energy sources as a function of frequencies.
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Figure 2. Designs of TENGs for harvesting various mechanical energy sources: (a) Wind-based TENG. Reprinted with permission from ref 10,
Copyright 2020, Wiley. (b) Ocean wave-based TENG. Reprinted with permission from ref 21, Copyright 2021, Elsevier. (c) Ultrasound-
enabled TENG. Reprinted with permission from ref 28, Copyright 2019, American Association for the Advancement of Science. (d) Sound-
enabled TENG. Reprinted with permission from ref 29, Copyright 2021, American Chemical Society. (e) Structural vibration-based TENG.
Reprinted with permission from ref 34, Copyright 2021, Wiley. (f) Human motion-based TENG. Reprinted with permission under a Creative
Commons CC BY license from ref 37, Copyright 2019, John Wiley and Sons.

solution for various practical applications. Such ambient
energies include wind, solar, fluid, thermal, and mechanical
energies, as shown in Figure 1la, being invaluable input sources
for power generation when converted. Depending on the input
energy harvesting sources, it is possible to select and explore
each distinctive energy harvesting technology, ranging from

wind power plants, solar (or photovoltaic) cells, and thermal,
mechanical, and biological energy harvesting. These various
energy harvesting technologies are not competing with one
another; rather, they can provide complementary power
solutions depending on the operating environment and their
potential power levels, as indicated in the bottom arrowed line of
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EVE

Figure la. For example, wind power can be a viable solution for
mega-watts level power generation, while being quite impractical
for milli-watts level power solutions as they entail additional
devices or components for reducing the high-level power to
several magnitudes lower of level powers. In this case, harvesting
technology utilizing mechanical energy sources would be more
suitable. Therefore, each energy harvesting technology can be
selectively utilized depending on the target applications and
their required power levels.

Mechanical energies are abundant, and moreover advanta-
geous as they are not limited to any environmental condition
such as weather. These mechanical energy sources range from
ocean waves, structural noises and vibrations, sounds, and
ultrasounds, as illustrated in Figure 1b as a function of the
frequency. In general, it is useful to characterize mechanical
energy sources by their frequencies, amplitudes, and/or
acceleration levels, based on which potential power generation
levels can be estimated.' > To convert mechanical energies into
electricity, energy conversion mechanisms such as piezoelectric,
triboelectric, and electromagnetic effects can be usefully
adopted. Piezoelectricity is a phenomenon where mechanical
stress induces electrical potentials or vice versa in a certain class
of crystalline materials with noncentrosymmetry. The tribo-
electric effect, on the other hand, induces charge generation
from friction mainly due to the coupling effect of contact
electrification and electrostatic induction between two oppo-
sitely surface-charged materials. In electromagnetic devices,
electromagnetic induction is the key to converting mechanical
energy into electrical energy. Depending on the energy
conversion in use, energy harvesting devices are commonly
defined as piezoelectric nanogenerators (PENGs),"™ tribo-
electric nanogenerators (TENGS),7’8 electromagnetic gener-
ators (EMGs), or hybrid nanogenerators consisting of two or
more mechanisms.” These mechanical-to-electrical conversion
mechanisms can offer a great platform for sensors and energy
harvesting applications, as they can produce renewable clear
electrical energy using mechanical input sources available from
the environment.

1.1.2. Mechanical Energy Source-Based TENGs. TENGs
deliver a number of advantages in a wide availability and
selection of materials, relatively simple device configurations,
and low-cost processing, thus are regarded as an effective
technology for harvesting a broad range of ambient mechanical
energies. Wind or even light breezes proved to be an invaluable
input source to generate electricity via an ultrastretchable
TENG, as shown in Wen et al.’s work (Figure 2a)."’ Harvesting
wind energy generated by high-speed trains through a TENG
offers a great powering strategy for large-scale signal and sensor
networks,"" in addition to various types of wind-based TENG
demonstrations.'> ¢ Meanwhile, ocean wave harvesting via
TENGs has been intensively studied as a renewable power
solution.'” ™" Active resonance TENGs proposed by Zhang et
al. are one of the recently reported TENG examples of ocean
wave harvesting, where a flexible ring structure was explored to
tackle the challenging characteristics of low frequencies and
random varying directions of the ocean waves (Figure 2b).!
Besides, numerous intriguing TENG designs for ocean wave
energy harvesting have been proposed in the past years,
including a seesaw equal-arm lever structured TENG,” a
multiple-frequency TENG based on a water balloon,'® a tubular
TENG with hollow ball buoy,” and a spherical TENG based on
spring-assisted multilayered structure for multidirectional
functionality.17 Recently, ultrasound has been revisited as a

promising way to deliver power safely into implanted medical
devices. TENGs proved to play a crucial role in converting
externally applied ultrasound into internal electricity inside the
body, eliminating the need for replacement batteries that entail
additional surgery (Figure 2c).”*** Sound is another green
energy source for harvesting that exists everywhere. Various
concepts of TENGs for sound energy harvesting have been
reported, including an acoustic core—shell resonance harvester
for the application of artificial cochleae based on the piezo-
triboelectric effect (Figure 2d),” a dual-tube Helmholtz
resonator-based TENG,*° an integrated TENG with an
electrospun polymer tube,’’ and a 3D—?rinted acoustic TENG
for a self-powered edge sensing system.”” Structural vibration, a
type of mechanical motion, exists everywhere in our daily life
from vehicles, railways, buildings, and bridges as well as in
industrial environments, offering ubiquitous sources for harvest-
ing.”> A variety of TENG devices for structural vibration
harvesting and applications have been demonstrated, including a
free-fixed TENG for train wheel energy harvesting and
monitoring (Figure 2e),**a multiple-mode TENG for harvest-
ing the freight train carriage joints and self-powered freight train
monitoring,”® and a self-powered vibration TENG based on
electrospinning nanofibers for rail fasteners tightness safety
detection.® On the other hand, human motion energy is also an
indispensable energy source for wearable and biomedical
harvesting applications.””~*” Human gesture sensing and real-
time clinical human vital sign monitoring have been successfully
realized via various kinds of TENGs, including a waterproof
fabric-based multifunctional TENG (Figure 2£)*”* and a
hierarchically designed high-performance stretchable TENG
using ferroelectric barium-titanate-coupled 2D MXene
(TiyC,T,) nanosheets,”" to name a few. As seen from the
example cases mentioned above, TENGs offer a promising
platform for sustainable power generation via converting various
kinds of mechanical energy sources from wind, ocean waves,
ultrasound and sound, structural vibrations, and human
motions.

1.2. Fundamentals of TENGs. The TENG working modes
can be distinguished into four fundamental modes such as,
contact-separation, single-electrode, lateral sliding, and free-
standing mode. ™ Among these mentioned working modes,
the contact-separation modes are the most common design, as
shown in Figure 3. Almost all materials in our daily life have
triboelectrification effects, such as silk, plastic, metal, polymers,
and wood. As a result, most of them can be utilized as a tribo-
material-based TENGs. In this section, the basic TENG
structure with vertical contact-separation working mode is
displayed. It is composed of two tribo-materials and two
electrodes. To control the TENG’s output performance, there
are various parameter controls that are being investigated from
the beginning of the TENGs discovery, such as the material
selection, material surface roughness, material thickness, gap
between two tribo-materials, contact area, applied force, applied
velocity, and input frequency. In this schematic diagram, the
basic structure of a contact-separation TENG uses dielectric-to-
dielectric materials including dielectric material 1 (D1)
assembled to metal electrode 1 (M1) located in the top, and
dielectric material 2 (D2) attached to metal electrode 2 (M2) at
the bottom. As show in Figure 3, the surface charges on both
dielectric materials are equal in density (o,) due to contact
electrification. Afterward, the separation of these tribo-materials
results in electrostatic induction. Therefore, the opposite
charges localize on both surfaces causing an electric field on
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Figure 3. Schematic diagram showing the working principle of the
vertical contact-separation fundamental mode.

tribo-materials D1 and D2, thus activating charge separation due
to electrostatic induction. This phenomenon leads to the
potential difference between both tribo-materials. If metal
electrodes M1 and M2 are electrically connected by a
conductive wire, the repelled electrons in the negative dielectric
material D2 flow to M1, producing an alternating current (AC)
during a periodic applied force from the external mechanical
source. At the balanced state of TENGs, the device turns back to
the initial state.

Furthermore, the theoretical TENG mechanism is explained
by Gauss’s theorem. In this description, the relationships among
voltage—charge—motion (V—Q—x) are exhibited as a time
correlation. Both tribo-materials D1 and D2 have thicknesses of
dy and d, with relative electric constants of ¢, and ¢,
respectively. With the periodic applied force from the external
source, the distance x is changed with time. At the time when D1
and D2 are brought into contact with each other when an
external force is applied, the inner surfaces produced opposite
static charges with a charge density of o,.. Afterward, the release
of the external force led to the separation of the two tribo-
materials, producing a potential difference (V) between both
electrodes. The number of transferred charges between M1 and
M2 is Q, ie., —Q and Q, respectively. By using Gauss’s theorem,
the voltage difference between both electrodes is finalized across
D1-D2 and the air gap as shown in eq 1:

V(t) = Eyd, + Eyd, + E i (1

The relationships of V—Q—x are then described by
substituting o, into eq 1, as shown:

V(t) = —&(i + ﬁ + x(t)] + %x(t)

Seoler &

2)

From eq 2, because of the open circuit condition the charges
do not move on the electrode, so the current then becomes zero,
and the open circuit voltage (V) can be derived as

o
Voc(t) = —=«(t)
€ (3)
In addition, at the short circuit condition, the voltage potential
difference becomes zero (V(t) = 0). The transfer charges Qgc
and short circuit current Iy are exhibited as

So.x(t)

dy
. + - + x(t))

Q..=
sc ( 4 N

For better understanding of the TENG’s working mechanism,
Maxwell’s displacement current for the TENGs and the
expanded Maxwell’s equations form are presented. We discuss
the fundamental form of Maxwell’s equations, which are a set of
partial differential equations. These equations exhibit fluctua-
tions in the electromagnetic fields, i.e., waves propagate at a
stable speed ¢ (~3 X 10®* m/s in a vacuum), as exhibited below.

(Gauss’slaw) VXD = Py (6)
VXB=0 (7)
(Gauss’s law correlated to magnetism)
0B
Faraday’slaw) V XE=-——
( y's law) ot (8)
(Ampére_Maxwell low) ¥ x H = ] + %2
ere—Maxwell law = —
P 1T o 9)

where D is the displacement field

pyis the free electric charge density
B is the magnetic field

E is the electric field

H is the magnetizing field

Jyis the free electric current density.

The above differential form of Maxwell’s equations is applied to
systems that involve fixed boundaries and volumes of dielectric
media. Thus, they are time independent. Moreover, in this
expression, the law is generated and transmitted in terms of
electromagnetic waves in stationary media. A difficult challenge
is exhibited in the cases of moving charged media systems and
time dependent configurations. A discussion related to
Maxwell’s equations is presented in some articles by Professor
Wang from 2017 and 2021.%% In 2022, the full understanding
of this situation was figured out by Professor Wang. That is, he
solved this problem from general theory, including mathemat-
ical solutions to TENGs applications, the so-called the expanded
Maxwell’s equations.”**

The expanded form of Maxwell’s equations is derived from
the addition of a polarization density term P, correlated to the
displacement vector. In this case, electrostatic charges appear on
medium surfaces due to triboelectrification, leading to the
fundamental theory of TENGs. Both electromagnetic inter-
actions, power generation, and their coupling are involved in the
expanded Maxwell’s equations. Additionally, the energy
conservation for the expanded Maxwell’s equations and
displacement current is derived in terms of the TENG’s output
power. As a result of the triboelectric or piezoelectric effect, the
electrostatic charges are located on surfaces like the nano-
generators case. The modified displacement vector is showed by
adding the term P, which is related to polarization due to the
electrostatic precharges on the media surface, so the modified
displacement vector is given as
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D=¢E+P+P=D+P (10)
where g,E is the field established by the free charge, the so-called

external electric field
Pis the medium polarization charge vector induced by the
external electric field E.
P, is the added term due to the presence of surface/
volume electrostatic charges with the variation time in
boundary shapes (independent of E).
Finally, the general approach of the expanded Maxwell’s
equations in the case of moving charge media is described below.

VXD,=pf—V><PS

(11)

VXB=0 (12)
VxE:—(i+va)B

ot (13)

VxH:]f+(a%+uxV)(Ps+D') (14

where v is the movement velocity of the medium.

In summary, from the original differential form of Maxwell’s
equations with the fixed medium volumes and boundary, the
differential form of the expanded Maxwell’s equations is derived

for the movement of medium as a translated rigid object in
space. A comparison of the Maxwell’s equations for stationary
media and moving charged media is illustrated as a tree in Figure
4. By accounting for the presence of surface electrostatic charges
induced by triboelectrification, the modified equations are
presented in various expressions using the displacement current.
Through this, the expanded Maxwell’s equations contribute to
the fundamental theory of nanogenerators.

1.3. Recent Trends of Triboelectric Nanogenerators.
Since the milestone research on triboelectric nanogenerators
(TENGs) was reported in 2012, the research field of
triboelectric nanogenerators has been spotlighted as a promising
energy harvesting technology. With the advantages of TENGs
including high power generation, diverse material selection,
simple structure, and cost-efficient fabrication processes, the
research field of TENGs has been widely extended by its
applications such as self-powered touch sensors,”’™>* power
sources for robotics,>> > medical rehabilitation,”*™>® and
human-machine interaction.”"*”*° The numbers of articles
and countries researching TENGs have dramatically increased
during the last ten years (Figure Sa). Especially, research on
triboelectric materials has been tremendous for maximizing
power %eneration by enhancing contact electrification (Figure
5b).>"°>> Furthermore, there has been a notable development
on flexible,***** stretchable,”*>*° and transparentSI’él’66
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material based-TENGs to meet the requirement of human-
machine interfaces. Triboelectric material design innovations
have contributed to the research scope of TENGs toward
systemization and ultimately toward industrialization.”>*”*® In
accordance with the trend of commercialization, research on
mechanical conversion systems and power management is
gradually being spotlighted (Figure Sc) and can provide
promising opportunities for sustainability and industrialization.

According to roadmaps proposed by Prof. Wang’s group, who
is a pioneer in the research field of TENGs,*””° there have been
worldwide studies of TENGs over the last ten years (Figure
6a).%” Along with these roadmaps, many researchers have made
tremendous efforts for TENGs to be commercialized. As a
result, systemization and prototype production are already
underway even though these were originally expected to occur
around 2024 (Figure 6b).”% Triboelectric applications have
focused on energy harvesting and self-powered touch sensing.
Recently, its applications are expanding to wider research fields
such as biomedical®*~* and robotic®~*° applications. As the
research field of TENGs has grown dramatically in a short period
of 10 years, it is expected that its growth will far exceed our
expectations in the upcoming 10 years. The purpose of this work
is to provide a review of triboelectric research to help prepare the
next 10 years of research toward industrialization. This paper
will provide overviews of the fundamentals of TENGs and
discuss the development of TENGs through five major research
branches: materials, devices, mechanical systems, electrical
circuits, and applications. We will also cover defining challenges
and perspectives for commercialization of TENGs.

2. TRIBOELECTRIC MATERIALS FOR TENGS

In this section, we review a range of triboelectric materials, starting from
the fundamentals of the charge transfer mechanism occurring on the
surfaces of two materials during the physical contact to the governing
strategies of key material technologies to maximize the charge densities
created on the surfaces. Charge transfer is commonly explained via the
transfer of electrons, ions, and materials, or two mores, and the contact
electrification of a solid surface and a liquid was also reviewed. To
increase the charge density, many studies on physical surface
modifications by developing various nanostructures via etching
processes and patterning processes have been conducted. Chemical
surface modification such as plasma treatment, neutral beam
irradiation, ultraviolet/ozone treatment, and chemical functionalization
is also a good way to enhance the output performance of a triboelectric
nanogenerator. Besides surface modification, material modification
such as the dielectric constant, as well as mechanical properties, could
significantly change the performance of TENGs. Here, various
composites such as polymer—metal inorganic nanomaterial compo-

sites, polymer-2D nanomaterial composites, ferroelectric polymer-
inorganic nanomaterial composites, and flexible/stretchable compo-
sites are reviewed. In addition to surface and bulk modifications,
intermediate layer engineering via electron trapping layers and electron
blocking layers/functional interlayers show a promising approach for
increasing the outputs of TENGs. A layer-by-layer self-assembly
approach was also reviewed, based on covalent bonding and weak
electrostatic interactions.

What should be overcome in TENGs may be the stability of the
materials and the noise during operation. As functional tribomaterials,
self-healing polymer materials for TENGs are suggested to improve the
durability of devices. To reduce noise during operation, noise-canceling
TENG technologies were reported by introducing porous metallic
sponges. Finally, biological materials for TENGs are reviewed as energy
sources for electronic devices such as wearable, implantable, and
environmentally friendly devices.

2.1. Fundamentals of Surface Charge Generation. In principle,
triboelectric nanogenerators (TENGs) generate an electrical energy
from surrounding mechanical energy due to the coupling effect of
contact electrification and electrostatic induction.”* The contact
electrification is physically the result of charge transfer when two
different materials are charged after contact and separation.”” This can
occur between two pieces of the chemically same material because the
surfaces are not commonly uniform. Such a situation is common in
nature and human life and is also responsible for lightning in
thunderstorms. Thus, a detailed understanding of contact electrification
that occurs at certain interfaces such as solid—solid and solid—liquid
interfaces is critical.

While the principle of contact-electrification has long been studied
for over 2600 years, the charge transfer mechanism is still unclear.
Recently, the importance of surface electronic states was reported and
electron cloud/potential models have also been employed to explain
electron transfer between two contacted materials. However, they are
limited to only metal—semiconductors and metal—insulators, and not
currently compatible with metal—polymers or polymers—polymers.
Except for electron transfer, ions” and materials’ transfers are suggested
to contribute to charge transfer, especially for systems related to
polymers. Thus, contact-electrification may be explained via a complex
interplay of physical or chemical interactions in realistic material
systems.

In general, strategies to enhance the output performance of TENGs
are based on the increase of charge density transferred during physical
contact because the open-circuit voltage and the short-circuit current
are strongly dependent on the charge surface density. The charge
surface density was considered to be mainly affected by the intrinsic
material properties of the two contacted materials. Thus, lots of
strategies have relied on the choice of materials in the triboelectric
series, along with chemical and physical modifications, such as work-
function differences, stretchability, dielectric constant, surface rough-
ness, and functionalization. However, despite much effort, the
maximum charge density obtained was about 260 uC m™ and 283

https://doi.org/10.1021/acsnano.2c12458
ACS Nano 2023, 17, 11087—-11219


https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c12458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Review

B ity
Self-powered  S8CcA el g Sy & 0oy _
LRING:: onee D= Gyerediigre ot SEE ey
1 Bl e waves " — votage & fety
{Blueenergy N2> = - T iy & 54
{HV power sources _Potable V27

LN sty sty

2017

Output

\ntegration strategy

l;gel curne

Aeaive power source

control plaform for HV instrument

Figure 6. Proposed roadmap of TENGs (a) from 2013 to 2022 Reprinted with permission from ref 69. Copyright 2014, Royal Society of
Chemistry. (b) From 2017 to 2027 toward industrialization of TENGs. Reprinted with permission from ref 70. Copyright 2017, John Wiley and

Sons.

uC m™% in TENGs fabricated with single-layered film and multilayered
film, respectively.

2.1.1. Triboelectric Series. The most effective way to increase the
charge density is to find the best pair for the positive and negative
charged materials in the triboelectric series. Here, the triboelectric
series is a list that ranks the various materials according to their
tendency to gain or lose electrons, suggested by Johan Carl Wilcke in
1757 (Figure 7).”* In the series, materials on the upper left side tend to
have a greater affinity to give electrons than those on the lower right
side. When two different materials far away from each position are
contacted, the one on the lower right side releases electrons, transferred
to materials on the upper left side. This makes two surfaces have
opposite charges and when two materials are separated, an electric
potential is generated between them. For example, Al and
polytetrafluoroethylene (PTFE) have been commonly used as a pair

11093

in TENGs. However, the material choice according to the triboelectric
series is still insufficient to generate the highest output power for
TENGs. To understand this, many theories have been suggested, but
the reasons are still not sufficiently supported theoretically or
experimentally, and thus no convincing results can be found.

2.1.2. Electron Transfer Model. The electron transfer model
proposes that electrons are the charge carriers that are transferred
from one surface to the other surface during contact electrification
(Figure 8(a)), thus charging both surfaces. For the contact
electrification of two metals, strong evidence has been reported in
previous studies that electron transfer is the fundamental mechanism
for charging the surfaces. Previous studies have found that the amount
of charge generated by contact electrification is proportional to the
difference between the work functions of the contacting metals.”*”®
The surface with a lower work function is found to charge positively,
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Figure 7. Triboelectric series. Reprinted with permission from ref 73, Copyright 2020, Wiley.

whereas the surface with a higher work function is found to charge
negatively. The work function is the minimum energy required to
remove an electron from a solid surface. Hence, these results indicated
that electrons are the charge carriers that are transferred from the
surface with a lower work function to the surface with a higher work
function.

For contact electrification of a metal and a dielectric material, it is
probable that electron transfer is also the fundamental mechanism for
charging the surfaces. Results from experiments involving contacting a
variety of metals with a reference polymer showed a good correlation
between the amount of charge generated by contact electrification and
the work function of the contacting metal (i.e., similar to the case of
metal—metal contact).”®”” Besides the work function of the metal,
correlations were also found between the amount of charge generated
by contact electrification (i.e., of a metal and a dielectric material) and
properties of the dielectric material that relate to electron transfer; these
properties include the electronic properties (e.g., the LUMO energy
level) and electron affinity (i.e, Hammett substituent constant of
aromatic compounds).”*”” Another study investigated the effects of
electric potential on the contact electrification of a Pt-coated AFM tip
and a dielectric material (e.g, Parylene).* Results showed that the
polarity and amount of charge generated were controlled by the bias
voltage applied to the metal tip. Because the bias voltage determined the
concentration of electrons at the metallic tip, this result indicated that
electrons were transferred between the metal and the dielectric
material.

Wang and co-workers showed that the fundamental mechanism of
contact electrification is based on the electron transfer model via the
thermionic emission effect.*' ~** The experiment involved contacting a
metal with a dielectric material (e.g, ALO; and SiO,) and then
monitoring the dissipation of charge from the dielectric material at
different temperatures with time. Results showed that the charge
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decayed at a faster rate at a higher temperature.*’~** Thermionic
emission is the release of electrons from a surface at high temperature.
Therefore, these results suggested that electrons are the charge carriers
of contact electrification. Besides monitoring the dissipation of charge,
another study investigated the effect of temperature during contact
electrification.®® The experiment involved contacting an Au-coated
AFM tip heated to elevated temperatures and a dielectric material (e.g,
SiO, or Si;N,) maintained at a low temperature of 313 K (Figure 8(b)).
In general, results showed that the contact electrification charged the
dielectric material more negatively (or less positively) when the metal-
coated tip was heated to a higher temperature. For the case of Si;N,, its
polarity switched from positive to negative when the temperature of the
metal-coated tip increased beyond around 403 K. These results
indicated that contact electrification is based on thermionic emission:
more electrons are transferred from the metallic surface to the dielectric
material at a higher temperature. Hence, these results showed that
electron transfer is the mechanism for the contact electrification of a
metal and a dielectric material.

The mechanism of contact electrification between a dielectric
material and another dielectric material is complex and still under
debate among researchers. For explaining the general phenomenon of
contact electrification for all types of materials—including the contact
electrification of two dielectric materials—Wang and co-workers have
proposed the general overlapped electron cloud model (Figure 8(c)).
The model involves two surfaces that are far apart. In this case, the
electron clouds of the atoms at one surface are separated from the
electron clouds of the atoms at the other surface; hence, the electrons
remain localized (Figure 8(c)-(i)). Subsequently, the surfaces are
brought into contact (i.e, with a compressive force) for contact
electrification to occur. At this stage, the electron clouds of some of the
atoms of both surfaces could overlap and form an asymmetric double-
well potential. Because of the lower energy barrier due to the
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Figure 8. Electron transfer model. (a) The scheme illustrates the transfer of electrons between two solid surfaces due to contact electrification.
Reproduced with permission from ref 87, Copyright 2022, Royal Society of Chemistry. (b) Contact electrification between an Au-coated tip and
the surface of a dielectric material depends on the temperature of the metal tip. The plot on the left shows the case when the dielectric material is
§i0,. The plot on the right shows the case when the dielectric material is Si;N,. Reproduced with permission from ref 81, Copyright 2019,
Wiley. (c) The overlapped electron cloud model is proposed for explaining contact electrification between all types of materials, including the
contact of two dielectric materials. The scheme illustrates the electron clouds and potential energy profiles of two atoms from the materials A
and B (c)-(i) before contact, (c)-(ii) during contact, and (c)-(iii), (c)-(iv) after contact. Electron transfer occurs at (c)-(ii) when the electron
clouds of the two atoms overlap. Reproduced with permission from ref 85, Copyright 2019, Elsevier. (d) TENG device that involved the contact
electrification of SiO, and Al,O; was used to investigate the effect of thermionic emission. The plot shows the effect of temperature on the
dissipation of charge of the contact-charged Al,O;. Reproduced with permission from ref 84, Copyright 2019, Wiley.

overlapping electron clouds, electrons can transfer from a higher energy
state of one atom at one surface to alower energy state of the other atom
at another surface (Figure 8(c)-(ii)). This transfer of electrons causes
both surfaces to charge. When the two surfaces are separated, the
electron clouds of the atoms of the surfaces do not overlap anymore and
are separated again (Figure 8(c)-(iii)), thus preventing electrons from
transferring back to their original surface (Figure 8(c)-(iv)). The
separated surfaces thus gain charges permanently by contact
electrification due to the transfer of electrons. In addition, defects on
surfaces could provide favorable surface states of electrons within the
bandgap and facilitate the transfer of electrons from one dielectric
material to the other.”%*%°

Thermionic emission is also observed for the contact electrification
of two dielectric surfaces.* The experiment involved the contact
electrification between two dielectric materials (i.e., SiO, and AL,O;)
and then monitoring the charge dissipation of Al,O; after contact.
Similar to the contact electrification of a metal and a dielectric material,
the charge of the Al,O; decayed faster at a higher temperature. Results
showed the exponential decay of charge with time that is predicted by
theory of thermionic emission of electrons in all tests (Figure 8(d)).
Hence, the charge carrier of contact electrification may be due to the
transfer of electrons. A recent interesting study investigated the

emission of light due to the contact electrification of two dielectric
materials (e.g., FEP and acrylic) in a low-pressure environment (i.e.,
within 10 to 1000 Pa).* The emission spectra obtained may possibly be
due to the transfer of electrons during contact electrification and then
the relaxation of the electrons from their excited states.

Wang and co-workers have proposed a revised model of the
formation of the electric double layer (EDL) that involves the transfer
of electrons during the contact electrification of a solid surface and a
liquid (Figure 9(a)). This revised model consists of two steps. The first
step involves the fresh contact between the surface and the liquid. In
this step, the liquid molecules may impact onto the solid surface due to
thermal motion or pressure from the flow of the liquid (Figure 9(a)-
(i)). These collisions of the molecules lead to the overlap of electron
clouds between the liquid molecules and molecules on the surface.
Subsequently, electrons transfer through the overlapping electron
clouds due to the lowered potential barrier, thus charging the surface
and the liquid. In the second step, the free ions in the liquid (ie.,
including the ions formed during the electron transfer in the first step
and other ions present in the liquid) are attracted to the charged solid
surface and form the diffuse layer (Figure 9(a)-(ii)).

A number of studies showed experimentally the involvement of
electrons in the contact electrification of a solid surface and a liquid. In
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permission from ref 88, Copyright 2020, Wiley. (c) Scheme illustrates the setup used for investigating the decay of charge of solid surfaces under
different temperatures. The surfaces were first charged by sliding water droplets across them. (d) Charge decay of SiO, (i.e., after contacting
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of a nonpolar organic liquid and a dielectric surface were mainly electrons. Reproduced with permission from ref 90, Copyright 2020, American

Chemical Society.

one recent study, the experiment involved sandwiching a liquid droplet
between two solid surfaces (i.e., made of PTFE).*® The contact
electrification was carried out by bringing the top surface into contact
with the liquid that rested on the bottom surface and then separating
the top surface from the liquid droplet. After being fully separated from
the liquid, the surface potential of the top surface was measured. The
experiment was performed by using either water or nonpolar
transformer oil as the liquid droplet. The results showed the same
order of magnitude of charge on the PTFE surface regardless of whether
it contacted with the drop of nonpolar transformer oil or drop of water
(Figure 9(b)). Because there were no ions in the nonpolar transformer
oil, this result suggested that electrons transferred during the contact
electrification of the solid and liquid instead of ions.

The involvement of electrons during contact electrification is also
investigated via the thermionic emission effect (i.e., similar to the
investigation of the contact electrification of two solid surfaces).*”*°
One of the studies performed experiments that involved the contact
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electrification of water droplets and a dielectric material (e.g., SiO,,
MgO, SizN,, HfO,, Al,O;, or AIN) and then monitoring the dissipation
of charge of the dielectric material with time (Figure 9(c)).* For SiO,,
results showed that about three-fourths of the charge was found to
dissipate from its surface at a high temperature of above 433 K (Figure
9(d)). Varying amounts of charge were found to dissipate for other
types of dielectric materials. Based on the principle of thermionic
emission, electrons dissipate at elevated temperatures, whereas ions
(ie, the “sticky charge”) remain on the surface. Hence, the charge
carriers may be both electrons and ions for the solids investigated. It is
reported that whether electron transfer or ion transfer dominates as the
mechanism of contact electrification depends on the properties of the
liquid (e.g, concentration of ions) and the solid surface (e.g,
hydrophilicity). Another study investigated the thermionic emission
of surfaces that were coated with organic functional groups after
contact-charging them with a nonpolar organic liquid (e.g, cyclo-
hexane).”® The results showed that most charge dissipated with time
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(Figure 9(e)); hence, the charge carrier of contact electrification of the
surface and a nonpolar organic liquid was primarily electrons.

In another study, the authors compared the contact-charging
behaviors of water and a metal.”’ The experiment involved contact-
charging different types of polymers (i.e., with functional groups that
had different electron-withdrawing abilities) with a reference metal (i.e.,
Al). The authors then repeated the experiment by using water as the
reference substance instead of metal. Their results showed that the
amounts of charge generated by the contact electrification of the
different polymers and the reference metal generally had the same trend
as that of the different types of polymers and the reference water. As
discussed in the previous section (2.1.2), the mechanism of contact
electrification that involved a metal as at least one of the contacting
materials is based on electron transfer. Therefore, the results indicated
that the contact electrification of the polymers and water is also based
on electron transfer (i.e., due to the similar charging behavior of water
and metal).

2.1.3. lon Transfer Model. Another possible mechanism of contact
electrification involves the transfer of ions from one surface to another
during contact electrification; thus, one surface becomes positively
charged, whereas the other surface becomes negatively charged (Figure
10(a)). This ion transfer model has been proposed to be the
fundamental mechanism of the contact electrification of two dielectric
materials. Whitesides and co-workers have devised a model system that
involved functionalization of the surfaces (i.e., microspheres) with
molecules that had ionic functional groups.” The experiment involved
the contact electrification of microspheres coated with different types of
ionic functional groups and glass beads. The results showed that the
polarity of the charge of the coated microspheres after contact
electrification was always the same as the polarity of the ionic functional
group on the microspheres. In addition, the amount of charge generated
was found to be proportional to the surface area coated with the ionic
functional groups (Figure 10(b)). Other studies that worked on other
types of materials that are similarly coated with molecules that have
jonic functional groups (e.g., acidic and basic groups) also reported
similar results.”*™” Therefore, the mechanism seems to involve the
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transfer of the mobile counterions of the ionic functional groups from
one surface to the other during contact electrification.

The ion transfer model is also proposed to be responsible for the
contact electrification between two dielectric surfaces that do not have
any ionic functional groups. One possibility is based on the tendency of
surfaces (i.e., including both hydrophilic and hydrophobic surfaces) to
adsorb water from the surrounding atmosphere. Whitesides hypothe-
sized that the contact electrification between two insulating materials
(i.e, without any ionic functional groups) is due to the transfer of
aqueous ions (e.%., H* and OH" ions) of the adsorbed water from one
surface to other.”® The polarity and amount of charge generated by
contact electrification of two solid surfaces is found to correlate with the
zeta potential of the surfaces immersed in water.”® Because the zeta
potential may indicate the tendency of the surfaces to adsorb aqueous
ions, this correlation supported the mechanism that the contact
electrification of insulating surfaces is due to the preferential adsorption
of the aqueous ions (e.g, OH™ ions) from one surface to the other.
Besides ions generated by water adsorbed on surfaces, ions may also be
generated by the heterolytic cleavage of molecular bonds during contact
electrification (i.e, ions that may subsequently transfer from one
surface to another).””~'%* Other studies showed that the polarities of
charge produced by the contact electrification between two dielectric
materials are determined by the Lewis acidity/basicity of the contacting
materials. This correlation between the Lewis acidity/basicity and the
polarities of charge was established by contact-charging multiple pairs
of polymers and comparing their polarities and Lewis acidity/basicity
(Figure 10(c))."%7'%” The Lewis acidity/basicity is the ability of the
molecule to share electrons with another molecule or ion. Therefore,
the correlation indicated that Lewis acidity/basicity is the property that
determines the preferential adsorption of ions; in other words, the
mechanism of contact electrification is due to the transfer of ions
between the surfaces of the dielectric materials.

The transfer of ions is another mechanism that underlies the contact
electrification of a solid and a liquid. Ions may transfer at the liquid—
solid interface via a few ways. One way involves a solid surface that has
ionic functional groups. The mobile counterions of the ionic functional
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Table 1. Energy Harvesting Properties Reported for TENGs with Various Surface Modification Methods

Output voltage (V) and current Power/Power density

Surface modification method Process (uA) (mW/m?) ref
Physical ~ Surface pattering 3D print 1.4 mW/m? 116
Graphene sheet S30V,21 uA 4.8 mW/m?” 117
Wafer scale nanogrates of multistep pattern 256.6 V 32 mW/m? 118
PDMS Nanopillar 440V, 3.6 uA 4.75 X 10° mW/m? 119
Mechanical Spraying nano bullet 685V, 277 uA 21 mW, 9.545 X 10° mW/m? 114
morphology Paper-based hierarchical honeycombs structure 76.3V 48.6 mW/m? 120
Octopus surface from hydrogel sheet 139V 2.7 mW 121
Porous polymer 60.6 'V, 7.7 uA 2.33 mW/m? 122
Hydrophobic sponge structure 130V, 100 yA/cm? 123
Mesoporous film + Au NP 150V, 0.62 ,uA/cmZ 13 mW, 0.93 mW/m?> 124
Nanosphere with inverse opal nanostructure 242V 155.12 X 10> mW/m? 125
Laser treatment Laser pattern 36V 8 mW/m? 126
Femtosecond laser 22.04V 210 mW/m? 127
Flash lamp + CuO particle layer 870V, 145 uA 8.1 mW, 3.68 X 10° mW/m? 128
Plasma treatment C{lemically engineered polydimethylsiloxane 256.5V, 22.4 uA 1.64 mW, 18.8 X 10° mW/m* 129
ayer
Wrinkle pattern 685V, 165 uA 130
chemical Nano fiber Functionalize the nanowires PP (AAO 1900 V, 19 X 10° uA/m? 132
template)
Electrospinning (nanofiber) 340V, 78 A 2.3 X 10> mW/m? 133
Nanowire TiO,” PDMS (hydrothermal 740 mV — 1.6 X 10° A 1.2 X 10> mW/m? 134
reaction)
Ion doping Doping Ba2p into CsPbBr3 220V, 22.8 X 10° yA/m* 3.07 X 10> mW/m? 135
Ion injection ~1000 V, 900 X 10° uA/m? 315 X 10°> mW/m? 136
Doping polymer 3.1V, 5.5 uA/cm? 1.7 mW/m? 137
Functional group MXene-functionalized PVDF 724V, 163.3 uA 11.213 X 10> mW/m? 138
Nanostructure embedded ~200V, 14 uA ~2.8 mW 139
Molecular functionalization 240V, 1.75 x 10° /JA/m2 140
Nano composite 3D layer 800V 27 mW 4.4 X 10> mW/m? 141
MoS,-embedded PVDF 200V, 11.8 A 0.07 mW/m? 142
Surface texture (CCTO)-embedded PDMS 390V, 170 X 10° uA/m* 9.6 X 10° mW/m?> 143
BMF+ CCTO particle-induced 268V, 25.8 X 10° uA/m* 144
groups may dissociate from the surface and move into the liquid, thus ment,**™"*® surface attached nanoparticles,"*" inverse opal struc-

leading to the separation of charge.'”® Another common way involves
the adsorption of ions that are present in the liquid (e.g., hydroxide ions
in water) onto the solid surface. Results from a previous study found
that the zeta potential of a surface was more negative when the surface
was in contact with a basic solution and more positive when the surface
was in contact with an acidic solution."”” These results indicated that
the surface became charged due to the adsorption of either the
hydronium or hydroxide ions from the aqueous solutions. In addition,
results from a number of studies that performed computational
simulation showed that there is the preferential adsorption of hydroxide
ions over hydronium ions at the solid—water interface.''""* This
preferential adsorption of hydroxide ions explains the experimental
observations that many surfaces charge negatively, whereas the water
charges mainly positively.

2.2. Surface Modifications. 2.2.1. Physical Surface Modification.
Since TENGs are based on the electric charge transfer between the
contact surface of materials, the surface condition of constituent
materials of TENGs is one of the crucial factors for high output
performance TENGs. For example, it is reported that the output voltage
of contact-mode TENGs is defined by eqs 1—3.""*~""> To enhance the
output performance of TENGs based on these fundamentals, various
research on physical''*"'*™"*! and chemical'**~'*® surface modifica-
tions to control contact surface morphology has been conducted by
many research groups during the past decade. Tailoring the surface
topography into nanometer or micrometer scales by physical and
chemical modifications has previously been reported to achieve
advanced triboelectrification. Physical surface morphology modifica-
tions such as direct patterning,''’ designing pattern template,"'®
mechanical nanoparticles impacting the surface,"'* laser treat-
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tures,'> plasma treatment,'*”'*° and lifting out the material to form a

porous sponge structure'>* are mostly focused on enlarging the active
friction area and roughness of the contact materials, while chemical
modification such as ion doping,**™"*” functionalized groups or
molecules, 57140 chemically modified nanowires,">>"** anodic alumi-
num oxides,"*>'*® and polymer dry-etching'*® are mainly focused on
enhancement of the electron affinity and enlarging the surface area.
Recently, Xenon flash lamps with strong photon energy for a short time
(in the millisecond range) have been employed for light-material
interactions (LMIs), where a nano composite is embedded into the
material, which can significantly affect improvement of the surface
electrification and increase triboelectrification.'>® Table 1 and Figure
11 show the TENG performance (output voltage, current, and power
density) with various noticeable surface morphology modifications.
Many studies about physical surface modifications have been
conducted to improve the output of TENG devices.””"*’ Figure
12(a) shows TENGs with a sandpaper-assisted micropattern on its
surface,"*® which easily and cost-effectively enlarged the surface contact
area, thus enhancing output performance. A morphology-controllable
wrinkled micro/nano hierarchical structure was also developed by
integrating multiscale poly(vinyl alcohol) (PVA) architectures (Figure
12(b))."*” Additionally, superhydrophobic characteristics were im-
parted by the PVA structure,*° resulting in the signal rapidly recovering
after hard humid spraying. By mimicking the surface structures of skin
(Figure 12(c)), a hierarchical nanoporous and interlocked microridge
structured polymer-based TENG was fabricated without a spacer."™"
The gradient elastic modulus between the interlock-structured
poly(vinyldenefluoride-co-trifluoroethylene) (P(VDF-TrFE)) and po-
rous polydimethylsiloxane (PDMS) layers significantly enhanced the

https://doi.org/10.1021/acsnano.2c12458
ACS Nano 2023, 17, 11087—-11219


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c12458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

EVE

10°
105,
104_
10
102_

101_

100—3

Power density (mW/m?)

@

o *

v
B Surface patterning
@ Mechanical morphology
Laser
Plasma

<> Nano fiber (wire)
Y Functional group

: lon doping

Nano composite

2015 2016 2017 2018 2019 2020 2021

. L 116-11
following references: surface patterning, °

1322134 . . 1351
fiber,">*~"** jon doping, 35,187

2022

Year

Figure 11. Reported power density of TENGs with surface modification methods over publication year. Each data point is taken from the

mechanical morphology control,"'*'2°71%5 Jaser treatment,
. . 138 . .
chemical functional group, " and nano composite embedding

126—128 129
plasma treatment, ~ nano

141,143

output performance in terms of bending and pressing input conditions.
As shown in Figure 12(d), dry etching was applied on the polymer
surface to create vertical and rough nanowires.">> Enhanced surface
roughness by forming polyimide (PI) nanowires with a dry etching
process leads to high triboelectric output. Figure 12(e) presents the
schematics and SEM images of the wet etching method for PI film."** In
contrast to the dry etching method, it has the advantage of being able to
modify the surface morphology in a short time.'>* Because of the
uniform honeycomb-patterned surface of the PI film, the current output
of the TENG was increased by more than 4-times.

Laser direct patterning is a facile method to fabricate micro/
nanostructures in ambient conditions due to its ultrashort irradiation
period.'>® Figure 12(f) shows the direct laser patterning on the Cu
surface and PDMS using a femtosecond (fs) laser."*° Single fs laser
scanning was initially processed on the Cu film surface, resulting in
microcone patterns. Then, the fs laser pulse was irradiated to the
PDMS, thus fabricating the microbowl structures. This specific
morphology improved the effective contact area and surface roughness,
which can be used for higher triboelectric output performance. Figure
12(g) presents a study about simultaneous surface modification with
materials synthesis.'** When the laser was irradiated onto the precursor
((NH,),Mo0S,)) on a substrate, this leads to heating the precursor
above a thermal threshold, which synthesized MoS, layers. Interest-
ingly, by controlling the laser irradiating fluence (i.e., power range), the
synthesized MoS, surface becomes three-dimensionally distorted and
highly crumpled MoS,. The increase of surface roughness of MoS,
using laser-direct synthesis led to improved triboelectric performance.
Moreover, the surface crumpling of MoS, induced a change of the work
function, which can lead to efficient contact electrification.

2.2.2. Chemical Surface Modification. Since the invention of
triboelectric nanogenerators (TENGs) in 2012, special emphasis has
been paid on manipulating the surface chemistry of the friction layers
through chemical modifications for improving the TENG’s perform-
ance. Chemical modifications improve the output performance by
enhancing the triboelectric surface charge density on the material
surfaces. This technique also facilitates the possibility of fabricating
TENGs by incorporating diverse material surfaces irrespective of their
original triboelectric properties, thereby increasing the material
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selectivity choices for designing TENGs. Furthermore, the chemical
modification method also improves the flexibility of the TENG’s
structural design for practical applications by incorporating additional
functionalities (hydrophobicity), reducing the encapsulation process,
and retaining the material’s original excellent characteristics and strong
chemical bond connections which stabilize the chemical groups on its
surface, thereby increasing its wear resistance.”> Chemical modification
can broadly be segregated into ligand functionalization and surface
treatment methods.

Sometimes, chemical surface modification can be better than
physical modification for TENGs because chemical methods can
change the inherent surface material properties. For example, there are
plasma, neutral beam (NB), ultraviolet/ozone (UVO), and chemical
functionalization techniques.144’1577160 Figure 13(a) shows C,Fq
plasma applied onto the outer surface of a polymer film,'®" which
coated the fluorocarbon layers. It is well-known that CF, functional
groups have low surface energy and hydrophobic characteristics
compared to other functional groups.162 Additionally, the fluorine-
based plasma treatment can lead to improving the performance of
TENG devices since the fluoro-based materials are typically positioned
on extremely charged triboelectric series.'**

NB treatment was highlighted due to its advantages with preventing
defects.*** Figure 13(b) illustrates the NB surface treatment for PDMS,
thermoplastic polyurethane (TPU), and related triboelectric output.'®®
Depending on the utilized gas types, nitrogen ambient NB (N-NB) and
oxygen ambient NB (O-NB) can be formed. Through NB treatments
depending on the surface types (PDMS or TPU), the surface
triboelectric potential can be increased via the attached oxygen or
nitrogen functional groups on the triboelectric charging surface.
Interestingly, NB-treated TENG devices showed higher output than
the plasma-treated TENGs, which indicates that NB can be an excellent
approach. Figure 13(c) presents UVO treatment-based chemical
modification for PDMS surfaces.'®® Nontreated PDMS surfaces mainly
consist of Si—CHj bonds, whereas the UVO-irradiated PDMS surface is
composed of Si—O, Si—OH, and Si—COOH bonds converted from
broken Si—CHj; bonds. Because of the polar features of oxygen
functional groups, UVO-treated TENG devices generated higher
triboelectric output. Atomic oxygen (AO) irradiation is another kind of

https://doi.org/10.1021/acsnano.2c12458
ACS Nano 2023, 17, 11087—-11219


https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig11&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c12458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Review

(a)

[
1 Therma iMprinting

MP-PTFE/AI

Applied imprinting
pressure

2
Peeling off

o
TENG device
fabrication

(b)

1t layer nanoline — 2" layer nanoline

(7) Elastomer release after PVA removal
(Wrinkled micro/nano hierarchical structure)

Time (s)

Interlocked polymers

w
=)

© Planar 02vaPs.
@ 2530 ym ridge 12
9 50/60 um ridge
s 20 o 100/120 ym ridge o I~
o o
> 007 VP -4
5 3 4
S B
0.01 viPa
or 0.03 VAPa 0
I R Sy

(X1

@) Glass

® ruma
@ Awminum @ Kapton Nanowires

@ spacer
| Kapton

s Ag electrode 0 20 40 60 80 100 L] 40 80 120
Pressure (kPa) Bending angle (°)
(d) (e)
L D eroren e s{Fiatp =]
——
g g o
£ 2
Plsolution g g
3
0.
-1
0.

Multiple fast
fs laser scanning

Single

Cumicro-cones > fs laser s

PDMS micro-bowls

—_—
A

‘Cu micro/nano-cones

slow
canning

3.6/ —— 0Cu-0P —— 1Cu-1P 8r 0Cu-0P——1Cu-1P
——2Cu-1P —— 1Cu-2P ——2Cu-1P
2.4f ——2Cu-2P 64— 1Cu-2P
i 12 3 g ——— 2Cu-2P
1.2 2
2.4 0 “ L
0 6 9 12
Time (s) ¢ g Tirr?e (s) 9 12

(9)

Laser fine.s Cribing

(Flat MoSg)

A=1.06 um

(Crumpled MoS,]

Si0,

Valley

TENG

Voltage (V)

Crumpled MoS,
1emxiem ||

i /i
Y 1

— F-TENG
— MC-TENG

°

o

&
=

Forward connection

0 5 10

Time (s)

Figure 12. (a) Fabricating process of a sandpaper-assisted TENG. Reprinted with permission from ref 148, Copyright 2018, Elsevier. (b)
Schematics of nano/micro hierarchical structure TENG and SEM images of an inclined view of the fabricated TENG. The right panel shows the
results of a water spraying test during contact and separation processes of the TENG. Reprinted with permission from ref 149, Copyright 2021,
Elsevier. (c) Structural characteristics of human skin and a schematic of the skin-inspired triboelectric sensor. The right panels present the
sensitivity of the triboelectric voltage followed by the pressure and bending angle. Reprinted with permission from ref 151, Copyright 2018,
American Chemical Society. (d) Sketch of the Kapton nanowire-based TENG. Reprinted with permission from ref 152, Copyright 2012,
American Chemical Society. (e) Fabrication of the honeycomb-patterned PI-TENG and surface morphology variation with various methanol
contents. Current signal generated compared between the flat and honeycomb-patterned PI-TENG (right panel). Reprinted with permission
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Figure 12. continued

from ref 153, Copyright 2022, American Chemical Society. (f) Schematic diagrams for the fabrication process, structure and principle of micro/
nanostructured TENGs. Triboelectric signal of TENGs with different micro/nanostructures. Reprinted with permission from ref 130,
Copyright 2019, Elsevier. (g) Schematic illustration of laser-directed patterning of MoS, on an SiO, wafer and illustration of the crumpled
MoS,-based TENG structure. The down panels show SEM images of crumpled MoS, and V,_ generated from F-MoS, and MC-MoS,-based
TENGs. Reprinted with permission from ref 156, Copyright 2020, Elsevier.

ion-plasma treatment for enhancing triboelectrification. Figure 13(d)
shows a schematic process and enhanced triboelectric signals of TENG
devices after AQ irradiation to the PDMS."®” The original Si—C bonds
are destroyed and Si—O bonds appear on the PDMS surface using AO
irradiation. Furthermore, Si—O bonds increased with more irradiation
time, Y\g}élich leads to improved surface potential, similar to Figure
13(c).

Laser-based processes can be utilized for chemical modification as
well as physical patterning. A laser-induced graphene (LIG)-based
TENG was proposed (Figure 13 (e)).**® When CO, laser was irradiated
on a PI film, the graphene layers were synthesized on the surface. Long
carbon fiber-dominant/LIG (LF-LIG), short carbon fiber/LIG (SF-
LIG), and porous LIG were formed according to the conditions of CO,
laser irradiation. Lots of graphitic nitrogen (N) components are
contained in the LIG, which prefers to transfer the outer electrons to the
surrounding carbon atoms. These carbon atoms decrease the work
function via electron donation. Particularly, long chain structured LF-
LIG contains more graphitic N components and results in a larger work
function, which is a key factor to enhancing triboelectric device
performance.'®

Ton implantation has been one popular method to modify the surface
of triboelectric materials. The experimental process of He'-ion
irradiation is shown in Figure 14(a). In this study, a low-energy ion
beam of 50 keV is utilized to irradiate the target sample for protection of
the target polymer from crystallization and carbonization during the
irradiation process.

For irradiated Kapton, a C—H bond and an N—H bond are formed
Figure 14(a)-(ii)., i.e., the —-NHCOR bond is established, which is an
electron donating group. The electron donating ability of a functional
group can be determined by the inductive and conjugation effects. As an
example, the C=0 in the ~NHCOR bond is an electron withdrawing
group, while the -NHCOR bond is a medium electron donating group.
This is a typical example of an induction effect. On the other hand,
when the -NHCOR fragment is bonded to a group containing a 7 bond
(p electron), a conjugation effect occurs. Therefore, the electron
donating effect of the ~NHCOR bond could be largely enhanced by
bonding with the benzene ring, which is a sort of conjugation effect
(Figure 14(a)-(ii)). A polymer containing strong electron donating
groups can be a good candidate for positive triboelectric materials.
When irradiated Kapton film (KAPTON1E16) was matched with a film
of fluorinated ethylene propylene (FEP), more electrons can be
transferred owing to this conjugation effect (Figure 14(a)-(iii)).'”°

Aside from the adjustment of existing chemical bonding,
introduction of elements in the original polymer matrix can be a useful
means for increasing its triboelectric performance. Figure 14(b)-(i)
represents an interstitial replacement of N in the PTFE by N-ion
implantation.”" This study proposed the following mechanism to
describe the modification process.

At the lower implantation dose (PTFE-1E14, PTFE-SE14 in Figure
14(b)-(ii), the bonds with lower chemical bond energy, ie, C—C
bonds, are preferentially destroyed and leave lots of terminal (-CF2—
CF2—) radicals. Such radicals are readily combined with implanted N
ions to form chemical bonds (C=N and C=N) at the chain ends.
Meanwhile, some of the F atoms could be detached by the collision of N
ions and become free atoms. Interstitial defects consist of N induced
polar groups and unsaturated bonds, which can break the spatial
structural symmetry of the PTFE. Such rearrangement in a polymeric
matrix improved the polarity and electronegativity of groups, which
altered them into polar polymers. This in turn enriched the overlap of
the electron cloud to enhance the electron-withdrawing capability.
Furthermore, the sp® hybridization changed to sp? and sp hybrid-

izations, which led to the larger role of s orbits in hybrid orbits, resulting
in stronger attraction of the electrons. Especially, the C=N groups have
larger electron cloud density and higher electron affinity than those of
the —F groups. In fact, the cyanogroups can result in a shorter molecular
distance and strengthen the overlap of the electronic cloud. Thus, it had
stronger electron-withdrawing capability and facilitated the surface
charge transfer process during contact with other tribo-materials."”>'”?

In the case of high dose implantation, the collision cascade between
N ions and the chemical chains in the near-surface region increases. A
number of F jons were released from the C—F bond and formed F free
atoms and interchain middle (—CF2—-CF—CF2—) radicals. Such
processes also led to numerous small molecular chains with low
molecular weight, which could increase the probability of secondary
reactions with radicals. This may result in polar bonds, unsaturated
bonds, molecular fluorine, and fluoromethane. The detachment,
recombination, and escape of F atoms occurred in higher doses
(PTFE-1E1S, PTFE-1E16 in Figure 14(b)-(i), which reduced the
content of —F, resulting in weakened EW ability. Furthermore, focused
energy density in a beam due to high-dose ions caused surface
carbonization, which decreased the surface charge transfer process of
materials, leading to lower performance compared to PTFE-1E14.
Therefore, the triboelectric and electrical performance of implanted
PTFE first increases and then decreases with increasing ion doses
(Figure 14(b)-(ii)).

TENG performance can be enhanced by functionalizing different
ligand groups with the ability to gain or lose electrons on the contact
material surfaces. Therefore, selecting materials with good triboelectric
properties is a crucial factor to improve the surface charge density of
TENGs. Shin et al. reported a facile method to tune the triboelectric
properties of the polyethylene terephthalate (PET) substrate by
atomic-level chemical functionalization using electron-accepting
halogens and electron-donating aminated molecules (Figure
15(a))."*? Significant variations in transferred charge density are
reported with aminated-PET surfaces generating a positive charge
density, while halogenated-PET surfaces generated negative charge
density. In addition to halogens, sulfur (S) also possesses a large
electron affinity. Therefore, extremely negative triboelectric material
can be designed due to sulfur’s high electron affinity and hypervalency.
Lee et al. reported sulfur backbone-based inorganic polymers
synthesized by the inverse-vulcanization process of elemental sulfur
(Figure 15(b))."”* Triboelectric energy output for the fluorinated
polymeric sulfur significantly improved with a 6-times voltage
enhancement in comparison to the polytetrafluoroethylene (PTFE)-
based TENG. Jian et al. reported 2D MXenes materials with high
electron-withdrawing capabilities due to the presence of fluorine and
oxygen functional groups, for the preparation of nanofiber films with a
1087.6 mW/m? maximum peak power density.63 MXenes are flexible,
environmentally friendly, and large-scale manufacturable, making them
quite suitable for flexible electronics.

In the past few years, research related to controlling the triboelectric
charge density of biodegradable natural materials, such as cellulose, has
gained momentum in the field of TENGs. As depicted in Figure 15(c),
the surface tailoring of cellulose nanofibrils (CNFs) has been done to
tune the triboelectric charge density to enhance the performance of
TENGs.'”> Based on the functional group introduced (—CF,CF;,
—CN, —SH, or —NH,), the CNFs surface chemical compositions
changes, and the materials exhibit different polarities. A renewable high-
performance cellulose-based TENG was developed by synthesizing
allicin-grafted CNF (Alc-S-CNF) by “thiol—ene” click chemistry to
enhance the triboelectric properties of bare CNFs.'”®
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Figure 13. (a) Schematic illustration of the fabrication process TENG, utilizing O,/ CHF; plasma and C,F plasma. Reprinted with permission
from ref 161, Copyright 2021, American Chemical Society. (b) Process of NB treatment on the polymer surface. The right panel presents
triboelectric performance and long-term stability of NB treated TENG. Reprinted with permission from ref 165, Copyright 2019, Royal Society
of Chemistry. (c) Process of surface treatment utilizing UV—O treatment on a PDMS surface and effect on atomic ratio of PDMS. The right
panels present enhanced open-circuit voltage of UV—O treated PDMS-based TENG. Reprinted with permission from ref 166, Copyright 2015,
Elsevier. (d) Illustration of AO modification and working mechanism of AO irradiated TENGs. Correlation of charge density and AO
irradiation time (down panel of Figure 2d). Reprinted with permission from ref 167, Copyright 2021, American Chemical Society. (e) Process
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Figure 13. continued

of the laser direct LIG synthesis and energy band diagram of LIG, SF-LIG, LF-LIG when contact with PMMA. Reprinted with permission from

ref 168, Copyright 2020, Royal Society of Chemistry.
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Figure 14. (a)-(i) Schematic diagram of He*-ion irradiation on the target polymer (Kapton) surface. (a)-(ii) Schematic diagram depicting the
change of the molecular structure and formula of Kapton by He+ ion irradiation. (a)-(iii) Power comparison of TENGs based on Kapton and
FEP with and without He+-ion irradiation. Adapted from ref 170, Copyright 2020 The Royal Society of Chemistry. (b)-(i) Schematic diagram
depicting a TENG based on modified PTFE with N-ion implantation. (b)-(ii) The calculated maximum energy storage density of the PTFE films
depending on of the implantation dose. Adapted from ref 171, Copyright 2021 Elsevier. (c)-(i) Schematic of the NB treatment process. (c)-(ii)
Time-dependent degradation of voltage outputs from TENGs treated by plasma or NB for a three-month period. All voltage outputs were
measured in a controlled environment (RH 40%, 25 °C). Adapted from ref 165, Copyright 2019 The Royal Society of Chemistry.

The current density and power density of modified cellulose film
were enhanced by 6-times and 41-times, respectively, compared to the
original cellulose film, owing to a higher dipolar nature of the sulfoxide
group (—S=0) and good polarization of the disulfide bonds in allicin.

Furthermore, in recent years, ligand functionalization has emerged as
an effective method to develop triboelectric nanosensors (TENSs) for
label-free and rapid analysis of pathogenic microorganisms. Jung et al.
used intermolecular recognition interactions for the development of an
aptamer-based self-powered triboelectric biosensor for the detection of
thrombin.'”” By assembling thiol-modified antithrombin aptamers on
Au nanoparticles (NPs), the sensor showed enhanced electrical signals
after incubation with thrombin, with a detection limit of 0.41 nM. Pao
et al. functionalized D-mannose-thiol on Au NPs and developed a
solid—liquid-based TENS to study the carbohydrate—protein inter-
actions.”® In particular, concanavalin A (Con A) protein and
Escherichia coli (E. coli) are detected by D-mannose-thiol functionalized
Au nanoparticles (m-Au NPs). Attachment of Con A or E. coli
decreases the work function of the solid triboelectric sensing layer,
thereby reducing the surface potential barrier and providing a key
physical phenomenon responsible for sensing. Furthermore, a Con A
modified m-Au NP solid contact layer underwent a sequential contact-
separation operation with PBS buffer solution to generate the

triboelectric effect. Interestingly, as the Con A concentration increases
over m-Au NPs, the output voltage also increases steadily (Figure
15(d)).

Surface treatment methods have also been explored quite extensively
for enhancing surface charge density of the materials. Fan et al
proposed an ultraviolet-ozone (UVO) irradiation mechanism for the
PDMS surface-induced molecular structure change.'”” The reactive O
radicals convert the methyl groups (Si—CH,) to silanol groups (Si—
OH) upon exposure, thereby changing the surface structure (Figure
16(a)). This led to stabilized output performance of the TENG.
Similarly, significant improvement in the performance of a TENG has
been achieved by altering the PDMS frictional layer surface charge
density by UVO irradiation and NaOH treatment (Figure 16(b))."*°
The surface charge sequentially increased when fresh PDMS was
treated with UVO and UVO+NaOH. The short-circuit current and
open-circuit voltage were reported as 1.16 uA and 49.3 V, respectively,
an approximately 15-fold enhancement when compared to the
untreated fresh PDMS. In addition to UVO irradiation, single-step
fluorocarbon plasma treatment technology for functionalizing fluorine
groups onto the material surface has also been used for enhancing
surface charge density. Zhang et al. demonstrated a high-performance
TENG with enhanced energy density via a single-step fluorocarbon
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Figure 15. Chemical surface modification by ligand functionalization. (a) Schematic illustration showing the introduction of halogen and
aminated containing functional groups to a PET surface. Reprinted with permission from ref 159, Copyright 2017 American Chemical Society.
(b) Synthesis scheme of fluorinated sulfur copolymers. Reprinted with permission from ref 174, Copyright 2019 Elsevier. (c) Schematic
diagram of chemical functional groups tailored CNFs for manipulating the charge density. Reprinted with permission from ref 175, Copyright
2021 Elsevier. (d) Schematic of change in work function with the attachment of Con A over m-Au NPs and corresponding voltage shift with
increasing concentration of Con A over m-Au NPs. Reprinted with permission from ref 178, Copyright 2021 Elsevier.

plasma treatment method."®® The power density of the TENG
increased by 2.78-times after chemical modification, with a peak output
voltage of 265 V and a current density of 18.3 uA/ cm?. Lee et al.
analyzed the PDMS surface structure and chemical properties after a
two-step reactive ion etching (RIE) plasma treatment to understand its
effect on the output performance.'*® A surface interface engineered
PDMS (SIE-PDMS) is reported by implementing Ar plasma and
CF,+0, plasma individually on the PDMS surface (Figure 16(c)). The
power density measurements for the TENG revealed that plasma-
treated PDMS-based TENG achieved 18.8 W/m” power density (at 25
W RIE power), an almost 4-times enhancement compared to untreated
PDMS-based TENGs. Similarly, a surface modification of a PET film
via inductive-coupled plasma etching has been reported by using a
mixture of carbon tetrafluoride (CF,) and O, gases.'®" TENGs based
on the modified PET exhibit approximately 300% enhancement in
open-circuit voltage, short-circuit current, and induced charge quantity.
Recently, neutral beam (NB) technology, an advanced plasma-based
etching technique, has gained much attention. This technology
provides a high degree of control over the energy of the collimated
neutral beam by suppressing the incident charged particles and high-
energy photons, thereby controlling surface states with high precision
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and preventing defects at the atomic-layer level.'*>"** Typically, for
large contact electrification, surface treatment is done separately for
both the positive and negative material. Kim et al. introduced a system
that uses a neutral beam (NB) for both positive and negative
triboelectric materials for enhancing TENG performance (Figure
16(d)).'*

In addition to the aforementioned methods, other surface treatment
methods such as ionized air injection,'*® corona charging,'®* and ion
implantation'”" also have been widely employed to enhance the
performance of TENGs. Among these, the ion implantation technique
can precisely control the concentration and distribution of dopant
atoms in the material, thereby generating favorable intrinsic point
defects and various functional groups. Fan et al. implanted N ions with
high kinetic energy (100 keV) to form polar bonds among the atoms of
triboelectric layers (PTFE, FEP, and Kapton) (Figure 16(e))."”" A
triboelectric series of various films before and after implantations with
N ions implantation doses of 1 X 10** (1E14) and 5 X 10" ions/cm?
(5E14) has been established. With this implantation, PTFE and FEP
films exhibited stronger negative triboelectric polarity with high surface
charge density. Similarly, Li et al. irradiated He ions with 1 X 10" ions/
cm? concentration on four polymers surfaces namely, Kapton, PET,
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Figure 16. Surface treatment methods. (a) Schematic illustration of a plausible mechanism showing the change in the molecular structure of a
PDMS surface after ultraviolet-ozone (UVO) irradiation. Reprinted with permission under a Creative Commons CC BY 3.0 License from ref
179, Copyright 2014, Royal Society of Chemistry. (b) Schematic of surface treatment of a PDMS film-based TENG device and changes of
molecular structure and charges before and after UVO, NaOH treatment. Reprinted with permission from ref 166, Copyright 2015 Elsevier. (c)
Possible mechanism for chemical modification of PDMS surfaces by one-step Ar-only plasma treatment and two-step process with consecutive
Ar and CF, + O, plasmas. Reprinted with permission for ref 133, Copyright 2019 Elsevier. (d) Neutral Beam (NB) treatment process and NB-
treated TENG. Reprinted with permission from ref 165, Copyright 2019 Royal Society of Chemistry. (e) Schematic diagram of TENG
comprised of Al and PTFE modified by ion implantation. Reprinted with permission from ref 171, Copyright 2021 Elsevier.

PTFE, and FEP, and assembled a TENG with Al foil as the other
frictional layer.'”® Before and after irradiation, the output voltage
related to the Kapton film-based TENG device changed from 2.2 to —2
V, indicating a change in polarity.

Though significant results have been achieved through chemical
surface modifications, research related to different functional groups’
internal mechanisms needs to be further explored. As stated earlier,
chemically modified TENGs offer distinct advantages such as material
selection choices, high wear resistance, and added functionalities while
retaining the characteristics of the material itself. Therefore, the
applicability of chemically modified TENGs can further be extended for
developing emerging fields such as human-machine interaction (HMI),
wearable electronics, and implantable medical devices.

11105

2.3. Bulk Modifications. 2.3.1. Pore Structures. In capacitor-type
structures, the charges between two electrodes are dependent on the
potential and capacitance as functions of time. However, two materials
are contacted and separated as a function of time by external force. This
indicates that the transferred charges through the external circuit are
also strongly dependent on the change in potential and capacitance with
time, as follows:

oV 6C
I=C—+V—
St St (15)
where I is the output current, C is the capacitance, and Vis the potential
generated. Thus, the compressible properties of the materials should be

considered to maximize the output currents. As one of the interesting
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Figure 17. Porous structures. (a) Sponge-structured PDMS film and TENG performance. Reprinted with permission from ref 123, Copyright
2014, John Wiley and Sons. (b)-(i) Schematic illustration of the preparation process of conductive elastic sponge by a dilute chemical
polymerization method. SEM images of PANI nanowires with polymerization times of (b)-(ii) 6, (b)-(iii) 24, and (b)-(iv) 48 h. (b)-(v), (b)-(vi)
Output performance of ES-TENG with different polymerization times. Reprinted with permission from ref 184, Copyright 2021, Elsevier. (c)-
(i) SEM image of the surfaces of porous cryogel films and (c)-(ii) output voltages of TENGs of various concentrations of cross-linker in the
porous cryogel films. (c)-(iii) Mechanism for high performance of TENGs. Reprinted with permission from ref 185, Copyright 2020, Elsevier.

methods to fabricate compressible materials, porous films will be an
example by introducing pores to the film.

K. Y. Lee et al. fabricated hydrophobic sponge structured
polydimethyl-siloxane (PDMS) film as a negative charged material
(Figure 17(a))."** Polystyrene (PS) spheres with diameters of 0.5, 1, 3,
and 10 ym was used to fabricate the PDMS inverse opal-structured film.
After many layers of PS spheres were stacked, the PDMS solution was
poured into the PS spheres and solidified. The PS spheres were
removed by soaking in acetone for 24 h. When the film was contacted
with Al, the electrical outputs of the TENG fabricated with the film
having pores size of 0.5 ym were enhanced by 2.6-times in terms of the
output voltages, compared with one with flat film. As the pore size
increases up to 10 um, the output voltage was decreased due to the
decrease in the contacted surface area with the increase of pore
diameter. Interestingly, the TENG showed less-sensitive outputs to the
relative humidity (RH) and it was clearly seen that the TENG with
porous film at 80% RH showed a higher electrical output performance
than the TENG with flat film at 20% RH. Y. Liu et al. reported an elastic
TENG based on conductive elastic sponge, in which polyaniline
(PANI) nanowires were fabricated on the surface of polyurethane
sponge, followed by removal of the sponge after dilute solution
chemical polymerization (Figure 17(b)).'®* As the chemical polymer-
ization time increased to 24 h, the PANI nanowire grew up to a length of
100 nm and the film became quite porous. The electric outputs of
output voltage, current, and charge density also increased as the
polymerization time increased.

Z. Haider et al. proposed a tribopositive material composed of
porous polymer cryogel and the fabrication of TENGs in conjunction
with PDMS as a negative charged material. The cryogel was synthesized
using lauryl acrylate (LA) by a polymerization procedure named cryo-
polymerization."*® The highest porosity of 73% was obtained with a
monomer concentration of 0.3 M in the porous cryogel films. As the
concentration increased, the porosity decreased to 49%. The highest
electric outputs were obtained at the sample with the highest porosity,
indicating that the high performance is attributed to the creation of
extra charges on the surface of the pores.

2.3.2. Dielectric Constants. In this section, we discuss how the
output performance of triboelectric nanogenerators (TENG) is
influenced by the dielectric properties of the active layer, and the
different strategies to engineer their dielectric properties toward
improving TENG performance. It is imperative to focus on the
dielectric properties because triboelectricity is induced by contact
charging and electrostatic induction between dissimilar triboelectric
materials, each with different dielectric properties. In this context, the
dielectric constant (or relative permittivity) is the central parameter
that describes how efficiently the active material is polarized when
subjected to an electric field, and is calculated by the equation:'®

Cxd
E9 XA (16)

&=
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where ¢ is the dielectric constant, C is the capacitance, d is the thickness
of the active layer, A is the area of the active layer, and & is the dielectric
constant of a vacuum (8.854 X 107' pF m™?).

In the metal—insulator system, the surface charge transfer between
the two layers can be induced as follows:

(w- Eo)/e
I+ D)oo+ frmie (17)

where ¢ is the surface charge density on the dielectric surface, W is the
work function of the metal, E, is the effective work function, ¢ is the
relative permittivity, t is the thickness of the insulator, z is the separation
distance between the metal and insulator layer, & is the permittivity of a

o=

vacuum, e is the elementary charge, and N,(E) is the average surface
density of states for the dielectric layer.*® Equation 17 indicates that the
conditions of a thinner dielectric layer and larger &/t can result in a
higher surface charge density. Therefore, among the various parameters
related to the surface charge density, the permittivity of the bulk
insulator may have the most significant influence on contact
electrification. The permittivity of the bulk insulator can be modulated
by inserting a layer of high-k material or by containing high-k particles.
In addition, the high-k material can function as a charge-trapping layer
to improve surface charge retention. In this section, we will mainly
discuss bulk modifications to improve contact electrification by
adjusting the permittivity of the insulator.

The electric displacement field (D) means the electric field in the
material, which can be expressed as follows:

D=¢gE+P (18)

where & is the permittivity of the vacuum, E is the electric field, and P is
the electric dipole moments in the material. In general, the electric
dipole is proportional to the external electric field and changing the
electric displacement field can be expressed as follows:

P =¢yE (19)

D =¢E+¢eyE = ¢,)(1+y)E=¢E (20)

where y is the electric susceptibility. In general, ferroelectric materials
with electric dipoles have a very large permittivity. Thus, it is established
that a triboelectric material with a higher permittivity induces a larger
displacement current.'®”'®® Therefore, the output efficiency of TENGs
can be enhanced by modulating the dielectric constant through a
rational design of the physicochemical properties of the active layer. In
fact, recent studies show that the performance of TENGs can be
effectively improved by amplifying the net dielectric constant to
maximize the dielectric polarization.'®™'*® Specifically, herein we
discuss the four strategies that can maximize the dielectric polarization:
(i) modification of the morphology of the dielectric material; (ii)
surface activation by attaching functional groups to the surface; (iii)
introduction of dielectric additives to form nanocomposites; and (iv)
forced external charge injection (Figure 18).

To facilitate this discussion, we must establish a specific theoretical
model for the TENG that can be used to rationalize the correlation
between the dielectric constant of the material and its triboelectric
performance (Figure 19). In this context, S. Niu et al. systematically
demonstrated the fundamental working principles of a model TENG
system through simulations. The parallel-plate contact mode TENG,
which is the simplest configuration for TENGs, can be further
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subdivided into two categories depending on their operating principle:
dielectric-to-dielectric mode and conductor-to-dielectric mode (Figure
19(a)—(c)). In the former, two dielectric plates with dielectric
constants €, and €, and thicknesses of d; and d,, respectively, are
separated by a distance (x) that can vary with an external mechanical
force. Upon contact, the inner surfaces of the two plates are
electrostatically charged (tribo-charges) with the same charge density
(6) and opposite polarity. Subsequently, when the two plates start to
separate, a potential difference (V) between the two electrodes is
generated according to how much positive (+Q) and negative (—Q)
charges have been transferred across the interface. In the latter, a
metallic plate (“metal 1”) contacts the dielectric plate in a similar
fashion. In this structure, the generation of triboelectric charge is
concomitant with charge transfer across the two electrodes (—Q), and
thus the total charge on the metallic plate amounts to S o0-Q.
Considering these two contact modes, the relationship between V, Q,
and x (V—Q—x) and the intrinsic output characteristics (Voc, Isc, Qsc,
C) of TENG can be derived as eqs 10—13 and follows:

&S
C=—"—
do+ x(t)

(21)

11108

According to eqs 10 and 11, the surface charge density (o) directly
correlates to the TENG output performance. Therefore, the
aforementioned surface modification strategies such as modification
of surface morphology,"*”'**'> chemical functionalization of the
surface of active layer,lsg’ns’196 formation of nanocomposites with
tunable dielectric properties,"**'?”'*® and direct charge injection'**'*’
can be highly effective in amplifying the triboelectric polarity to increase
the surface charge density on the dielectric, ultimately improving the
TENG performance.

In eq 12, the effective dielectric thickness d; is defined as the sum of
the total dielectric thickness (d;) between the two metal electrodes
normalized by the relative effective dielectric thickness (é,,,). The V—
Q—x relationship can be derived from eqs 10—13 based on the
electrostatic induction mechanism, which, together with Gauss’
theorem, represents the foundational working principle of TENGs.
Equation 21 shows that higher values of the dielectric constant lead to a
greater capacitance (C). Specifically, C is directly proportional to the
ratio of the dielectric constant to thickness (&/d), with the contact area
(S) as the scaling factor. Note that the surface charge density also
increases with higher £/d. For example, when the dielectric layer of a
TENG is based on nanofiber-based or otherwise porous materials, the
TENG output is improved compared to those based on bulk solid layers
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Figure 20. Schematic illustration of modified surface morphology for high-dielectric properties. (a) Schematic illustration of the PVDF-AgNW
composite-based TENGs and nylon nanofibers. (b) SEM images of the electrospun PVDF-AgNW composite and nylon nanofibers (insert an
image: TEM image of the PVDF-AgNW composite nanofibers). (c) KPFM images of the surface of the pristine PVDF and PVDF-AgNW
composite nanofibers. Reprinted with permission from ref 194, Copyright 2018, Wiley-VCH. (d) Schematic illustration of the single-electrode
triboelectric yarn (SETY) and working principle of SETY. Reprinted with permission from ref 195, Copyright 2020, American Chemical
Society. (e) Schematic illustration of the fabricated TENG based on Cu film with nanomicro structured and PDMS film with microbowls
structure and working principle of the TENG in contact-separation mode. (f) SEM image of TENG based on nanomicro structure (top-view and
30° tilted view) and (g) 3D surface topography. (h) Stability of the TENG (insert: UOC of the TENG before and after). Reprinted with
permission from ref 130, Copyright 2019, Elsevier.

Zhong Lin Wang, a pioneer of TENG technology, postulated that the

because the nanostructure induces a higher dielectric constant and an theoretical working principle of the nanogenerator originates from
increase in the &/d ratio upon contraction by an external force. Maxwell’s displacement current (Figure 19(d)). In TENGs, the
11109 https://doi.org/10.1021/acsnano.2¢c12458
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Figure 21. Schematic illustration of chemically functionalized surface for high-dielectric properties. (a) Schematic illustration of chemical
functional groups tailored CNFs for manipulating the charge density. (b) Surface charge density according to various functional groups.
Reprinted with permission from ref 175, Copyright 2021, Elsevier. (c) Schematic illustration of the surface modification on CNF paper. (d) The
output current of the CNF-based TENG. Reprinted with permission from ref 196, Copyright 2020, American Chemical Society. (e) Schematic
illustration of the surface functionalized negative and positive PETs with adopted molecules. Reprinted with permission from ref 159,

Copyright 2017, American Chemical Society.

displacement current represents the current generated by an intrinsic
internal driving force, the practical expression of which in the external
circuit is represented by the capacitive conduction current. The
displacement current caused by triboelectric charge was represented by

the term (%), through which Wang elucidated how dielectric

polarization governs the operation of TENGs.**’ In terms of the
dielectric layer, there is a direct correlation with the material’s dielectric
constant and the induced displacement current, as well as between the
displacement current and the conduction current produced by the
device.

Taken together, the dielectric property of the triboelectric active
layer determines the performance of TENG, and through appropriate
surface modification, the dielectric constant can be tuned to achieve the
optimal TENG performance. Here, a comprehensive discussion
regarding the strategies to modify the dielectric properties of the active
material are provided through the context of the theoretical working
mechanism of TENGs. Specifically, we present examples of conceptual
prototypes demonstrated in the literature as case studies of the effective
strategies for improving the dielectric properties and how they can
enhance TENG performance.

As elucidated, the friction-induced surface charge density and
effective contact area both directly affect the output performance of
TENGs. Therefore, many researchers have focused on designing the
surface structure of the active material with those considerations to
improve the triboelectric charge surface density. Various material
processing methods have been used to fabricate complex and functional
surface morgphologles, such as electrospinning,"*>*°"**> nanomicro
structure,?%>72%° photohthography,206 %% and patterning.”% 7"
While the morphological engineering of the active triboelectric layers
may not affect its intrinsic dielectric constant, the bulk dielectric
behavior in the context of the final TENG device can be considerably
improved.

In one example, S. Chen et al. fabricated a ferroelectric polymer—
metal nanowire composite nanofiber membrane as a triboelectric active
layer for use in high-performance TENGs. The electrospinning process
induces a spontaneous alignment of the PVDF polymer chains along
the length of the resultant nanofiber, leading to the formation of PVDF
nanofibers with a highly oriented and crystalline pB-phase. By
incorporating Ag nanowires (NW) into the electrospinning solution,
PVDF-AgNW composite nanofiber membranes could be obtained.
Figure 20(a) shows a schematic diagram of a TENG that can be
fabricated by assembling the electrospun PVDF-AgNW membrane
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together with electrospun nylon nanofibers as the respective dielectric
layers. The morphologies of the as-spun PVDF-AgNW composite
nanofibers (3 wt %, AgNWs) and the nylon nanofibers were analyzed
through scanning electron microscopy (SEM) (Figure 20(b)). The
electric field applied during the electrospinning process promoted the
alignment of AgNWs in parallel to the direction of the nanofiber (insert
in Figure 20(b)). Kelvin probe force microscopy (KPFM) analysis
clearly showed the shift in the surface charge potential of the nanofibers,
which can be attributed to the presence of AgNWs (Figure 20(c)). The
authors confirmed that the nanofiber structure of the triboelectric layer
increases the effective surface area and, as confirmed by eq 21, improves
the &/d ratio when mechanical compression is applied, thus improving
the TENG output in comparison to spin-coated film analogs of the
PVDF-AgNW nanocomposite.

Nanofiber-based TENGs can also be fabricated into various form
factors, each with practical implications. For instance, L. Ma et al.
proposed the yarn-type TENG, which could be incorporated into
consumer textiles and fabric for wearable applications. The ultralight
nanomicro hybridized core—shell structured yarn exhibited excellent
triboelectric performances owing to the increased friction-induced
capacitance (Figure 20(d)). This is specifically due to the fact that the
nanofibers are packed much more tightly in a yarn structure compared
to the case of randomly oriented nanofiber membranes. These single-
electrode triboelectric yarns showed potential for development into a
variety of wearable hypotonic fabrics.

The fabrication of nanomicro structures is another practical
approach among methods for amplifying the performance of TENGs
through surface morphology modification. J. Huang et al. reported the
fabrication of TENG based on active layers with surface nanomicro
structures for enhanced output performance compared to unstructured
active layers. A femtosecond laser direct writing method was used to
fabricate two dielectric layers, each decorated with PDMS microbowls
and Cu micro/nanocones, to serve as the active triboelectric layers
(Figure 20(e)). As shown in Figure 20(f), SEM images and 3D digital
optical microscope images confirm that the nanomicro double-scale
structures of stripes and cones could be formed on the Cu surface,
respectively (Figure 20(g)). The nanomicro surface structure of the
two dielectric layers can significantly increase the effective contact area
and surface roughness when the layers are rubbed against each other. As
aresult, both dielectric layers generate more triboelectric charge during
contact and improve the effective dielectric properties, which helps
bolster the output performance of TENGs. Figure 20(h) shows the
mechanical endurance of the nanomicro structured TENG, indicating

that the nanomicro structure is suitable for promoting efficient TENG
operations. In summary, the specific study of surface shape control can
significantly promote the practicality of TENGs by modulating the bulk
dielectric properties that are induced in the triboelectric layer during
friction.

In a different approach from the aforementioned morphological
modification strategies in designing the active triboelectric layer, the
intrinsic dielectric constant of the triboelectric material could be
chemically tuned to achieve an increase in the TENG performance, in
particular by modifying the functional groups of the polymer
chain.'”%*'**"3 n this regard, the grafting of various functional groups
and the self-assembly of organic molecules on the surface of a polymer-
based triboelectric layer have been shown to be effective in modifying
the surface potential of the triboelectric layer, artificially increasing its
dielectric constant.”*>*'**'> Y. Liu et al. reported the chemically
tailored molecular surface modification of cellulose nanofibrils (CNF)
for amplifying the surface charge density (Figure 21(a)). The surface of
CNFs could be chemically modified with a silane coupling agent with
the same main chain but different terminal functional groups. As a
result, the surface charge density of the cellulose nanofibrils could be
altered in different ways by introducing functional groups (NH,—,
SH—, CN—, and CF,CF;—) with varying degrees of electron-
withdrawing or electron-donating tendencies (Figure 21(b)). By
controlling the number and density of functional groups, the range of
charge density can be more specifically tuned. Utilizing a similar
approach, S. Nie et al. could produce surface-modified CNFs that
exhibited excellent triboelectric charge density and hydrophobicity
(Figure 21(c)). With the introduction of aminosilane on the CNF
surface (3-(2-aminoethykamino)-propyldimethoxymethylsilane
(AEAPDMS)-CNF), the modified CNF film showed a more efficient
removal of electrons, consequently resulting in a more positive surface
charge which increased the triboelectric charge density of TENG
(Figure 21(d)). The insights provided in these studies unfold numerous
possibilities for different surface modification approaches, ultimately
toward the development of a designed synthesis of surface-modified
CNFs and further improved TENGs derived from such active materials.

The self-assembled monolayer (SAM) method, which exploits the
phenomenon of the spontaneous molecular assembly of chemisorbed
surfactants on a solid surface, is another effective method toward
chemical surface modification.”'* S.-H. Shin et al. reported a facile SAM
method for achieving atomic-level chemical functionalization, which
would alter the dielectric property of a polymeric surface (Figure
21(e)). SAMs were prepared in series on a polyethylene terephthalate
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(PET) substrate via a series of halogens and amines. First, the surface of
the PET substrate was functionalized with hydroxyl groups (—OH)
through treatment with oxygen plasma. The hydroxyl groups would
serve as the intermediate layer that facilitates the formation of chemical
bonds with the target functional molecules. The OH-covered layer was
then functionalized with halogen (Br, F, and Cl)-terminated phenyl
derivatives (tribo-negative materials) and several amination molecules
(tribo-positive materials) to triboelectrically induce negative or positive
properties, respectively, in the PET substrate. As a result, the aminated
PET substrate showed strong tribo-positive materials properties while
the halogenated PET substrate induced strong tribo-negative materials
properties. By forming a contact pair between the samples with
opposite triboelectric polarities, such as in the case of PEI(b)-PET/Cl-
PET, to construct the TENG, high voltage outputs of 300 and 200 V,
respectively for each layer, could be observed. Taken together, the
atomic-level chemical functionalization strategy provides a simple and
effective pathway for widening the design flexibility with regard to the
type of polymer substrate that could be employed for the construction
of a high-performance TENG.

2.3.2.1. Triboelectric Nanocomposites Based on High-Dielectric
Nanoparticles and Conductive Fillers. Directly modulating the
intrinsic dielectric constant of the active triboelectric layer represents
another approach to maximize the dielectric polarization across the
triboelectric layers and produce high-performance TENGs. Due to the
limited selection of ferroelectric polymers (e.g, PVDF, PVDEF-
copolymer, nylon)*'*"*'? applicable for TENGs, the choice of
materials alone only allows a small window of design flexibility for
preparing a triboelectric layer. As such, the triboelectric layer can be
prepared as nanocomposites comprising high-dielectric metal oxide
nanoparticles (NP) (e.g, BaTiO3, BiFeQ,;, CCTO)***"*** dispersed
within the matrix of the ferroelectric polymers to effectively raise the
material’s dielectric constant. In detail, the high-dielectric NPs increase
the surface charge density of the triboelectric layer, thus improving the
output performance of the TENG. To this end, J. Chen et al
demonstrated that the surface charge density and amount of charge
transfer are closely related to the relative dielectric constant and
porosity of triboelectric materials (Figure 22(a)). In their work, the
authors fabricated a polydimethylsiloxane (PDMS) layer with NaCl-
induced porosity, incorporating the high-dielectric SrTiO; NPs into the
PDMS matrix to amplify the TENG output performance. The
nanocomposite PDMS film-based TENG containing 10 wt % SrTiO;
nanoparticles (~100 nm size) and 15 vol % pores provided a power
improvement of more than 5-fold from that of the pure PDMS film-
based TENG at a working frequency of 2.5 Hz. The high dielectric
constant of the nanocomposite, and therefore its high e/d ratio,
induced stronger TENG output when the nanocomposite was
contracted by an external force (refer to Equation 21).

Similarly, J. Kim et al. reported a composite triboelectric layer based
on butylated melamine formaldehyde (BMF) and high-dielectric
CaCuTi,0,, (CCTO) NPs for facilitating the design of a high-output
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TENG with stable performance (Figure 22(c)). CCTO NPs have a
considerably high dielectric constant of 7500, which induces a
substantial dielectric polarization at the composite triboelectric layer
to promote an efficient charge induction at the counter electrode,
improving the TENG output performance. The dielectric constant of
the BMF-CCTO composite layer (1 wt %) was measured to be 21.74,
which was about 3-fold higher than pristine BMF, BMF-Al, O3, and
BMF-TiO,. As shown in Figure 22(d), the relationship between
permittivity and electrical polarization is expressed as

P= &g, — 1)E (22)

where D is the electrical polarization within a material, &, is the
permittivity of free space (8.854 X 1072 F m™"), ¢, is the relative
permittivity, and E is the applied electric field.”** According to eq 22,
the higher the dielectric constant, the stronger the internal polarization
under the electric field. Consequently, the BMF-CCTO could provide
high TENG performance, as demonstrated by rotation-type TENGs in
a freestanding mode fabricated with the BMF-CCTO composite layers,
as schematically shown in Figure 22(e).

Introducing conductive fillers can be another way to improve the
output performance of TENG, particularly in consideration of its
capacitor-like mechanism. X. He et al. investigated the enhancement of
triboelectric performance in PDMS by mixing in graphite particles
(GP) as conductive fillers. As seen in eq 12, the charge density increases
in proportion to the capacitance and voltage. However, when a
conductive filler is introduced, the capacitance is reduced as the
conductive pathway facilitates charge transfer to the surface of the layer.
This reduced conductivity C* can be expressed as

eS

c*=
d—r (23)

where d-r indicates the reduction of the effective thickness of the whole
capacitive layer (d) by the effective thickness of the conductive fillers

r).
Adding the conductive GP fillers to the PDMS matrix decreases the
effective layer thickness as a function of the amount of GP fillers, thus
increasing the effective capacitance and the charge density compared to
the case of pristine PDMS (Figure 23(a),(b)).””® The increased
capacitance translates to an increase in the dielectric constant of the
layer. As a result, the GP-infused PDMS film-based TENG showed a
high output performance of about 2-fold or more compared to that
based on pristine PDMS (Figure 23(c)). Altogether, the presence of
appropriate additives provides an opportunity to directly influence the
intrinsic dielectric properties of the triboelectric layer.

Polyvinylidene fluoride (PVDF) is a ferroelectric polymer, which can
be combined with various functional groups to significantly change its
physical properties. Lee et al. found that TENG controlled the dielectric
constant by mixing PVDF and poly(tert-butyl acrylate) (PtBA) can
markedly increase the output power.”* The PVDF copolymers were
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Figure 24. Deep-trap interlayer triboelectric nanogenerator. (a) Schematic description for fabricating TENGs made of a PVDF/PDMS double
layer and Nylon-6/PDMS double layer. (b) Schematic charge trapping mechanism of the PVDF single-layer TENG and PVDF/PDMS double-
layer TENG. (c) Schematic illustration of the charge combination and electrostatic potential induction according to the thickness of the PDMS
interlayer. (d) Calculated charge trap energy distribution of PVDF, Nylon-6 and PDMS. (e)-(f) Current densities of the (e¢) PVDF/PDMS
double-layer TENG and (f) Nylon-6/PDMS double-layer TENG with various thicknesses of the PDMS interlayer. (g) Superior capacitor
charging properties of the double-layer TENGs. Comparison of short-circuit current between the PVDF single-layer S-TENG and PVDF/
PDMS double-layer S-TENG by gently tapping each S-TENG with (h) latex gloves and (i) bare fingers. Reprinted with permission from ref 230,

Copyright 2018 Elsevier.

mainly composed of @ phases with an enhanced dipole moment by 7-
bonding and polar characteristics of the ester functional groups in the
PtBA. As the PtBA grafting ratio increased to 18 mol %, the permittivity
of PVDF increased from 8.6 to 16.5, and the output power was
improved by 20-fold compared to pristine PVDF-based TENG.
Polymer-based ferroelectric materials such as polyvinylidene
difluoride (PVDF) are also employed in wearable energy harvesting
devices and can also be fabricated by mixing powder with high dielectric
constant to improve their properties. Jin et al. reported active-carbon-
doped PVDF with high permittivity for to high-performance wearable
TENGs.”* After mixing active-carbon with a PVDF solution, a film was
prepared by a blade coating method, and the dielectric constant was
increased by about 35% according to the weight percent of active-
carbon. Through the of dielectric constant, the voltage, current, and
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power of the PVDF film-based TENG were improved by 2.5-, 3.5-, and
9.8-times, respectively. Chen et al. also developed a high dielectric
triboelectrics by filling high dielectric nanoparticles into sponge PDMS
film, which is most commonly used as a triboelectric material."”” The
sponge-structured PDMS film was formed by mixing PDMS with NaCl
particles and washing out NaCl particles with water. The high dielectric
nanoparticles of SiO,, TiO,, BaTiOj;, or SrTiO; were mixed with the
PDMS in proportion, and 15 vol % SrTiO; exhibited the highest output
performance. By optimizing both the dielectric properties and the
porosity of the triboelectric material, the best output performance of
TENG were obtained at 10 vol % SrTiO; nanoparticles and 15 vol %
pores. It is worth noting that the porosity to increase the surface area
and the high dielectric particle content to increase the permittivity
should be optimized at the same time.
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Figure 25. Electron blocking layer-based triboelectric nanogenerators. (a) Schematic illustration of the working principle of TENGs and the
role of the multifunctional TiO, EBL. (b) Charge density, (c) COMSOL Multiphysics simulation results, and (d) output voltage and current of
the TENGs with and without the TiO, EBL. (e) Schematic illustration of the electron trap mechanism according to the oxygen vacancies. (f)
Output voltage and (g) Current of the TENGs with a TiO, EBL as a function of the TiO, EBL thickness. Reprinted with permission from ref232,

Copyright 2018 Elsevier.

One of the major issues of triboelectric contact electrification is the
short retention time of the surface charge. If the inside of the
triboelectric layer is porous or another dielectric layer is inserted, the
charges can be trapped and held for a longer period of time.”**™>*° Kim
et al. reported that the charge trap interlayer between a charge
generation layer and an electrode can conserve the surface charges for a
long period of time and increase the surface potential.>*° The PDMS
was utilized in the charge trapping interlayer, which greatly enhanced
the output power density of TENGs as shown in Figure 24.
Triboelectric electrons can be trapped at the interface between the
triboelectric and PDMS charge trapping layers, which can prevent the
loss of the surface charge. Although the charge loss decreased in

proportion to the thickness of the inserted charge trapping layer, a very
thick interlayer may not induce enough opposite charges in the
electrode, resulting in low output performance of TENG as described in
Figure 24(c).

For biomechanical energy harvesting, the skin-touch-actuated
textile-based TENG has been developed to improve both durability
and performance by coating an electron-trapping layer.”*' Black
phosphorus (BP) encapsulated with hydrophobic cellulose oleoyl ester
nanoparticles (HCOENPs) was employed as a synergetic electron-
trapping coating. The textile-based TENG constituted the three layers
stack of the triboelectric fabric composed of BP and HCOENPs coated
on PET fabric, fabric electrode, and waterproof fabric. It showed a high
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Figure 26. Schematic illustration of the charge injection method. (a) Schematic illustration of the basic process of ion injection onto the FEP
film. (b) Open-circuit voltages of the TENG before and after the injection process. Reprinted with permission from ref 136, Copyright 2014,
Wiley-VCH. (c) Schematic illustration of the negative and positive charge-injection process to PTFE and Nylon-11, including the gradient
confinement layer. (d) Schematic illustration of the charge transport and confinement from the surface to the electrode based on the charge
confinement layer. Reprinted with permission from ref 199, Copyright 2022, Wiley-VCH.

output of 200 V or more even in various situations caused by skin
contact or rubbing, and it also can be operated in various motions such
as folding, twisting, and stretching.

Park et al. conducted a study on improving the surface charge density
by inserting an electron blocking layer (EBL) between the negative
triboelectric material and the electrode as shown in Figure 25.>** EBL
with high permittivity dramatically increased the surface charge by
forming polarization as well as blocking the electron. The TiO, EBL
layer was deposited by RF-sputtering, and oxygen vacancies created
inside TiO, played an important role in the electron charge trap. The
optimum thickness of the EBL layer was obtained at 100 nm, and the
output peak power from the TENG with a TiO, EBL reached about 2.5
mW, which is 25-times larger than that of a TENG without an EBL.

2.3.2.2. Direct Charge Injection into the Dielectric Surface Layer.
Directly injecting electric charge into the surface of a dielectric layer is
an intuitive yet highly effective method to dramatically improve the
surface charge density. To this end, the dielectric layer is subjected to a
strong external electromagnetic driving force to generate a dipole
electret with permanent electrostatic bias,”>* for which the specific
methods include ionized air injection,234 plasma ];)olarization,235 and
high-voltage corona charging.”**™>** In one case study, S. Wang et al.
reported on the improvement of the output performance of TENGs
through ionized air injection of fluorinated ethylene propylene (FEP)
film by an air ionization gun (Figure 26(a)). The electret film (FEP
film) formed by ion implantation maintained a surface charge density
(Acc) of about ~200 uC/m? for 160 days, and the loss rate was only
16.6%. As a result, the ionized FEP film-based TENG increased the
short-circuit current density and open-circuit voltage by S-fold
compared to the case of the nontreated FEP film (Figure 26(b)).
However, when charge is induced between the dielectric contact surface
and the electrode, the induced electric field in the dielectric generates an
opposite charge at the electrode, resulting in stray charges on the
dielectric surface. These stray charges inhibit the inflow of new charges,
ultimately limiting the maximum achievable charge density on the
dielectric surface through the ionized air injection method.”*"***~>*!

In another case study, Y. Cho et al. proposed a method to improve
the surface charge density of the dielectric layer further by applying the
charge injection process on a gradient charge-confinement layer based
on electrospun nanofibers, with each consecutive nanofibrous layer
from the inside out containing a progressively larger sized population of
mesoporous carbon spheres (mCS), as schematically shown in Figure
26(c). The mCSs facilitate charge transport from the outermost surface,
which is bombarded by the charge injection process, all the way down to

the deeper parts of the nanofibrous layer, while at the same time
mitigating charge loss through charge confinement. The sequential
arrangement of the mCS along the depth gradient leads to an overall
high space charge density of the charge-injected composite layer
(Figure 26(d)). Upon charge injection in the presence of a strong
external field of 7 kV, the surface charge density on the gradient charge-
confinement layer was about 7.5-times higher compared to the case
without the presence of mCSs. As a result, the output voltage, which was
initially 15.2 V before the charge injection, could be dramatically
increased to 600 V after the high voltage charge injection. Taken
together, the charge injection method, when coupled with proper
structural engineering of the dielectric layer to facilitate an efficient
injection, has great potential as a powerful strategy to produce high-
performance TENGs.

2.3.3. Composites. With the rapid development of flexible
electronics, soft robotics, and distributed sensor networks, the
requirements for wearable and portable power sources are increasing
sharply. Thus, designing flexible/stretchable TENGs with excellent
deformability and high electric performance is highly desirable, which
provides an efficient and convenient way to endow the wearable energy
harvesters with good comfortability, portability, and biocompatibility.
To ensure outstanding flexibility, stretchability and electric output of
TENGs, massive efforts have been conducted to develop intrinsically
flexible/stretchable composites by mixing the flexible/stretchable
matrix and different functional fillers.*** Typically, elastic polymers
and hydrogels are selected as flexible/stretchable matrix networks
considering their distinguished flexibility, deformability, biocompati-
bility and transparency. However, the triboelectric performance of
these soft materials is often lackluster, not being able to satisfy the
escalating demands of energy consumption. Therefore, a myriad of
functional materials, such as graphene oxide (GO),*" carbon
nanotubes (CNTs),”** black phosphorus (BPs),”*' MXenes*** and
halide perovsl<ites,246’247 have been developed to modify the physical
and chemical properties of the stretchable matrix, which can
substantially improve the electrical output of stretchable TENGs.

The main strategy to promote the output performance of flexible/
stretchable TENGs is to enhance the charge trapping capacity and
reduce the internal impedance of composite by adding active materials
with strong charge-storing ability or high electrical conductivity. From
this aspect, Kang et al. reported a poly(dimethylsiloxane) (PDMS)/
GO/sodium dodecyl sulfate (SDS) composite-based TENG with high
electric output (Figure 27(a)).243 For this composite, GO serves as a
strong negative charge trapping material in view of its large number of
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Figure 27. Flexible/stretchable composites for TENGs. (a) Schematic diagram of the PDMS/GO/SDS composite-based TENG and its output
voltage compared to pure PDMS and PDMS/GO composite-based TENG. Reprinted with permission from ref 243, Copyright 2018, American
Chemical Society. (b) Schematic of the fabrication process of HCOENPs/BPs/PET textile based TENG. Reprinted with permission under a
Creative Commons CC BY license from ref 231, Copyright 2018, Springer Nature. (c) Schematic of fabrication process of PVDF-HFP/F-CNT
nanofiber film-based TENG. The TENG device can be attached to a plant leaf for energy harvesting from the ambient environment, including
wind energy under different air flow speed and rain energy under different rainfall intensity. Reproduced from ref 244, Copyright 2021,
American Chemical Society. (d) Schematic of fabrication process of PVDF-HFP/SEBS/Cs;Bi,Br, nanofiber composite-based TENG. The
TENG device shows excellent stretchability, waterproofness, breathability, and mechanical stability after extreme deformations. Reproduced

from ref 246, Copyright 2022, John Wiley and Sons.

oxygen functional groups on the surface, while SDS surfactant not only
promotes the emulsification and dispersion of GO in the PDMS matrix,
but also provides sufficient anionic head groups to further boost the
negative charges in the composite. After the concentration and ratio
optimization, a maximum electrical output of 438 Vand 11 #A/cm? can
be obtained, which is over three-times higher than a pure PDMS-based
TENG device. Similarly, Ping et al. adopted a PDMS/MXene
composite film as triboelectric negative material.”** The introduction
of MXene improved both the electron trapping ability and the electrical
conductivity of the composite film, which enhanced the tribonegativity
and reduced the interfacial impedance of the TENG device. The
optimum electrical output voltage and current of PDMS/MXene film
are ~119 V and 11 pA, respectively, which is 7-times greater than the
pure PDMS TENGs. To further enhance the charge trapping capacity
of triboelectric materials, Lee’s group also developed a series of flexible/
stretchable nanocomposites, including hydrophobic cellulose oleoyl
ester nanoparticles (HCOENPs)/black phosphorus (BPs)/polyethy-
lene terephthalate (PET) textile,”®' poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP)/fluorinated carbon nanotubes
(F-CNT) film,*** and PVDF-HFP/styrene—ethylene—butylene—styr-
ene (SEBS)/Cs;Bi,Br, nanofiber composite.246 The HCOENPs/BPs/
PET textile was prepared via a dip-coating or spray-coating method, and
BPs significantly improved the triboelectric performance owing to their
strong electron accepting properties and high specific surface area
(Figure 27(b)).>*" Meanwhile, HCOENPs also promoted the electron
trapping process and protected BPs from degradation. Owing to the
synergistic charge trapping mechanism of BPs and HCOENPs, a
maximum electrical output voltage and current density were enhanced
up to 880 V and 1.1 yA/cm?, respectively, which could easily drive over
150 LEDs in series. Furthermore, a PVDE-HFP/F-CNT nanofiber film
was also fabricated through an electrospinning method (Figure
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27(c)).*** The addition of F-CNT microspheres not only intensified
the tribonegativity but also the surface roughness of the nanocomposite,
resulting in an enhanced electric performance as well as excellent
hydrophobicity of the nanofiber film. The prepared flexible TENGs also
displayed a strong electrostatic adhesion, which made them easily
attach on the surface of plant leaves, enabling them to harvest
mechanical energy from ambient environment such as wind and rain
energy, as shown in Figure 27(c). To further improve the stretchability
and electrical output of nanofiber composite, a PVDF-HFP/SEBS/
Cs3Bi,)Bry nanofiber composite was also prepared through an in situ
electrospinning method (Figure 27(d)).**® SEBS microspheres can
serve as stretchable binders and hydrophobic agents, endowing the
composite with excellent stretchability and waterproofness, while the
incorporation of Cs3Bi,Bry perovskites can function as effective electron
acceptors that improved the charge trapping capacity of the composite.
The excellent energy level matching between PVDF-HFP nanofibers
and perovskites also reinforced the electron transfer efficiency and
decreased the charge loss, further boosting the output performance.
Due to these promising advantages, this nanofiber composite-based
mechanical energy harvester shows exceptional electric output of 400 V
and 1.63 uA/ cm?, setting a record of output voltage among all halide
perovskite-based mechanical energy harvesters. The device also
exhibited outstanding durability, deformation resistance, and mechan-
ical stability, which can sustain stable electric output after various
physical deformations (washing, folding and crumpling).

In the case of metal-oxide (MO)-organic composites, zinc oxide
(ZnO) and titanium oxide (TiO,) are the most used fillers. ZnO
nanostructures are piezoelectric in nature, meaning they have the ability
to be polarized in the presence of force, leading to changes in the surface
potential of the composite film (Figure 28(a)). The presence of metal-
oxides in polyvinylidene fluoride (PVDF) also improves the -phase,
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Figure 28. (a) Schematic illustration for the working mechanism of ZnO incorporated PDMS-based TENG devices. Reproduced with
permission from ref 249, Copyright 2018, American Chemical Society. (b) 3D depiction of graphene-PVDF TENG comprised of PVDF/G and
PAG6 active layers. Reproduced with permission from ref 254, Copyright 2021, Elsevier. (c) Electrospinning process of PVDF and KPFM images
of surface potential for pristine PVDF and silver nanowire incorporated PVDF. Reproduced with permission from ref 259, Copyright 2018,
John Wiley and Sons. (d) Design of stator-rotator TENG based on CCTO-BMF and the output value of the device with different fillers.
Reproduced with permission from ref 141, Copyright 2020, John Wiley and Sons. (e) Electrical double layer formation at the solid—liquid
interface for enhanced output of the fluid-based TENG. Reproduced with permission from ref 269, Copyright 2021 John Wiley and Sons.

thereby leading to better polarization in the composite layer. Moreover,
the introduction of metal-oxides improves the dielectric properties and
surface roughness of the composite films.*** >*' Carbon based
materials like carbon nanotubes (CNTs), graphene, graphene oxide,
and reduced graphene oxide were also used as fillers in polymer matrix
to improve the TENG performance. The CNTs not only improve the
electrical conductivity but also enhances the mechanical properties for
designing stretchable and durable TENGs.”*>*** Graphene has
excellent electrical conductivity with optical transparency and its
introductions in PDMS increases the capacitance and reduces the
dielectric loss. The presence of graphene in PVDF improves the -phase
content and electron trapping sites to improve the TENGs perform-
ance.""”*%* In this regard, the graphene-PVDF TENG shown in Figure
28(b) produced an excellent output voltage of 1511 V and current
density of 189 mA m~2.""” Recently, an MXene (TiyC,T,) was reported
to exhibit triboelectric negativity similar to that of PTFE. MXenes can
improve the surface charge density and electrical conductivity of the
composite films. Similar to other materials, MXenes can also improve
the dielectric properties and polymers crystallinity. Ti;C,T, was mixed
with PTFE to improve the mechanical properties and surface charge
density. The use of MXene leads to 450% enhancement in the tensile
property, while the TENG fabricated with an MXene-PTFE active layer
showed 4- and 6-times enhancement in terms of the voltage (397 V)
and current (21 pA), respectively.”*® Similarly, porous PDMS/MXene
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and PVA/MXene electrospun nanofibers were used for improving the
TENG performance.*”** The introduction of MXenes in PDMS
improves the surface potential of PDMS from about —95 V to about
—301 V, leading to a 7-fold enhancement in voltage (119 V) and
current (~11 pA).** MXene was also introduced in poly(vinyl
alcohol) (PVA) hydrogel to improve its stretchability by promoting
cross-linking. MXene nanosheets also enhance the conductivity and
improve the ionic transport for enhancing the TENG output.>*®
Similarly, metal—organic composites fabricated by using gold (Au)
and silver (Ag) nanostructures exhibited high performance when used
as the active layer in TENGs. In this regard, Au nanoparticles were
introduced in polytetrafluoroethylene (PTFE), resulting in a 70%
increment in current compared to pristine PTFE film.*” The
enhancement in performance was due to improvements in the material
capacitance, leading to effective charge trapping. In other work, the
introduction of Au nanoparticles in mesoporous PDMS led to a 5-fold
improvement in power via dipole alignment.'** In the case of silver,
nanowires used as a filler in polymers is well documented, which
improves the conductivity, surface potential, and lowers the Fermi
energy of the composite film for enhancing the TENG output.***>%
One such example is shown in Figure 28(c), where the surface potential
of PVDF changes from —225 mV to —441 mV when 3 wt % silver
nanowires were mixed in the polymer.”** Ferroelectric materials like
barium titanate (BTO), calcium copper titanate (CCTO), and zinc
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Figure 29. (a) Chemical structure and the schematics illustrating the influence of MXene blending into the PVDF matrix to form H-bonding. (b)
Schematic device structure of as-fabricated TENGs. (c) Dielectric constant as a function of measurement frequency. (d) Dielectric loss as a

function of measurement frequency. (e) Open-circuit voltages (

V,.) and (f) short circuit current (I,.) (g) charge of the TENG for different wt %

of MXenes in PVDF. Reproduced from ref 142, Copyright 2021, Elsevier.

sulfite (ZnSO;) are an excellent choice of fillers in a polymer to improve
the TENG performance. The majority of ferroelectric materials have a
high dielectric constant and can increase the surface charge density (o)
of the composite film.”*"**> Similar to other materials, the use of
ferroelectric polymers can also improve the polymer crystallinity. In this
regard, high dielectric materials like BTO and CCTO were introduced
in P(VDF-TrFE) and butylated melamine formaldehyde (BMF),
respectively.'*">** The TENG based on 5 wt % BTO showed an output
of 330 V and 0.3 mA.*** The use of 1 wt % CCTO in BMF leads to a
voltage of 268 V and current density of 25.8 mA m~>"*" (Figure 28(d)).
Ferroelectric materials were also used to tune the dipole alignment for
enhanced performance of TENGs and ferroelectric polymer below the
active layer for TENGs operating in contactless mode.”***%*

In 2019, metal—organic frameworks (MOFs) were explored as fillers
in polymer for improving TENG performance. The use of HKUST-1 in
PDMS as a charge trapping material with better trapping capabilities at
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high relative humidity (RH) solves the issue of RH influence on TENG
output.”® Similarly, fluorinated KAUST-8 in PDMS enhances its
charge trapping and charge-inducing properties, leading to 11-times
improvement in power density.”®” In another approach, ionic liquid was
mixed with block copolymer as self-healing material for TENGs.”*® The
ionic liquid was also mixed with PVDF-HFP for enhancing the output
of fluid-based TENGs (Figure 28(e)). The ionic liquid/PVDF-HFP
TENG showed 212% higher power density (26.1 mW m™2) compared
to pristine polymer.”® However, composites using different materials
are widely explored for improving TENG performance; still, significant
efforts are required in theory for predicting composite dielectric
constants, polymer modifications, and use of eco-friendly materials.
Recently, 2D nanomaterials have attracted attention in various fields
due to their inherent structural and electrical characteristics. In TENGs,
they have also been used as fillers to form composite layers. For
instance, MXenes, a family of 2D transition metal carbides and
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Figure 30. Optimization of the poling process for TENGs. (a) Controllable charge transfer by ferroelectric polarization. Reproduced from ref
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direction of both ferroelectric polymer layers. Reproduced from ref 278, Copyright 2019, American Chemical Society.

carbonitrides, have excellent electrical and mechanical properties. trapping charges.”®"*®> Therefore, further investigation is needed to
Thanks to -F, —OH, -O and other functional groups, its surfaces can be exploit 2D-polymer composites for TENGs.
easily functionalized. Due to surface groups of -F, -O, and —OH, Ferroelectric polymers Nylon-11 and PVDF-TrFE are triboelectri-
MXenes exhibit highly electronegative properties.””® These functional cally high positive and negative polymers, respectively. They have been
groups on the surface also make MXenes hydrophilic>’"*”*> and widely used as friction materials because of their intrinsic ferroelectric
facilitate composite formation. In Figure 29, the TENG fabricated with properties.”** ™% To improve the ferroelectric properties of ferro-
electrospun PVDF/MXene composites achieved a peak power density electric polymers, various fillers such as metal oxides,**>**° 2D
1.6-times higher than that of pristine PVDF nanofibers attributed to the materials,””***"*** and ferroelectric materials*®>**” are composited
electrostatic attraction between the H or F atoms in the PVDF polymer with these polymers. In particular, ferroelectric fillers such as
and the functional groups of MXenes. Therefore, MXene-polymer BaTiO3,285’287 PZT,****** and MAPbI3295’296 induce additional
composites demonstrated enhanced electronegativity and thus polarization into the composite material and thus demonstrated high
functioned as good negative friction layers in TENGs.®>*7>*7* output performance. Among them, BaTiOj is a lead-free material with
Depending on their work function, 2D semiconductors exhibit slightly high dielectric constant and excellent ferroelectric properties, and is
different triboelectric properties.”’> Among them, nanoflake widely used as a ferroelectric filler for TENGs.*””**® In the case of
MoS,”"**” and bulk MoS,””*” have been extensively used in TENGs with ferroelectric composite layers, electrical polarization can
TENGs. When composited with the polymers, MoS, composites be applied to further improve the ferroelectric properties of the friction
demonstrate triboelectrically negative properties and work as a charge layers, inducing rearrangement of the dipoles inside the composite
trapping reservoir.”””*** Similar to metal oxide filler, these 2D materials through externally applied electric field.”*** Effective polarization of
also effectively increase the permittivity of the friction layers. By doping each composite can be achieved by appropriate electric field,
and controlling layer thickness of these 2D materials, symmetry in their temperature, and process time, which are determined by its coercive
crystal structure can be disturbed to modify their inherent properties, field, insulation resistance, Curie temperature, etc.’**** In addition to
inducing inherent dipole moment, increasing electronegativity, and optimizing the poling process, the direction of polarization must be
11119 https://doi.org/10.1021/acsnano.2¢c12458
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Figure 31. Charge trapping layer designs and their effects on the triboelectric performance. (a)-(i) Charge accumulation and decay properties of
the PVDF single layer TENG and PVDF/PS double layer TENG. (a)-(ii) Measured total surface charge with and without the PS/CNTs
composite layer. (a)-(iii) Friction layer structures and their maximum charge density. Reprinted with permission from ref 305, Copyright 2016,
American Chemical Society. (b)-(i) Schematic of the interface engineered TENG with the PDMS intermediate layer. (b)-(ii) Schematic of the
charge trapping mechanism of the PVDF-monolayer TENG and PVDF/PDMS-multilayer TENG. (b)-(iii) Current densities of PVDF/PDMS-
multilayer TENGs with various PDMS thicknesses. Reprinted with permission from ref 230, Copyright 2018, Elsevier. (c)-(i) Schematic
diagram of the TENG device with an interfused charge trapping layer. (c)-(ii) FE-SEM images of an electrospun PVDF layer and an interfused
PVDF/PDMS friction layer. (c)-(iii) Effects of interlayer thickness and structure on the triboelectric voltage. Reprinted with permission from

ref 309, Copyright 2022, Elsevier.

carefully decided to boost the polarity of the friction surface as shown in
Figure 30. Consequently, the dielectric properties and triboelectric
friction surface can be modulated through electrical polarization of the
ferroelectric composite materials to improve the performance of
TENGs. Besides, the polarized dipoles inside the composite layer also
affect the movement of the charge carriers, further enhancing the
triboelectric output,”*#3°%3%*

2.4. Interlayer Modifications. As well as surface and bulk
modifications, intermediate layer engineering is a promising approach
for achieving improved triboelectric performance. As its name suggests,
the interlayer modifications are usually treated between tribo-materials
and electrodes. The interlayer modifications are able to control the
interfacial properties based on physical characteristics of the interlayer
materials. On the technical background, there are two major issues of
surface charge decay and electrostatic induction hindrance by the
charge recombination at electrodes.”*>*%° The surface charges exposed

in air can be naturally reduced because the electric field of the charge
attracts ions, which are always present in the atmosphere.””*% In
addition, the surface charges can be reduced by a drift process caused by
the electric field and a diffusion process caused by the concentration
gradient of electrons.’®> Therefore, the surface charge decay induces
the reduction of triboelectric performance. The electrostatic induction
hindrance can occur at the interface between tribo-materials and
electrodes. In electrodes, there are numerous free electrons and they are
able to nullify the electrostatic induction due to recombination.”** The
suppression of electrostatic induction negatively affects the triboelectric
behavior, and the corresponding triboelectric performance can be
reduced. Therefore, to reduce the negative effects and enhance the
triboelectric performance, interfacial engineering methods were widely
investigated. In this section, we review the interfacial engineering
approaches according to two categories: electron trapping layers
(ETLs) and electron blocking layers (EBLs)/functional interlayers.
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Elsevier.

The electron trapping layers (ETLs) or charge trapping layers
(CTLs) has been investigated to minimize the surface charge decay
issue and to improve the triboelectric performance. Based on the
dynamic behavior of the triboelectric charges under the incident of
external electric field, Cui et al.’*® demonstrated and suggested the
three-layered friction layer. In this research, the polyvinylidene fluoride
(PVDF) was utilized as a negative friction layer and Al was utilized as
both a counter friction layer and electrode. To form a charge storage
layer, polystyrene (PS) was selected due to its relatively low electron
mobility and carrier density compared to PVDF (Figure 31(a)-(i)). In
addition, for the improved charge storage capability, the utilization of
composites with conductive materials was suggested. In this research,
carbon nanotubes (CNTs)/PS composites were utilized and the total
triboelectric charge density was improved over 11-times, compared to
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PVDF monolayer-based TENG devices (Figures 31(a)-(ii),(iii)).
Based on this friction layer design approach, various forms of friction
layer were suggested and demonstrated.

Feng et al.”*® demonstrated the effectiveness of the polymeric
interlayer for enhanced triboelectric performance. Polyimide (PI) was
utilized as the intermediate layer called the “charge storage layer.” The
charge storage layer was deposited between a negative tribo-material
(i.e, PVDF) and an electrode (i.e., Cu). The PVDF collects the
negative surface charges by triboelectrification with the nylon and the
PI layer stores the negative charges in it due to its high negative polarity.
Compared to the PVDF monolayer-based TENG, the triboelectric
outputs were improved over 9-times. Kim et al.**° also proposed a
polymeric intermediate layer called the “deep-trap interlayer” (Figure
31(b)-(ii)). The PVDF and Al were utilized as a negative tribo-material
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and an electrode, respectively, and a polydimethylsiloxane (PDMS)
interlayer was inserted between them (Figure 31(b)-(i)). The electron
trapping effect is based on charge trapping theory, in which charges can
be captured by physical and chemical trapping sites in the amorphous
phase of polymers, the cross-linking networks and the functional
groups.”***°7% With the PDMS interlayer, the triboelectric perform-
ance can be improved by approximately 48-times compared to the
pristine PVDF-based TENG device (Figure 31(b)-(iii)). Kim et al?”
demonstrated the advanced design of a polymeric interlayer-based
TENG. In this study, the electrospun polyvinylidene fluoride co
trifluoroethylene (PVDE-TrFE) and PDMS were utilized as a negative
tribo-material and a charge trapping layer, respectively (Figures 31(c)-
(i),(ii)). The interfused charge trapping layer was proposed to
effectively capture the triboelectric charges in the PDMS interlayer
(Figure 31(c)-(ii)). The interfused structure can improve the contact
between PVDE-TrFE and PDMS and it can enhance the charge
transport from PVDE-TrFE to PDMS. Thereby, the charge trapping
capability of the PDMS layer can be improved, corresponding to
enhancement of the triboelectric performance by approximately 2-
times and 6-times compared to the PVDF-TrFE-based TENG and the
simple bonded PVDF-TrFE/PDMS TENG, respectively (Figure

31(c)-(iii)).
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Advanced conductive materials/polymer composites-based charge
trapping layers have been investigated. Wu et al.>'" demonstrated
reduced graphene oxide (rGO)-based ETL for enhanced triboelectric
behavior (Figure 32(a)-(i)). Polyimide (PI) was utilized as a negative
tribo-material and a PI/rGO composite layer was deposited inside of
the PI layer as an electron storage layer. The rGO also modifies the
interfacial energy band alignment (Figure 32(a)-(ii)); this energy band
alignment provides the electron trapping capability. Due to the electron
trapping effect, the triboelectric performance was improved over 3-
times compared to a pristine PI-based TENG device (Figure 32(a)-
(iii)). Jiang et al* also investigated an advanced rGO-based
intermediate layer. PVDF and Al were utilized as a negative friction
layer and an electrode, respectively. Here, as well as for the rGO, Ag
nanoparticles (NPs) were used to form an intermediate layer that has
the improved dielectric property. Due to the abundant charge carriers in
Ag NPs, the polarization effect can be enhanced and the corresponding
triboelectric performance can be improved. Therefore, by using the
rGO/Ag NPs composites, the S-fold triboelectric outputs were
obtained.

Based on the energy band alignment control, Hwang et al
investigated the optimized ETL for polydimethylsiloxane (PDMS)-
based TENG devices (Figure 32(b)-(i)). The negative tribo-material
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was PDMS and various carbon nanomaterials such as graphene oxide
(GO) and graphite were selected to compare their charge trapping
capability (Figure 32(b)-(ii)). The largest enhancement was achieved
by the GO with abundant oxygen defects (ETL-R) and the
enhancement factor for the triboelectric performance was 3.5 (Figure
32(b)-(iii)). Due to the charge trapping by oxygen defects and huge
modification of interfacial energy band alignment called the “band-well
structure,” the charging trapping capability can be formed in the GO/
PDMS composite layer, compared to the graphite/PDMS composite
intermediate layer (Figures 32(b)-(iv), (v)). Li et al*"’ also
demonstrated the carbon black-based ETL. The poly(ether sulfone)
(PES) was utilized as a negative tribo-material and PS was utilized as a
charge storage material. To improve the charge transport capability, the
PS/carbon black composite film was utilized. Due to the improved
electron transport and storage capability, the triboelectric outputs were
improved by approximately 3-times compared to the PES-monolayer-
based TENG device. As well as carbon nanomaterials-based ETLs, the
2D material-based ETL was proposed. Wu et al.*”’ investigated the
molybdenum disulfide (MoS,)-based ETL for the enhanced tribo-
electric performance. In this study, the PI was utilized as a negative
tribo-material and MoS, monolayer/PI composite was utilized as an
electron trapping layer. By modifying the interfacial energy band
alignment, it is able to trap the electrons in MoS,. With the MoS,-
intermediate layer, the triboelectric power density can be improved by
over 120-times compared to PI-monolayer-based TENG device. Xiong
et al.”®" presented that black phosphorus (BP) can be utilized as an
intermediate material for the enhanced electron trapping capability.
The cellulose-derived hydrophobic nanoparticles (HCOENPs) plays a
role as a negative tribo-material. Compared to the HCOENPs-based
TENG device, the triboelectric performance was enhanced by
approximately 3-times. The MXene composites can be utilized as an
electron trapping layer. Chen et al.*'* investigated how ETL consists of
MXene/titanium dioxide (TiO,) composite. The mixed cellulose esters
(MCE) and Cu were the negative and positive tribo-materials,
respectively. The counter tribo-material was Cu. Based on how oxygen
vacancies can trap the electrons, the heavily oxidized MXene (HO-
Ti;C,T,) was utilized. TiO, nanoparticles also have abundant electron
trap sites. The composite film was deposited between MCE and the Cu
electrode. Due to the numerous electron trapping sites, the enhanced
electron trapping capability was acquired. Furthermore, the polar-
ization can be improved because the TiO, layer provides high relative
permittivity. Due to the electron trapping effect and the enhanced
polarization, the corresponding triboelectric performances were
improved by over $-times. Salauddin et al.®>"> presented the laser-
carbonized MXene/ZiF-67 (LC-MXene/ZiF-67) composite-based
intermediate layer with a silicone friction layer. Due to the presence
of abundant charge trapping sites originated from the chemical
structure and the porous structure, the LC-MXene/ZiF-67 inter-
mediate layer can have a great charge trapping property. Thereby, the
triboelectric performance was improved by over 9-times.

Electron blocking layers (EBLs) have been investigated to suppress
the electrostatic induction hindrance at the interface between tribo-
materials and electrodes. Park et al.>** introduced and reported the EBL
using a sputtered titanium oxide (TiO,) layer (Figure 33(a)-(i)). Here,
the friction layer was polydimethylsiloxane (PDMS) and the electrode
was Al film. The electron blocking mechanism is based on the free
electron capture capability of oxygen vacancies in the TiO, layer
(Figure 33(a)-(ii)). Since the oxygen vacancies are electrically positive
defects, it is able to capture the free electrons in Al electrode under the
external electric field. The electron blocking capability of the TiO, layer
is directly related to the amount of oxygen vacancies. Therefore, it is
important to increase the ratio of oxygen vacancies in the interlayer.
However, the interlayer affects not only the electron blocking property
but also the device capacitance. Since the device capacitance and
electrostatic induction can be reduced with the increment of material
thickness, it is required to form an interlayer with an optimal thickness.
With the electron blocking effect, the 25-fold enhanced triboelectric
performances were obtained (Figure 33(a)-(iii) ). Based on the electron
blocking capability of the TiO, layer, Hwang et al.>'® demonstrated the
EBL:s for both positive and negative tribo-material. Here, the positive

friction layer was a thermoplastic polyurethane (TPU) and the counter
friction layer was a polytetrafluoroethylene (PTFE). The TiO,
interlayers were formed beneath both friction layers. This work
demonstrated that the EBL technique is valid for obtaining an enhanced
triboelectric behavior of both positive and negative tribo-materials. For
positive tribo-materials, the TiO, interlayer prevents recombination of
the surface positive charges and free electrons in a top electrode. In the
case of negative tribo-materials, the TiO, interlayer captures the free
electrons in electrode and preserves the electrostatically induced
positive charges in a bottom electrode. By adapting electron blocking
layers on both positive and negative tribo-materials, the triboelectric
performance was improved by approximately 12-times compared to the
pristine PTFE-TPU-based TENG device. As well as TiO,, graphite has
an electron blocking capability. Xin et al.>'” also demonstrated the
electron blocking capability of a graphite paper (Figure 33(b)-(i)).
Here, the graphite paper was inserted between a positive friction layer
(Cu) and an electrode (Ni) (Figure 33(b)-(ii)). The graphite is a
multilayered graphene and the graphene is able to prevent electrons
from drifting and diffusing due to the sp>-hybridized structure. Thereby,
the electron blocking capability can be formed in the graphite paper.
The electron blocking effects of different interlayers consisting of
various materials such as Gp, Ti, paper, and rubber were compared and
the Gp interlayer showed the largest accumulated charges (Figure
33(b)-(iii)). The self-assembled monolayers (SAMs) are also valid
intermediate materials to improve the triboelectric performance. Kim et
al.>'® presented the SAM-based intermediate layer and its mechanism.
The PDMS was utilized as a negative friction layer and Au was utilized
as an electrode. The thiolate SAMs, such as 4-aminobenzenethiol
(ABT), 2,3,4,5,6-pentafluorothiophenol (PFBT), and benzenethiol
(BT), were deposited between PDMS and the Au electrode. The
working mechanism is based on the matching of an electrostatic
induction direction of PDMS and a dipole moment of SAM. The SAMs
with a positive functional group (e.g, -NH,) can boost up the
electrostatic induction of a negatively charged PDMS by providing
dipole momentum in the same direction. On the other hand, the SAMs
with a negative functional group (e.g., -F) can hinder the electrostatic
induction of negatively charged PDMS due to their dipole moment in
the opposite direction. For the positively charged PDMS, the negative
SAM is utilizable but the increased work function of Au electrode
negatively affects the triboelectric performance. The triboelectric
performance of ABT-TENG was improved by 2.5-times compared to
the PDMS-monolayer-based TENG.

Due to the rapid development of microscale electronic devices, such
as nanorobots and microelectromechanical devices, in recent years,
layer-by-layer (LbL) self-assembly has been considered for the demand
for ultrathin devices. This LbL assembly technology not only
successfully overcomes the thickness problem in performance improve-
ment and applications of TENG, but also presents a low-cost, eco-
friendly process and large-scale production. This review highlights
recent advances in the development of LbL-based tribomaterials for
TENGs, demonstrating their potential in the field of energy harvesting
devices reviewed to date. Finally, we briefly present a perspective on
LbL assembly orientations for various ultrathin TENG implementa-
tions.

Through decades of innovation, LbL self-assembly has emerged as
one of the most versatile fabricating methods used to develop
multifunctional thin-film coatings.*”**° LbL assembly is a method
used to create ultrathin multifunctional films by alternatively immersing
a substrate in solutions containing positive and negative polyelec-
trolytes. In terms of charges, polyelectrolyte can be classified into three
categories: polycations, polyanions, and polyampholytes. Polyampho-
lytes are ionic polymers that have both positively and negatively
charged groups, resulting in dense conformation due to the attraction
between opposite charges. On the other hand, polycations and
polyanions have positively and negatively charged groups, respectively,
and take the form of extended chains owing to the repulsive force
between charged groups.

Kim et al. introduced LbL assembly induced TENGs that exhibit
high electric output under a wide range of humidity conditions using
replicas of nano/microporous multilayer film (Figure 34).2% In this
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study, a cationic poly(allylamine hydrochloride)/anionic poly(acrylic
acid) multilayer film was prepared using electrostatic LbL-assembly,
and then sequentially immersed in acidic water to form a nano/
microporous multilayer. The porosity of the multilayer was controlled
by the solution concentration of the polyelectrolyte (for multilayer
deposition) and the solution pH (for acidic treatment). When the
porous multilayer was used as a mold for the fabrication of triboelectric
PDMS films, the replicated PDMS films exhibited enhanced hydro-
phobic properties due to the formation of the nano/microstructured
bumps and the relatively low surface energy of PDMS. The film device
displayed high electric outputs of 242 V and 16 uA/cm’ (for
comparison, the outputs of the flat PDMS film were 75 V and 6.1
uA/cm?) under a compressive force of 90 N at 20% relative humidity.
The output voltage was maintained at 194 V (for comparison, the
output voltage of the flat PDMS film was 14 V) under a high humidity
condition of 80% relative humidity. Given that the surface morphology
and modification of the triboelectric film can be easily and delicately
controlled through electrostatic LbL assembly and additional
fluorination treatment, this approach can provide a facile, versatile,
and cost-effective tool for designing large-area TENGs with excellent
electric output and high humidity resistance.

Menge et al. reported a designable functional polymer nano-
composite layer via an LbL assembly process to manage highly
deformable TENGs (Figure 35(a)).**' To enhance the output of the
TENG, a high dielectric titanium(IV) oxide (TiO,)-based nano-
composite interlayer was used between the negative tribomaterial and
the electrode. The functional interlayer was designed with a multilayer
of TiO, nanoparticles and poly(4-styrene-sulfonic acid) through the
LbL process. The achieved output performance was approximately 3.8-
and 5.7-times higher than those without the functional nanocomposite
layer owing to the effects of the functional layer, i.e.,, improved
polarizability and increased surface roughness. Guo et al. investigated
how contact electrification can be controlled by polyelectrolyte films.>**
The selected substrate is polyimide (Kapton), which is used in both the
electronic packaging industry and in triboelectric nanogenerators.
Chung et al. prepared a flexible graphene-based ultrathin tribomaterial
using LbL assembly from poly(4-styrene-sulfonic acid)-modified
graphene nanoplatelets, where the strong hydrogen bonding with
poly(vinyl alcohol) plays an important role in LbL deposition (Figure

35(b)).>* Poly(4-styrene-sulfonic acid), which is known to be effective
in dispersing graphene in water, was used to enhance the surface charge
of graphene to improve the dispersion and surface adhesion of
graphene. The growth trend confirmed the successful combination and
constant composition of poly(vinyl alcohol) and graphene. Interest-
ingly, the multilayered thin film TENG containing three graphene
layers showed a maximum output voltage of 100 V and a current of 5
mA. Lee et al. reported a wrinkled elastomer with bulk metal-like
conductivity, high electrical stability, and large electrode surface
without further treatment process by in situ cooperation of solvent
swelling and metal nanoparticle assembly (Figure 35(c)).>** The
authors layer-by-layer assembled tetraoctylammonium bromide-
stabilized Au nanoparticles dispersed in toluene on a thiol-function-
alized PDMS film with tris(2-aminoethyl)amine in ethanol. With this
ligand-exchange LbL process, TENGs with Au nanoparticle-based
elastomeric electrodes were fabricated. The authors also investigated
the change in electrical output of various types of TENGs (ie.
combinations of rigid or elastomeric electrode with planar or embossed
PDMS) under repeated compressive force at S Hz application
frequency and 20% relative humidity.

2.5. Functional Tribomaterials. 2.5.1. Self-Healing Materials. In
this section, we review the application of self-healing polymer materials
to TENGs, which aims to improve the durability of devices. As
mechanical energy harvesting-based devices, TENGs must frequently
suffer from various mechanical impacts. Such interaction inevitably
accelerates devices fracture, leading to degradation in durability and
lifespan of the device.”**™**” The combination of self-healing polymers
with TENGs is a straightforward method to overcome the above
challenges in TENGs.>*”~*** The self-healing polymer is one type of
smart material allowing fractures to restore to their original state.**"***
The acquisition of this healability is attributed to the existence of some
special bonds, including dynamic covalent bonds, reversible covalent
bonds, and noncovalent bonds in the molecular structures of self-
healing polymers.**"*** From a molecular level (Figure 36(a)),
mechanical damage may cause polymer chain cleavage, and further
generate some reactive end-groups. Compared to traditional polymers,
the reactive end-groups generated in self-healing polymers possess the
special ability to reassemble at the broken site, leading to the
reformation of broken chemical bonds. Meanwhile, the mobility of
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cleaved polymer segments, including conformation changes and
diffusion, contributes to the molecular network rearrangements around
the fracture area. Their cooperation results in the recovery in molecular
structural integrity, arriving at the material’s repair.”*"*** Both the
reformation of bonds and the mobility of molecular segments are
strongly affected by the external stimuli. Self-healing polymers therefore
can be categorized as autonomous (healing occurs without stimuli) and
nonautonomous (healing requires external stimuli).>**

By employing self-healing polymers as constituent materials, the
resultant self-healing TENGs are endowed with the ability to repair the
device’s structure (Figure 36(b)) and electrical performance (Figure
36(c)) once mechanical damage is occurred,”*>*** which technically
improves the lifespan, durability, and reliability of devices. Additionally,
by means of the healing process, self-healing TENGs also present
shape-tailorabilitg and adapt readily to various application occasion
(Figure 36(d)).? 6336 Currently, most self-healing TENGs consist of a
self-healing polymer contact layer and the conductive filler as
electrodes. Herein, the healing of the polymer layer not only guarantees
mechanical property restoration of the devices, but also assists the
recontact of broken electrodes for their conductivity recovery.*>”**
The full healing of TENGs is therefore achieved. Note that the recovery
of the output performance of TENGs mainly depends on the healing of
electrodes conductivity.””” Some intrinsic self-healing electrodes have
also been developed based on conductive self-healing polymers, such as
hydrogel,****° organohydrogel,>*>**' and ion-conducting elasto-
mer.*** Among them, self-healing hydrogel is the most representative
self-healing electrode material used in TENGs, which possesses the
advantages of transparence, stretchability, and biocompatibility.******
Recently, the self-healing organohydrogel electrodes is attracting
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increased attention (Figure 36(e)) due to its superior freezing-
resistance compared to hydrogel, which is beneficial for devices
operating under harsh environments.>*°

Even though a series of self-healing TENGs have been developed,
some limitations still exist especially when these devices are extended
into practical operation. One of the obstacles is the conflict between
bulk strength and healability.****** In Figure 36(f), we summarize the
healing ratio and the mechanical strength of numerous self-healing
polymers used in TENGs,*>”*33#13467353 1t was found that TENGs
based on autonomous-self-healing polymers perform good healability
under ambient conditions but low inherent mechanical strength. This
implies that these autonomous-self-healing TENGs are liable to be
damaged, and possibly show worse durability than regular TENGs. In
contrast, TENGs based on nonautonomous-self-healing polymers
usually can arrive at higher strength. However, their healing requires
external stimuli (e.g., temperature and light illumination), which can be
inconvenient. Hence, the development of some nonautonomous-self-
healing polymers that can be triggered by mild and ubiquitous stimuli
from the operation environment may be a compromise solution to
obtain self-healing devices with more comprehensive properties toward
practical application. Another challenge for most self-healing TENGs is
their relatively low electrical output. On the one hand, the dynamic or
reversible bonds in self-healing polymers are usually relatively weak.
This may cause larger dissipation in mechanical energy input and
therefore lower energy conversion efficiency compared to that of
regular polymers. Besides, the triboelectric property of current self-
healing polymers is usually not located at extreme positions of the
triboelectric material series, which also leads to the degradation in the
electrical output. Therefore, the strategy of material’s design is still
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considered as the main method for realizing the output performance
improvement of self-healing devices. Accompanying with the
continuous progress in self-healing polymers, it is foreseen that more
advanced self-healing TENGs with expected performance and
application advantages will be emerging devices.

Polyurethane (PU), one of the shape memory polymers (SMP), was
proposed as a triboelectric material based on its relatively low glass
transition temperature (Tg) of 55 °C (Figure 37(a)).*** In this work,
the PU triboelectric layer forms a pyramid-patterned microstructure
(width and height: 10 ym) to achieve high triboelectric output
performances of ~60 V open-circuit voltage. In addition, a theoretical
study to understand the self-healing property was explored through the

following constitutive mechanical equation:

s = s(C() + fo E(G(t—s),5 C(8)) ds -

where S represents the second Piola-Kirchhoff stress tensor, S,
represents the elastic second Piola-Kirchhoff stress tensor, C is the
Cauchy tensor, and F represents a general tensor-valued function
determined by the variables of G(¢ — s) and s (¢: the current time, s: the
historical time). When the mechanical characteristics of PU were
considered to solve eq 24 above, it can be found that PU generally
follows the stress—strain curve that exhibits elasticity, hyperelasticity,
and plasticity. Therefore, PU is known to be more resistant to any
permanent mechanical deformations. The mechanically deformed
SMP-based TENGs were electrically characterized with a temperature
variation from 25 to 65 °C. When the temperature reached 55 °C, the
TENG was recovered and generated open-circuit voltage output of 83
V. Its stability and repeatability were further confirmed through 30
cycles of deformation and healing process, demonstrating the strong
reliability of the SMP-based TENG operation.

Polyurethane acrylate (PUA) film was also adopted as a self-healable
triboelectric material (Figure 37(b)).**® The self-healing property of
the PUA was realized through the application of T, temperature by
recovering the breakage of intermolecular hydrogen bonds and covalent
bonds (type I: [-NH--O=C—]; type II: [-NH--O=C—0-]). After
treating at 100 °C for 24 h, the bifurcated pieces of the PUA were
mechanically healed with an efficiency of 45.1%. The energy harvesting
performance of the PUA-based TENG remained unchanged after the
healing process compared to the original performance of the TENG.

PDA-CNTs/PVA hydrogel was also introduced as a triboelectric
material that shows a complete healing process at room temperature
within 10 min (Figure 37(c)).>*® This hydrogel was synthesized by
combining sodium borate, poly(vinyl alcohol) (PVA), and the
poly(dopamine) (PDA)-modified carbon nanotubes (CNTs). The
catechol and amino functional groups in PDA materials act as hydrogen
bonding sites with the hydroxyl functional groups in PVA, improving its
self-healing performance. The major contribution to the self-healing
property was made by sodium borate. The borate ions provide the
binding site with the hydroxyl functional groups in PVA, exploiting the
dehydration reaction. These PDA-CNTs/PVA hydrogel-based TENG
were attached to the human body, such as the wrist and elbow joints.
Despite the sizable bending angle of each joint, the stable electrical
outputs of the joint-adhered TENGs imply their excellent self-healing
ability.

2.5.2. Noise-Canceling Material. This section discusses the noise-
canceling TENG that can significantly reduce the noise level during its
operation (Figure 38).”>” The framework of the TENG was fabricated
using 3D printing technology, allowing its facile fabrication. Poly-
(dimethylsiloxane) (PDMS) balls, easily synthesized using a 3D printed
master mold, acted as an electron-accepting material. To develop the
noise-canceling TENG, the silver nanowire (Ag NW) embedded PU
sponge covered the inner surface of the 3D printed cylindrical structure,
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Figure 37. Material design and characterization for self-healing material-based TENGs. (a)-(i) Schematic illustration of the SMP-based TENG.
(a)-(ii) SEM image that shows microscale pyramid pattern of the PU layer. (a)-(iii) FEM simulation result that expresses the potential
distribution upon contact-electrification. (a)-(iv) Electrical characterization of the SMP-based TENG upon various healing temperatures. (a)-
(v) Extended electrical characterization with repetitive deformation and healing cycles. Reprinted with permission from ref 354, Copyright
2015, Royal Society of Chemistry. (b)-(i) Schematic of the PUA-based TENG. (b)-(ii) Illustration showing self-healing property of the PUA.
Demonstration of the self-healing performance with (b)-(iii) a stress—strain curve and (b)-(iv) triboelectric output performances. Reprinted
with permission under a Creative Commons CC BY license from ref 355, Copyright 2019, Springer Nature. Schematic illustration showing the
material synthesis of (c)-(i) the PDA-CNTs/PVA hydrogel and (c)-(ii) the PDA-CNTs. (c)-(iii) Chemical structure displaying the self-healing
mechanism of the PDA-CNTs/PVA hydrogel. (c)-(iv) Demonstration of the hydrogel adherence. (c)-(v) Electrical characterization of the
joint-adhered TENGs to demonstrate their self-healable function. Reprinted with permission from ref 356, Copyright 2021, American

Chemical Society.

which generated open-circuit voltage output of 78 V and short-circuit
current of 0.75 mA. The noise-canceling performance of this TENG
was compared with an Al electrode-based cylindrical TENG. During
TENG operation, the Al-based cylindrical TENGs emitted a noise level
ranging from 67 to 75 dB, while the TENG with the Ag NW embedded
PU sponge showed a noise level ranging from 45 to 52 dB that is
comparable to that of a normal conversation. The reduced noise level
resulted from the compressive and recovery characteristics of the
conductive sponge.

2.5.3. 2D Nanomaterials. 2D nanomaterials (e.g., transition metal
dichalcogenides and graphene) gained great attention due to their
material characteristics compared to bulk materials (Figure 39(a)).>”*
For example, 2D nanomaterials have in-plane mechanical stability due
to their strong covalent bonds. At the same time, there is a merely
infinitesimal interaction in the vertical direction that enables their facile
exfoliation from the bulk. Especially, their electronic properties, such as
charging polarities, provide an exceptional option for selecting
triboelectric materials. Figure 39(a) describes the surface charging

11127

mechanism of 2D nanomaterials under contact-electrification with
polymer materials. Here, the direction of electron transfer can be
determined by comparing their effective work function values; the
electron will be transferred to the empty electronic states from the filled
electronic states. Kelvin-probe force microscopy (KPFM) was used to
measure the quasi-Fermi level of the 2D nanomaterials. The effective
work function of 2D nanomaterials (¢,,) can be calculated based on
the following equation:

¢2D = ¢probe -

eVepp

(25)
where ¢,y represents the work function of the probe, e represents the
electronic charge, and Vp), is the measured value of CPD (contact
potential difference). It was noteworthy that MoS, has the highest value
of the effective work function, 4.85 eV. Meanwhile, WSe, showed a
relatively low value of the effective work function, 4.45 eV. Based on this

microscopic analysis, the triboelectric series of the 2D nanomaterials
was established, as shown in Figure 39(a).
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Figure 38. Material design and characterization for a noise-canceling TENG. (a) Schematic illustration showing the fabrication process of the
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Another characteristic of 2D nanomaterials can be found in the
localization of electric charges (Figure 39(b)).>*®* When a defective
graphene layer was rubbed with a Pt-coated AFM tip, the triboelectric
charges generated at the interface of the graphene and the AFM tip
tunnel through the defective sites of the graphene. Then, the tunneled
triboelectric charges remained trapped underneath the graphene layer.
These tunneled triboelectric charges lasted for several days, which
cannot be seen in conventional triboelectric materials. Based on this

finding, this work demonstrated the fabrication of both p/p* and p/n*
junctions (submicrometer scale) with the variation in the AFM tip bias.
Also, these junctions can be enlarged, reduced, and removed according
to the CMOS analog/digital circuits or MEMS design.

2.5.4. Biological Material-Based TENGs. This section will introduce
biological materials for TENGs used as energy sources for electronic
devices such as attachable,>>*>%° wearable,>*' =3¢ implantablef“’366
and environmentally friendly devices. TENGs for biological applica-
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Figure 40. Bio-TENG based on biological materials. (a)-(i) Schematic illustration of the silk-based TENG and its output voltage. (a)-(ii) Cell
viability after 2, 4, and 6 days of culture on different substrates. Reprinted with permission from ref 379, Copyright 2020, Elsevier. (b)-(i)
Schematic diagram of fabric based TENG structure and its output voltage. (b)-(ii) The photographs and SEM images of the degradation
experiment of BC and BC/CNT /PPy macro fiber and loss weight. Reprinted with permission under a Creative Commons CC BY license from
ref 361, Copyright 2022, Springer Nature. (c)-(i) Schematic illustration of the encapsulated TENG and its output voltage and current. (c)-(ii)
Cell viability test on the surface of the TENG, and comparison of normalized cell viability for 4 days. Reprinted with permission under a
Creative Commons CC BY license from ref 365, Copyright 2018, Springer Nature.

tions require biocompatibility and biodegradability to minimize
infection, inflammation, and secondary surgery.‘?’és_g’68 In addition,
biodegradable TENGs are advantageous for use in natural energy
harvesting applications such as wind, rainwater, and waves due to their
environmentally friendly properties that are naturally eliminated.
Materials typically used in TENGs, such as nylon,***”® polyvinyl
chloride (PVC),””"*”* perfluoroalkoxy alkane (PFA),*”**”* polytetra-
fluoroethylene (PTFE),>”**”° and aluminum (Al),*’**”” show strong
output performance but are not biocompatible or biodegradable,
making them unsuitable for biological applications in TENGs.
Therefore, biocompatible and biodegradable materials are being
actively developed for TENGs. Here we divide the biological materials
into natural and artificial materials and biocompatible and biocompat-
ible/biodegradable materials. The biocompatible natural materials refer
to biocompatible materials that can be obtained from human, animal or
plant such as silk,>”738" chitosan, 7% 7% cellulose,>¢3857388
plants,** 73" gelatin,****”* polypeptide, paper,*”*7%% rice
paper,””” wood,**® and alginate.*”" Biocompatible artificial materials
are materials that have been artificially processed through industrial
processing such as polyvinylidene fluoride (PVDE),****%* polydime-
thylsiloxane (PDMS),>¢* 365402403 141y (vinyl alcohol)
(PVA),363404405 poly(lactic-co-glycolic acid) (PLGA),>%%3¢63¢7 and
polylactic acid (PLA),**¢*% poly caprolactone (PCL).**® In
particular, silk, cellulose, plant, gelatin, polypeptide, and alginate in
natural materials and PVA, PLGA, PLA, and PCL in artificial materials
are biodegradable and are used in body implantable electronics because
they can be removed naturally from the human body.

394,395
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In 2020, Niu, Q. et al. reported a natural biocompatible material silk-
based TENG (Figure 40(a)).””” TENGs were fabricated using an initial
silk nanoribbon film (SNRF) and a regenerated silk fibroin film (RSFF)
with Mg electrodes, as shown in Figure 40(a)-(i). Cell viability tests
were performed to assess the biocompatibility of SNRF and RSFF for
days 2, 4, and 6, showing faster growth in SNRF and RSFF than controls
cultured on glass coverslips (Figure 40(a)-(ii)). In 2022, S. Hu et al.
reported a natural biocompatible/biodegradable bacterial cellulose
(BC) based TENG with carbon nanotubes (CNT), and polypyrrole
(PPy) based microfiber (Figure 40(b)-(i)).**' The degradability of
BC/CNT/PPy macro fibers was evaluated using an enzymatic
digestion method. Figure 40(b)-(ii) shows photographic and SEM
images of the real-time degradation process every 48 h, showing the
gradual degradation of BC/CNT /PPy macro fibers in the cellulase
solution. In 2018, Yao, G. et al. reported an artificial biocompatible
polydimethylsiloxane (PDMS)-based TENG (Figure 40(c)).>® The
TENG is implanted in mice and connected to nerves, and it generates
electrical energy from mechanical energy (Figure 40(c)-(i)). To
confirm the biocompatibility of the TENG, mouse cells were cultured
on the surface of the encapsulated TENG and in a reference culture dish
for 4 days to investigate and compare cell adhesion, proliferation, and
morphology (Figure 40(c)-(ii)). Cells in both media exhibited similar
densities and equivalent morphology. These results confirmed the
nontoxicity and biocompatibility of the encapsulated TENG. In 2020,
Peng, X. et al. reported artificial biocompatible/biodegradable PLGA-
and PVA-based TENGs.*® In contact with PTFE film, both types of
biodegradable film-based TENGs produced strong output power. In
addition, a biodegradation test was performed, and the results showed
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Reprinted with permission from ref 359, Copyright 2020, Elsevier.

that PVA exhibited rapid autocatalytic hydrolysis and bulk degradation
after 3 days of incubation, and its weight loss was up to 90%. Unlike
PVA, PLGA has strong resistance to weight loss and water absorption in
the early stages (days 0—21) but slightly shrinkage and curl due to
hydrolytic cleavage of the polymer backbone.

For the practical application of TENGs using these biological
materials, there are still challenge issues to overcome, such as low
output performance, limited materials option, mechanical properties,
encapsulation, and control of biodegradability. The output perform-
ance of the TENGs using biological materials still needs to be improved.
For high-performance TENGs, the friction material should have a large
surface area, high surface charge density, high dielectric constant, and
high positive or negative triboelectric properties. However, there are
many limitations in satisfying all conditions using biocompatible and
biodegradable materials. Recently, efforts to develop high-output bio-
TENGs using modification methods such as functional chemical
groups,sw"uo’411 structures,”*~**and charge storing‘”s_417 have been
reported. Kim, J.-N. et al. reported a high-output TENG based on
diatom-silica embedded in chitosan film (Figure 41(a)).” Diatoms
greatly helped increase the charge density generated on the chitosan
surface, resulting in the output of the TENG producing a maximum
output voltage and RMS current of 150 V and 1.02 yA, respectively.
Another challenging issue is the degradation control of the TENG. The
degradation rate should not be too fast or slow, and it is necessary to
degrade at the desired time after the service is finished. The
biodegradation rate is generally controlled by controlling the thickness
of the biodegradable material, but this is not sufficient for future
practical ag)plications. Recently methods such as material methanol
treatment,””” NIR,**” and ultrasound control®® have been used to
regulate the degradation of TENGs. D.-M. Lee et al. reported a poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)-based TENG that
controls biodegradation using ultrasound.”® The TENG can generate
electrical outputs under low ultrasound intensity (0.5 W/cm™2), while a
higher intensity of 3.0 W/cm™ ultrasound triggers the molecular level
degradation (i.e., hydrolysis). This TENG can be easily triggered to
initiate a transient process by tuning ultrasound power and, therefore,
no need for device removal methods.

Figure 42 represents an implantable TENG, of which the
triboelectric layer is based on the natural bioresorbable polymers
(NBPs) (e.g., cellulose, chitin, egg white, etc.).**” A pair of the selected
NBPs was assembled to measure the resulting triboelectric output

performances. Through these measurements, the triboelectric series of
the NBPs was settled, indicating that the egg white exhibited the most
tribo-positive property while the rice paper showed the most tribo-
negative property. In this work, the bioresorbable property of the NBP-
based TENGs was identified through in vitro and in vivo experiments.
Both experiments suggested that the TENGs could be fully degraded in
84 days.

Next, artificially synthesized biodegradable polymers (BDPs) were
also adopted as triboelectric materials to constitute an implantable
TENG.>®® In this work, the following BDPs were rationally chosen
since they are low cost, commercially available, and solution
processable: poly(L-lactide-co-glycolide) (PLGA), poly(3-hydroxybu-
tyric acid-co-3-hydroxyvaleric acid) (PHB/V), poly(caprolactone)
(PCL), and poly(vinyl alcohol) (PVA). Electrical characterization of
the BDP-based TENGs was identified by measuring transferred charges
upon repetitive contact-separation with Kapton membranes. Based on
this electrical characterization, PLGA showed the highest electron-
donating property among the other BDPs. In addition, the BDP-based
TENG was immersed in PBS (phosphate-buffered saline) solution (pH
7.4, 37 °C). The device suffered a severe mass loss after 40 days and
eventually underwent complete degradation after 90 days.

The time-transient performance of the bioresorbable and implant-
able TENGs mentioned above relies on a passive operation system, in
which the device lifetime is already determined by the material
dimension and mechanical/chemical characteristics. In contrast, D.-M.
Lee et al. represented a fully biodegradable and implantable TENG
(FBLI-TENG) that exploits an active operation system, which its
transience is determined by a well-defined triggering event.** The FBI-
TENG generates ultrasound-driven triboelectric outputs upon a low-
intensity ultrasound (probe power: < 1.0 W cm™2), while it exhibits
mechanical disintegration to trigger its biodegradation upon a high-
intensity ultrasound (HIU; probe power: > 3.0 W cm™2). The poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) polymer membrane
enabled this ultrasound-mediated transience. In addition, its porous
microstructure facilitates the localization of the ultrasound-driven
acoustic pressure, as demonstrated using a Finite Element Method
(FEM) simulation. Moreover, the ultrasound-mediated transience was
confirmed through an ex-vivo study. After the device insertion into a
porcine tissue, the ultrasound-driven triboelectric output was
measured. The device generated stable output performance upon the
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Figure 42. Material design and characterization for bioresorbable material-based TENGs. (a) Various types of NBPs and their natural resources.
(b) Schematic illustration of the NBP-based TENG. The inset displays the microscopic morphology of the NBP membrane. (c) Electrical
characterization of a pair of the selected NBPs. Reprinted with permission from ref 399, Copyright 2018, Wiley.

ultrasound with 0.5 W cm™, while it ceased functioning upon the HIU
(3.0 W em™).

3. TRIBOELECTRIC DEVICES

3.1. Operation Mechanisms of TENGs. Triboelectric
nanogenerators (TENGs) are based on a combmatlon of
triboelectrification effects and electrostatic induction,*'® which
can be classified into four main types based on different
operating mechanisms, as shown in Figure 43.

3.1.1. Contact-Separation (CS) Mode. Contact-Separation
(CS) mode TENGs are the contact separation mode proposed
in 2012 by the Zhonglin Wang group in Georgia Tech.* At the
initial stage, there is no electric charge on the surface of the two
friction layers. As the friction layers become in contact with each
other normally in the vertical direction, based on the
electrification effect, the negative and positive surface will be
charged equally, and it will stay on the surface stably. When the
two friction layers start separating, the charge on the surface will
be introduced to the electrodes on the top, this charge flow
between two electrodes transfer the mechanical energy into
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Figure 43. Four operation mechanism of triboelectric nano-
generators (TENGs).
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Figure 44. (a) The opposite-charge enhanced transistor-like triboelectric nanogenerator (OCT-TENG). (a)-(i) Schematic of the cross section,
comparison of current output of OCT-TENG and the control device. (a)-(ii) Working principle of the OCT-TENG. The generated current and
U-Qplot of the OCT-TENG during one cycle of operation. Reprinted with permission under a Creative Commons CC BY license from ref 428,
Copyright 2021, Springer Nature. (b) The ion-enhanced field emission triboelectric nanogenerator (IEFE-TENG). (b)-(i) Schematic
illustration of IEFE-TENG). IEFE mechanism between top electrode and metal-to-metal contact point. (b)-(ii) Open-circuit voltage and
closed-circuit current of IEFE-TENG and control TENG. Reproduced from ref 429. Copyright 2019, Wiley-VCH. (c) Sliding-mode
triboelectric nanogenerator through direct metal-to-metal contact with the ground. (c)-(i) Structure schematic, (c)-(ii) short circuit currents
(), accumulative charge density, (c)-(iii) working mechanism and COMSOL simulations of the TENGs. Reproduced from ref 430. Copyright
2019, Elsevier. (d) Triboelectric nanogenerator based on serrated electrode via spark discharge. (d)-(i) A schematic illustration of SE-TENG,
serrated electrode and FE-SEM image of serrated electrode. (d)-(ii) schematic illustration of mechanism in which spark discharge occurs in a
gap between the serrated electrode and metal wire. FEM simulation results for electric field distribution. (d)-(iii) Triboelectric output the FE-
TENG, the SE-TENG, and the spark discharge SE-TENG. Reproduced from ref 431. Copyright 2020, Wiley-VCH.

electric energy eventually. This mode of TENGs is widely
utilized in environments with strong low frequency mechanical
contact, such as, floors, keyboards, and waves.

3.1.2. Relative-Sliding (RS) Mode. The Relative-Sliding (RS)
mode TENGs were developed in April 2013 by the ZL Wang

group to overcome the shortcomings of frequency limitation
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that exist in the CS mode TENGs,*'? and subsequently several
optimized RS mode TENGs were implemented to obtain
rotational energy as well as air-flow energies.**”**'

The difference of RS mode TENGs from the former mode is
that the device is working along the horizontal direction, in
which two friction layers start to stack. Based on the
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electrification effect, this overlapping area will introduce the
charge redistribution on the electrodes which will realize the
energy transformation from mechanical to electrical.

The most attractive advantage of RS mode TENG is
applicable for high-frequency applications and then generating
continuous output electricity. However, this operation method
of relatively sliding also poses a severe challenge to friction
damage on the surfaces of triboelectric pairs. Although several
studies have reported the considerable reliability of RS mode
TENGs, the long-term stability in practical applications remain a
major problem.

3.1.3. Single-Electrode (SE) Mode. The Single-Electrode
(SE) mode was invented by the Haixia Zhang group in Peking
University422 in August 2013, which is also named Single-
Friction (SF) mode in some cases.”*****

In SE mode, only one electrode directly interacts with the
moving triboelectric layer, while the other electrode is just a
reference electrode working as a source for electrons, which can
be a large conductor or just the ground. The major advantage of
this SE/SF mode TENG is its simple structure which is suited
for many applications with single surfaces, like cellphones and
walls.

3.1.4. Freestanding (FS) Mode. The Freestanding mode (FS)
TENG was proposed in January 2014 by the Zhonglin Wang
group; the operating principle is similar to that of the RS mode
TENG except continuous sliding friction is utilized.****° It can
harvest energy from a free-moving triboelectrically charged
object and generate an alternative output when the outer object
moves between the two electrodes.

Since electrostatic induction acts more importantly than the
electrification effect, the energy conversion efficiency of FS
mode TENG can achieve up to 100% theoretically, which makes
it applicable as active sensors with rich information and high
sensitivity/However, the free-standing design of movable
triboelectric layer makes it difficult to integrate with other
electronic devices and systems.

3.2. Instantaneous Discharged Device Designs. In this
part, we will discuss instantaneous discharged device designs.
Here, the structures and working mechanisms in previous
research are discussed, including TENGs based on solid—solid
and liquid—solid interfaces. Here, we empbhasize its character-
istics of high peak voltage generation. Finally, the brief
challenges and future direction of instantaneous discharged
device are discussed.

3.2.1. The Solid—Solid Based Instantaneous Discharged
TENG. By virtue of advantages of ultrafast discharging
characteristic of TENGs, various types of solid—solid based
instantaneous discharged devices have been developed to
elevate the electrical power output performance.*”” An ultrahigh
instantaneous power density (over 10 MW/m? at 1 Hz)
triboelectric nanogenerator was developed by leveraging the
opposite-charge—enhancement effect and the transistor-like
device design.””® The structure of OCT-TENG mainly includes
a stator substrate and a slider. The stator contains fluorinates
ethylene propylene (FEP), polycarbonates (PC) and four
electrodes (E,, E,, E;, and Eg). The slider contains a sheet
electrode E; coated on a thin FEP film. Analogously, E, and E,
could be regarded as the “source” (S) and E; as dynamic “drain”
(D). E; and Ej are the “gate” (G). The working mechanisms of
the OCT-TENG are shown in Figure 44(a). In detail, the
operation and power generation processes are divided into the
following four parts. At stage 1, electrode E; contacts the left
floating electrode to make the “ON” state of the left “transistor”.

When the slide moves toward the PC side (before contact with
Ej, state 2), the transistor is at the “OFF” state. Further moving
the slide to make E; touch the Ej, electrode, the right “transistor”
is in the “ON” state (state 3). Then, the “OFF” stage occurred
again when sliding back to the FEP side before contacting the E;,
electrode. At each stage, electrons transferred between the
corresponding electrodes and balanced the established potential
difference. Benefiting from the opposite-charge enhancement
effect and the transistor-like structure, at the “ON” state (stages
1 and 3), large amounts of charges (Q,-Q,) quickly transferred
from the “source” to the “drain”, leading to sharp and high
current peaks for high energy generation. Lee et al. reported an
ion-enhanced field emission triboelectric nanogenerator (IEFE-
TENG), which consists of a charge accumulation layer and a
metal-to-metal contact point. The structure of IEFE-TENG
includes five layers (top electrode, charge-generation layer,
IEFE-inducing layer, dielectric layer, and bottom electrode), as
shown in Figure 44(b).**” In the initial state, the positive charge
is generated in the top electrode due to the triboelectrification
and charge separation. Polymer dielectric layer is polarized
owing to the electric field between the charge-accumulation
layer and bottom electrode. The free electrons in the charge-
accumulating layer tend to concentrate on the metal-to-metal
contact point due to the attraction of positive charges on the top
electrode and the repel of negative charges on the bottom
electrode. As the top electrode approaches the metal-to-metal
contact point in a microscale gap of 1—10 pm, the field emission
is dominant for the gas breakdown due to quantum-mechanical
tunneling. The IEFE occurs when positive ions in between this
microscale gap could enhance field emissions by lowing the
potential barrier. As the top electrode continues to move and
contact with the metal-to-metal point, the electrons can directly
flow to the top electrode to keep electrical potential difference,
which generates high voltage and current output compared to
conventional TENG owing to the smaller energy loss.
Furthermore, Baik et al. reported a type of slide-mode TENG
with outstanding output enhancement via direct metal-to-metal
contact with the ground-connection,430 as shown in Figure
44(c). The key feature of the TENG is bottom plates including
three parts: PTFE/Al (electrode 1), middle Al film (grounded)
and Al (electrode 2). The working mechanism is investigated
from the physical movement at each stage. At the initial state, the
negative and positive charges are generated on the surface of
PTFE film and Al layer due to the triboelectrification and
electrostatic induction. When the top Al further moves to the Al
film with ground, the positive charges in the top Al layer induce
the electrons through Al from the ground, while the negative
charges in PTFE induce the positive charges on electrode 1,
leading to electron flow through the external circuit. Finally, the
electrons go through the Al to the ground when the top layer
contacted with the right part. Additionally, the obviously
increased electric potential difference via COMSOL simulation
between two electrodes in the grounded TENG facilitate driving
the current flow during sliding, which also supports the working
mechanism and enhances the output performance. Besides, Kim
et al. proposed a serrated electrode-based TENG (SE-TENG)
that generates ultrahigh power output based on the spark
discharge to drive high voltage operating devices directly."”" As
shown in Figure 44(d), due to the triboelectrification and
electrostatic induction, spark discharge occurs in the gap
between the serrated electrode and metal wire, which makes a
large number of electrons transfer at a rapid speed.
Consequently, a higher triboelectric output voltage peak and

https://doi.org/10.1021/acsnano.2c12458
ACS Nano 2023, 17, 11087-11219


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c12458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano www.acshano.org

(@) | (i)

Droplet

g

Droplet

U= 7 =
1 —— . - -

g
H

Voltage (V)
8
\ i

12345678910

o

|
]

0 10 20 30 40 0 10 20 30 40
Time (s) Time (s)

S,
i i . o
Cex Ry
(b) Negatively charged surface Positively charged surface

e P é«g ff%? B8 {3 B l &° . ¢ c

o) [ 1c10)
¢ f .

= c
Positive charge concentration
=
| High E + , .

Negatively charged surface
R,
+ €5

/_\ “‘—l— ol e

Positively charged surface |l Low Disconnected

(d) (i) On leaf surface
Cuticle
Upper epidermis

Palisade mesophyll
Spongy mesophyll =
Vein =] FBD-TENG

(this work)
Lower epidermis
FBD-TENG Leaf - TENG Tlﬂon TENG
—~4 0. 01
<
£ -0. 01
o2 (s) —0 02
35 -0, 01
[&]
0 4
Tissue/ L
electrolyte 30 40

Stage 1 T|me (s)

Figure 45. (a) A droplet-based electricity generator (DEG) with high instantaneous power. (a)-(i) Schematic diagram and optical image of DEG
devices. (a)-(ii) the output voltage and current of DEG compared with control device. (a)-(iii) Circuit model of DEG. Reproduced from ref 435.
Copyright 2020, Elsevier. (b) The single electrode droplet-based electricity generator (SE-DEG). (b)-(i) The working mechanism of negatively
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Reproduced from ref 436. Copyright 2021, Elsevier. (c) The direct current droplet-based electricity generator (DC-DEG) inspired by
thunderbolts. (c)-(i) Structure of the DC-DEG. (c)-(ii) The working mechanism and equivalent circuit of the DC-DEG. Reproduced from ref
437. Copyright 2021, Elsevier. (d) A biodegradable TENG (FBD-TENG) Based on Leaves of Living Plants. (d)-(i) Schematic of the cross
section of leaves and equivalent circuit of the FBD-TENG. (d)-(ii) Schematic of the working mechanism of the FBD-TENG. (d)-(iii) Current
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Figure 45. continued

generated from the droplet impact onto the FED-TENG, leaf-based TENG, and Teflon-based TENG. Reproduced from ref 389. Copyright

2020, American Chemical Society.

root-mean-square value are observed in spark discharge SE-
TENG.

3.2.2. The Liquid/Solid Based Instantaneous Discharged
TENG. Apart from the above-mentioned solid—solid contact
based instantaneous discharged TENG, the droplet-based
electricity generation based on liquid/solid interface has
attracted significant attention, which is capable of generating
higher instantaneous electric power density.*’> Wang et al.
developed a droplet-based electricity generator (DEG) by using
a structure that comprises a PTFE film on an ITO substrate and
an Al electrode.*® The open-circuit voltage (~143.5 V) and
short-circuit current (~270.0 uA) obtained in this DEG are
around 295.0- and 2,600.0-times higher than that of the control
device. The circuit model of the device is shown in Figure 45(a).
The spreading droplet can be regarded as a transistor and the
PTFE as a capacitor C,. Before the droplet contacts PTFE
surface, the device is in a “switch off” state. As the droplet
spreads to contact the Al electrode, the DEG device is in a
“switch on” state. The instantaneous peak output voltage and
current occur when the charges transfer from the ITO electrode
to the Al electrode. After the droplet leaves Al electrode, the
positive charges flow back to the ITO electrode. It is worth
mentioning that DEG possesses a good output charge stability
due to the combination of continuous droplet impinging and the
good charge-carrying capability of PTFE. An universal single
electrode droplet-based electricity generator (SE-DEG) is
proposed by a special configuration that is located on the
electrode on the top of dielectric material rather than under as in
the conventional triboelectric nanogenerator.””* The diagrams
of the working mechanism are separately discussed and shown in
Figure 45(b). For example, as a droplet falls and spreads on the
negatively charged surface, an electric double layer (EDL) is
formed at the solid—liquid interface. The water droplet injects
negative charges on the surface and keeps positive charges itself.
Further contacting toward the single electrode, the droplet
connects the solid surface and electrode by bridging each of
them. In this state, the potential balance between the single
electrode and ground is broken due to a directional flow with
positive and negative charges toward the solid surface and single
electrode, respectively, thus generating instantaneous output
voltage and current. Compared with conventional TENGs,
special configuration of the electrode can effectively harness the
triboelectric charges generated without going through the
electrostatic induction process between the bottom electrode
and the surface. In addition, charge contribution of two surfaces
simulated by COMSOL verifies the established electric field on
the water droplet interface, which are the driving force for the
charge accumulation and transfer. In equivalent circuit model,
spreading droplets are regarded as a resistor for the circuit
analysis. Inspired by thunderbolt, Dong et al. demonstrated a
high-voltage direct-current droplet-based electricity generator
(DC-DEG). The DC-DEG is comprised of PTFE plate, two
metal electrodes and a charge collector needle attached to the
top electrode.** As shown in Figure 45(c), the top electrode
collects the negative charges while the bottom electrode returns
electrons back to the droplet (i.e., collects positive charges) to
recover the neutrality of the droplet. A DC electricity with two
pulse peaks from a single droplet is shown through these two

electrodes via an external load. The working mechanism and
equivalent circuit of DC-DEG are divided into four steps. Step 1,
charge separation perpendicular to the surface of PTFE. Step 2,
negative charge transfer from the water to the needle and then
the top electrode. Step 3, positive charge collection due to
hydrophobicity of PTFE and the gravity. Step 4, positive charge
transfer from the water to the bottom electrode. Wu et al.
demonstrated a fully biodegradable TENG (FBD-TENG),
where the ion-conductivity tissue served as the bottom electrode
and the leaf cuticle employed as the dielectric capacitor and
tribo-materials, as shown in Figure 45(d)."° When a drop of
water contacts the conductive wire, the water will be employed
as the top electrode and connect the external circuit for
electricity generation. The mechanism of current generation is
demonstrated as following: (a) Step 1, an electrode double layer
was formed at the leaf/water interface when a droplet touches
the charged leaf surface. Step 2, the droplet bridges the leaf
surface with external circuit as it spreads and contacts the
conductive wire. The electric potential difference will force the
electrons to move from the plant tissue to the water droplet. Step
3, As the droplet shrinks, the water/leaf interface area and
electric double layer decreases, leading to the electrons moving
back to the plant issue. Step 4, when the droplet disconnects
with the wire, the current reduces to zero. The current generated
from FBD-TENG is much higher compared to the conventional
sing‘}%e7 %eslgectrode TENG for water droplet energy harvest-
ing. "

3.2.3. Challenges and Future Direction. Although instanta-
neous discharged TENG devices have made great progress in
structure design and technology application, there are still some
problems to be solved. The output performance of instanta-
neous discharged TENG is at a relatively low level, which poses a
challenge to the advancement of related fields. Exploring more
potential strategies including materials, structures, and working
principles is necessary to boost the outperformance and wide
practical application of TENGs in the future.

3.3. Charge Pumping Designs (Sub-TENG for Main
TENG). To improve the output of TENGs,"** the traditional
methods are focused on structure optimization,””*** material
selection,*”' surface modification,”**** and environment
control.*** Although great progress has been made by those
methods, there is still room for improvement.***~**" For
example, the charge pumping technology emerging recently can
bring the TENG further improved output performance through
breaking the bottleneck of charge density enhancement.”** In
general charge pumping design, there is usually a main TENG
and a pump TENG (Sub-TENG) with different functions,
namely the pump TENG generates charges while the main
TENG stores and releases charges.”*”*** Accordingly, the basic
working principle is that injected charges from the pump TENG
unidirectionally flow into the main TENG to elevate its charge
density, increasing the number of flowing and transferring
charges within one motion cycle for a larger electricity
output, 517453

In recent years, several charge-pumping TENG systems with
different structure components, movement types, and power
management circuits are proposed to elevate the charge density
and promote the output performance of TENG. For instance, a

https://doi.org/10.1021/acsnano.2c12458
ACS Nano 2023, 17, 11087-11219


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c12458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

(b)

Charge
. s
= o
Rectifier S L L
brid e o
W pPYDF B Nylon Prdge _ | chargep:

tro

e 17
ks BPVDF/EP

e

Cu

= - PP

EERRRSNEEN  Eiociode Zn-Al

Acrylic

Al

i—Bound charge . fT~

" Electrode Acrylic

umping Olpal (T ey e s

- " Pump TENG Main TENG Load

(e)

-
T
Part |
Rectifier © =
(d) G
Charge injection Charge shuttling 6
: i Q' side
Part 1l - b 3
i % 2 Ao=
&0 1.50 mC m?
5 -2
i5
" -6 Q=side
Pump TENG Main TENG Buffer capacitor 3
o 5 10 15
B Cu film W PTFE film Acrylic M Zn-Al film PP film .
Time (s)
S,

Charge injection

cu A PTFE B sicone =
o L R . Main TENG Load
— — Voltage Stabilization Q ¥
araliel h
- — ] Buffer capacitor
H : +
i 3 Pump TENG Q
Cu Al B Kapton B siicone B Foam B Cufim [ Nyon PVC Acrylic W Afim Kapton PET
(f) Stator Rotator Stator me i Tt (g)
" E+ 4+ 4+ + 4]
S ] | Pump TENG
[ Copper . L3l e
& e (3 N = S #
Kapton i S R B -
[ kap )- 54’4; ',_‘!A = | MainTENG | ¥ ot
O prFe p = T» -y
M oy BFG :xﬂhg i
a
[] Aerylic e \"
- §Q ‘ Losd|
Pumping TENG /
PVC N BFC ™ Copper  PMU DT
Stat Ve me BFC ™ Copper  PMU or Cu M Nyion M PVC 1 Acrylic Bl Al PET  Kapton
Lt }Pumpmg TENG : 1007
E; [ PTFE [ Kapton 4001 [ Power_NDT Power_DT ao: hooom = 1171.2 Folds Current_NOT —— Current_DT
Rotator S 1 3136 = | -0 , .
w B Electrodes of pumping TENG % 3004%“ — £ el 2
s B Storing electrodes izmjsm g 404 g“ L o e 691
|~ o0 |
Stator JMain TENG B Output electrodes 3 1 , o o 20 L7 '
o 1004 2705.8 Folds : 1 ’
2 i
| 0.1159
° 3 6 9 12 15 18 21 24
NOT ot Time (8)

Figure 46. Charge pumping technologies for the enhancement of charge density of triboelectric nanogenerators (TENGs). (a) A self-improving
TENG (SI-TENG) with high charge density. Reprinted with permission under a Creative Commons CC BY license from ref 454, Copyright
2018, Springer Nature. (b) An integrated self-charge-pumping TENG with a floating metal layer structure. Reprinted with permission from ref

455, Copyright 2018, Elsevier. (c) A charge excitation TENG system
ref 456, Copyright 2019, Springer. (d) A contact-separated charge p

with a voltage-multiplying circuit (VMC). Reprinted with permission from
umping TENG with shuttling charges. Reprinted with permission under a

Creative Commons CC BY license from ref 457, Copyright 2020, Springer Nature. (e) A charge-pumped sliding TENG system with shuttling
charges. Reprinted with permission from ref 458, Copyright 2021, Wiley. (f) A rotary sliding TENG system with a charge pumping strategy.

Reprinted with permission from ref 459, Copyright 2020, Wiley.
Reprinted with permission from ref 460, Copyright 2022, Elsevier.

(g) A decoupled charge pumping TENG system with a discharge tube.

self-improving TENG (SI-TENG) with high charge density of
490 uC m™* was put forward by Cheng et al. in 2018, as is
shown in Figure 46(a), which had a main TENG with double-
layer metal electrodes. One layer of its electrodes was used to
store charges from pump TENGs and thus to enhance the inner
electric field intensity while the other one for the electricity
output. Created in the same year, an integrated self-charge-

pumping TENG with a floating metal layer structure is proposed
by Xu et al. (Figure 46(b)),** which adopted a floating layer to
accumulate and bind charges and finally achieve an ultrahigh
surficial charge density of 1020 4C m™> Moreover, Liu et al.
reported a charge excitation TENG system with a voltage-
multiplying circuit (VMC) in 2019%° which realized the
external charge excitation (ECE) and self-charge excitation
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Figure 47. Structure, working mechanisms, and output characteristics of the insulator-based DC-TENG by dielectric breakdown. (a) Working
mechanisms of the DC-TENG. (b) Schematic of the double-wheel designed DC-TENG. (c) The measured surface electric potential of
electrodes during working. (d) Open-circuit voltage of the DC-TEG at different rotational speeds. (e) Short-circuit current of the DC-TEG at a
rotational speed of 100 r min~'. Reprinted with permission from ref 462, Copyright 2022, Wiley.

(SCE) in a TENG system shown in Figure 46(c). It used the
VMC both to boost the terminal voltage of the main TENG and
to serve as a circuit for charge excitation, and the obtained charge
density was up to 1250 yC m™> In 2020, a contact-separated
charge pumping TENG with shuttling charges was proposed by
Wang et al. (Figure 46(d)).*” It utilized the shuttling charges to
output electricity, which flowed between the main TENG and a
buffer capacitor. Owing to the quasi-symmetrical domains and
working mechanism, an ultrahigh charge density of 1850 uC
m™? was achieved. Following this research, a charge-pumped
sliding TENG system with shuttling charges was demonstrated
by Yang et al. in 2021 as shown in Figure 46(e),"* which
adopted the sliding movement to promote charge generation

and the VMC for the terminal voltage enhancement of main
TENG. As for the rotary sliding TENG, Bai et al,, in 2020
reported a charge pumping TENG system with the concentric
main TENG and pump TENG (Figure 46(f)).*” With the
charge pumping strategy, an ultrahigh average power density of
1.66 KW m™ was achieved under the drive frequency of 2 Hz. In
addition, Yang et al. proposed a decoupled charge pumping
TENG system with a discharge tube in 2022 (Figure 46(g)),**’
and it adopted the pump TENG of freestanding mode and the
main TENG of contact-separation mode to enhance the charge
generation and transfer efficiency. With a discharge tube, the
instantaneous current had a 1171.2-fold increase, showing great
improvement for the output current of TENGs.
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The primary purpose of charge pumping designs is to elevate
the charge density and thus to increase the participated charges
for electricity output. Accordingly, more attention in the future
could be paid to the special electrode made by excellent
materials and preferred configuration, the working environment
including the insulation and vacuum, the method of electricity
output such as charge shuttling and pulse discharge, etc.
Moreover, the matched motion between the pump TENG and
main TENG is also important to elevate the efliciency of charge
generation and transfer, namely choosing suitable synchronous
or decoupled movement as needed.

3.4. Direct Current (DC) TENGs. Though TENGs have
great potential for providing promising solutions to growing
energy consumption, the alternating current pulsed outputs
obstruct their extensive applications. To address the above issue,
TENGs with constant DC output have been proposed and
become hugely significant. In this regard, various types of DC-
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TENGs with distinct working mechanisms, such as dielectric
breakdown, phase coupling, and tribovoltaic effect,®**" will be
discussed and summarized in detail as follows.

3.4.1. Dielectric Breakdown. Yang et al.*** proposed the DC-
TENG based on dielectric breakdown. As shown in Figure
47(a), the DC-TENG consists of two rotating wheels, a belt
which connects them, and two electrodes. The wheels and belt
are three triboelectric materials with different ability to gain
electrons (a III < a I < a II). Electrode E, is close to wheel II,
and electrode E, is in contact with wheel II. According to the
triboelectric sequence, when the wheels rotate, the electrons in
wheel III will continue to transfer to the belt I. The electrons in
belt I will also continue to transfer to the wheel I1, resulting in the
continuous accumulation of positive charges on wheel III and
negative charges on wheel IL. Due to electrostatic induction,
positive charges will also accumulate at electrode E,. When the
electric field between round II and electrode E, reaches the air
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Figure 50. (a) Schematic of nanoscale d.c. harvesting. An MoS, thin film is deposited on Ag by PLD. A Pt/Ir-coated AFM tip slides in contact
mode on the sample surface, which induces electronic excitation and carrier conduction. (b) AFM topographic image of three adjacent MoS,
crystal grains marked 1, 2, and 3, respectively. (c) C-AFM I-V spectra for grains, 1 and 2. C-AFM I-V spectra for grains 1 (left) and 2 (right).
Inset, nine data points marked on the topographic image. Reprinted with permission from ref 471, Copyright 2018, Springer Nature. (d) The
3D schematic illustrations of the measurement setup and the external circuit. Reprinted with permission from ref 461, Copyright 2020, Wiley-
VCH. (e) The setup of the tribovoltaic experiments and the external circuit. (f) (left)The oscillogram of open-circuit voltage when a DI water
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breakdown limit, electrical breakdown occurs between them,
driving the electron transfer from wheel II to E,. The above
process generates a DC signal in the external circuit. The DC-
TENGs were fabricated with PTFE, Al, and rubber, where PTFE
corresponds to wheel II, Al corresponds to wheel III, and rubber
corresponds to belt I (Figure 47(b)). Figure 47(c) shows that
when the proposed DC-TENG rotates at a speed of 600 r min™’,
the surface potential of electrodes E; and E, are 2100 V and
—1100 V, respectively, and the output voltage between the two
electrodes is 3200 V (V). Moreover, the open-circuit voltage
of the device increases with speed (Figure 47(d)). When the
speed is 100 r min~’, the output current of the DC-TENG is
about 6 uA (Isc). The amplified current—time curve shows that
the maximum width of the current pulse is about S ms (Figure
47(e)).

Liu et al.** designed a DC-TENG based on the electrostatic
breakdown. This device is made up of three parts, a charge
collecting electrode (CCE), a frictional electrode (FE), and a
triboelectric layer. Particularly, the CCE layer is attached to the
side of the sliding acrylic substrate and keeps a certain distance
with the triboelectric layer, which is favorable for electrostatic
breakdown. Both CCE and FE are fabricated with copper. A
PTFE film, as another triboelectric layer, is attached to the
acrylic plate below. In the beginning, FE is placed on the friction
layer and aligned to the left, and two opposite charges are
generated on PTFE and FE due to the triboelectrification effect.
Moreover, PTFE is an electret, which can keep the charge from
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dissipating. When FE slides to the right, CCE will accumulate a
positive charge and an intense electrostatic field will be
established between CCE and PTFE. When the strength of
this electrostatic field is higher than the breakdown threshold of
the air between them, electrostatic breakdown will occur, which
will lead to electron transfer from PTFE to CCE. In summary,
through triboelectrification and electrostatic breakdown, elec-
trons are transferred from FE to PTFE, then to CCE, and finally
back to FE, forming a complete current loop. As long as FE has
been sliding, there will always be a DC signal in the external
circuit. Yi et al.*** proposed that oxygen atmosphere could
enhance both contact electrification and electrostatic break-
down through investigating the impact of various atmospheres
on the above two processes. Furthermore, an optimized DC-
TENG (Figure 48(a)) was prepared to integrate with controlled
oxygen atmosphere, and achieved a greatly enhanced output
performance, which was 8-times larger than that in atmospheric
air (Figure 48(b)). Based on triboelectrification effect and
electrostatic breakdown, Gao et al.**> proposed a rolling DC
TENG (R-DC-TENG) consisting of a rolling frictional
electrode (RFE), a triboelectric layer (PTFE) and the charge
collecting layer (CCE) (Figure 48(c)). When the device rolls,
the electron is transferred from RFE to PTFE via tribo-
electrification effect, which is then transferred to CCE via
electrostatic breakdown. Finally, the electron flows back to RFE
through the external circuit. When the speed reaches 1000 rpm,
the crest factor of the device can be reduced to 1.02.
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3.4.2. Phase Coupling. The DC-TENG based on phase
coupling, as shown in Figure 49(a) and 49(b), consists of a
stator with fluorinated propylene film (FEP) and a rotor with
Cu.**® The stator is divided into three phases, each of which
consists of three groups. The working mechanism of the DC-
TENG is similar to freestanding triboelectric-layer working
mode (Figure 49(c)). During rotation, the relative position of
Cu and FEP changes periodically, and the pulse DC signal is
generated after rectification. The designed phase difference
couples the electrical signals of the three-phase TENG to obtain
a constant DC signal with a low crest factor. Hu et al.**” utilized
3D printing technology to fabricate a phase coupling DC-TENG
(Figure 49(d)) with low crest factor and long service life, which
successfully achieved accurate phase control and the structure
with adaptable contact mode. The device is composed of a rotor
and a stator. The rotor is a ring-like support with several gaps
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which can be inserted with triboelectric layers (FEP). The stator
is supported by two inner and outer ring devices, the walls of
which are affixed with Cu electrodes. The working mechanism of
a single TENG is shown in Figure 49(e). During the process of
rotation, the induced charge is transferred between the two
electrodes owing to the coupling of triboelectrification effect and
electrostatic induction. Then a current signal is formed on the
external circuit. After optimizing parameters such as the pair
number of the electrode, thickness of triboelectric layer, and
distances, a crest factor of 1.07 and a service life of 1.2 million
cycles were obtained. In addition, Chen et al.**® designed a DC
multiphase TENG with high stability and high power through
electrode dislocation and circuit connection. By superimposing
various TENG units with different phases in parallel, an ultralow
peak coefficient of 1.05 and an average power increase of 40.1%
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compared to the single-phase TENG can be achieved in the
multiphase DC-TENG.

3.4.3. Semiconductor-Based DC-TENG with Tribovoltaic
Effect. The phenomenon of DC generation based on semi-
conductor heterojunctions was demonstrated in squeezing
metal/ conducting polymer*® and sliding metal /semiconductor
systems.*"*7%*7" A DC output was generated in Schottky
contacts by sliding metal/MoS,,*”" which reached a current
density as high as 10 A m™2 (Figure 50(a)). Such phenomenon
was further explained at the nanoscale by detecting three
adjacent MoS$, crystal grains (Figure 50(b)), which responded
differently to triboelectric current (I 2 > Igrain 3 > Igrain 1)- The
diode feature with different rectification effect between grain 1
and grain 2 was revealed in Figure 50(c), which explained the
key role of Schottky contacts in DC generation phenomenon.

After the DC output generated from sliding metal/semi-
conductor was proposed, traditional TENGs encountered new
opportunities to achieve the hié%h impedance and alternating
current output. Zhang et al.**’ proposed investigating the
triboelectric properties between metal and semiconductors
through studying the electrical output generated from sliding n-
type silicon/stainless steel (Figure 50(d)). When the stainless
steel was sliding over the n-type silicon substrate, a voltage of 20
mV and a current of 20 ¢A with low impedance of 620 €2 were
achieved. The tribovoltaic effect (like photovoltaic effect) is
proposed to be responsible for the DC output. Once rubbed, the
dynamic electrons in metal and electron—hole pairs in
semiconductor will be excited by triboelectricity and move
directionally under the built-in electric field. Therefore, such a
TENG can transfer mechanical energy into electrical energy
with DC output. Lin et al.*’*> proposed that sliding water
droplets on the surface of silicon wafer could generate tribo-
voltage and DC tribo-current by exploring contact electrification
at the solid—liquid interface (Figure 50(e)). A syringe filled with
DI water and equipped with a conductive needle was placed 0.25
mm above the silicon surface. Similar to the DC generation from
the Schottky sliding contact, the droplet/semiconductor
interface contact could be capable of generating an output of
200 mV (Vo) and 40 nA (Isc) (Figure 50(f)).

The basic mechanisms of semiconductor-based DC-TENG
with tribovoltaic effect has been systemically illustrated,
marvelous progress has been achieved to provide solutions for
self-powered wearable devices and IoTs network owing to the
features of low impedance and high current density. Moreover,
constructing DC generation systems based on multiphysics
coupling effects (e.g., tribo-photovoltaics coupling*”* and tribo-
thermoelectric coupling’’*) provide ideas to expend the
potential applications of self-powered sensing and energy
harvesting based on TENG.

3.5. Durable Device Designs. In this section, we review
lubrication-based TENGs that can increase the mechanical
lifespan as well as the electrical output of the generators. As
TENGs essentially require friction to generate surface charge on
the triboelectric materials, the ways to enhance the limited
mechanical lifespan of TENGs have been devel-
oped.*’>*7320477 Egpecially by utilizing traditional ways to
reduce friction between surfaces, such as utilizing lubrication,
TENGs can have a longer lifespan by reducing frictional wear as
well as increase its electrical output by suppressing electrons
escaping from the surfaces of triboelectric materials.

From a mechanical perspective, utilizing lubricant decreases
the friction force between two contacting surfaces which leads to
less wear during operation. When liquid lubricant is applied

between the surfaces, it forms three primary regimes of
boundary lubrication, elasto-hydrodynamic lubrication, and
hydrodynamic lubrication depending on the thickness of
lubricant film formed.”® As the thickness of lubricant film
increases, the friction coefficient decreases until it reaches the
hydrodynamic lubrication regime, where lubricant liquid
introduces a drag to the surface. With the right thickness of
lubricant liquid film, two surfaces contacting during TENG
operation would have significantly reduced friction force.

In electrical perspective, the lubricant liquid fully covers the
surface of triboelectric materials, which would prevent electrons
from escaping due to air breakdown and field emis-
sion, ?**77=*1 As materials with high surface charge are being
used and discovered to be utilized as triboelectric layers for
TENGs,"™”"”° there have been increasing studies that point out
the upper limitations due to these phenomena.”® As lubricant
liquid has significantly higher breakdown voltage compared to
air, it can prevent the electrons exchanged from contact
electrification from escaping into air. With higher surface
charge, lubricant-based TENGs produce higher electrical output
compared to conventional TENGs that operate without
lubricant.

Figure 51 shows various designs of TENGs that utilizes
lubricant to ensure longer mechanical lifespan and higher
electrical output. As shown in Figure 51(a), lubricant can be
applied to TENGs with vertical contact separation modes.*** An
oleic-acid doped polystyrene (OA-PS) is synthesized, and spin
coated on the surface of conductive polyimide (PI) substrate.
Nylon-11 layer was used as a counter triboelectric material. This
device has been utilized as a vertical contact separation mode
TENG. The electrical output has shown to improve by 9-times
compared to the conventional TENG when charging a
capacitor.

Considering that friction wear occurs more severely in
horizontal sliding TENGs, sliding and rotating type TENGs
could benefit more from utilizing lubricant liquid. As shown in
Figure S1(b), various lubricant liquids are applied in between
the PI and aluminum surface.*** The main electrical potential
difference occurs due to the friction between the PI and
aluminum electrode. TENGs in this study have a typical sliding
mode to compare the electrical output depending on various
liquids and influence of different loads given to the system. In
this work, the open-circuit voltage (Vi) and closed-circuit
current (Icc) of squalene applied sliding TENGs have shown 3-
times more output compared to conventional TENGs. In
addition, as shown in Figure 51(c), liquid lubricant was applied
in between the PI and electrode surface, which can enhance the
output and mechanical lifespan of both sliding-mode AC-
TENGs and sliding-mode DC-TENGs.*®* In this work, sliding
type TENGs with liquid lubricant produced 1.5-times more
output than conventional TENGs, and have shown similar
output even after 500,000 operation cycles.

Figure 51(d) shows sliding type TENG with lubricant liquid
in between two surfaces, and the main electrical potential
difference is due to friction between PTFE and electrode.**
Although it follows the conventional sliding mode TENG design
of two parallel electrodes with triboelectric material sliding on
the top, it reports a working mechanism considering the air
breakdown and field emission effect occurring from electrode
(aluminum) surface when lubricant liquid is pushed by the
dielectric material on top. Through this working mechanism,
lubricant-based TENGs can produce high electrical current
output over a milliampere. When lubricant liquid with high
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permission from ref 492, Copyright 2021, Elsevier. (d)-(i) Open-circuit voltage and (d)-(ii) closed-circuit current output depending on various
lubricant liquids. Reprinted under a Creative Commons license from ref 484, Copyright 2020, Elsevier.
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breakdown voltage fully covers the aluminum electrode, the
electrons cannot escape from electrode to the liquid. However,
when liquid lubricant is removed from the surface, the aluminum
surface is exposed to air and the triboelectric charge is enough to
cause air breakdown. Since negative surface charge of
polytetrafluoroethylene (PTFE) is continuously inducing
electrons to flow from the aluminum electrode that is in contact
with PTFE to the counter electrode that is exposed in air, it can
produce higher electrical output due to more electrons flowing
from electrode to another. This work shows that there is TENG
mechanisms yet to be discovered by utilizing lubricant, which
could benefit TENGs in both mechanical and electrical
perspective.

As lubricant is a traditional way of reducing friction effectively,
the application of TENGs can be expanded to various
mechanical components. In Figure S1(e), TENG is designed
as a rotating shaft that can produce electrical output through
inner PTFE pipe rotating.*®” This work submerged the whole
TENG inside lubricant liquid and utilized a rotating cylinder to
further decrease the friction wear during operation. The liquid
submerged TENG consists of 5 parts; PMMA substrate, rolling
electrode, plate electrode, and inner PTFE pipe. As the rotating
rod electrode around the TENG rotates along with the PTFE
pipe inside, it contacts the patterned plate electrode. When it
contacts the patterned plate electrode, the electrons can flow
directly from the rod electrode and the plate electrode, which
can enhance the electrical output. In addition, as shown in
Figure 51(f), a bearing-type TENG that utilizes semisolid
lubricant in between two surfaces.**® In this work, a commercial
semisolid lubricant was utilized inside, and bearing was
composed of PTFE and steel sphere. Even when the bearing
TENG was rotated continuously over 12 h, the electrode surface
did not show critical damage, while the electrode surface of
conventional TENG had electrode debris around the rotating
path of the spheres from friction wear. The lubricant was also
shown to further reduce the operating temperature of the
TENG, where the temperature of the TENG with lubricant
increased by only 1.2 °C over 12 h.

Figure 52(a) shows a schematic of nonlubricated and
lubricated conditions of TENGs and the nonpolar lubricant
liquid increasing the electrical output.**” When the TENG is
under polar liquid conditions such as water, the polar liquid
molecule has polarity itself. Due to the surface charge of
dielectric materials used in the TENG, the polar liquid
molecules orient themselves.**” Due to this phenomenon, the
Debye length, which is the length of charge screening, is
considerably shorter compared to nonpolar liquids. For
example, the Debye length of water is reported to be less than
20 nm.*”® This indicates that even when the electrode is placed
further than the short Debye length, charge transfer cannot affect
the electrode by electrostatic induction. In contrast, when the
TENG surface is under nonpolar liquid conditions, the nonpolar
liquid can be polarized by the surface charge of the triboelectric
material. A Debye length of nonpolar liquid is over a m, which
is typically longer than that of polar liquid.*”" This indicates that
higher surface charge can be inducted to the counter electrode,
producing higher electrical output.

Figure 52(b) is the V¢ and I output of TENG depending
on air and lubricant conditions.”®” By utilizing both metal-to-
metal contact and having lubricant in between triboelectric
materials, the electrical output can increase drastically. As shown
in the plot, the V5 and I output are shown to be around 200 V
and 40 mA, respectively, in air conditions, while that of air

condition is around 20 V and 3 mA, respectively. In addition, as
shown in Figure 52(c), the friction coefficient has shown to
decrease when various liquid is applied on the TENG surface.*”
As polyalphaolefin 4(PAO 4) and perfluoropolyether (PFPE)
are applied on the surface, the friction coefficient decreased
more than half, while electrical output increased.

For lubricant liquids to be further utilized in TENGs, future
studies are required to optimize the lubricant needed for each
design and applications. One of the important parameters for
optimization is choosing the right lubricant liquid for the design.
Figure 52(d) shows electrical output of TENG depending
various liquids in between TENG surfaces.*** As shown in the
plot, the electrical output when TENG is exposed to squalene,
paraffin oil, PAO 16 has shown to increase compared to the dry
conditions, and when TENG is exposed to olive oil, rapeseed oil,
pluriol A 500 PE, 1-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide, PEG 200, and water have
decreased compared to dry condition. For further optimization,
examining quantitative relationship between TENG and
lubricating materials, structural design of TENG considering
lubricant, and utilizing commercial lubrication material is
essential for lubrication based TENGs. We believe that
continuous research efforts of lubrication based TENGs have
great potential for utilizing TENGs in various industries.

4. MECHANICAL SYSTEMS FOR TENGS

In this section, we review various types of rationally designed
mechanical systems with the TENGs integrated with the
mechanical elements for the effective generation of electrical
energy.””>~*” Due to the simplicity of the working principle of
tribo-electrification, which is based on the contact-separation of
dissimilar materials as mentioned above, the TENG can be
created in a variety of ways by employing various mechanical
elements.””* ™% In this regard, the mechanical systems enable
the TENG to convert various mechanical movements that are
difficult-to-harvest around us into easy-to-harvest forms for the
TENG. Therefore, this review focus on the motion trans-
formation of the mechanical movements to fulfill the intended
purpose in the various mechanical TENG systems.

4.1. Kinematic Systems. Kinematics (i.e., velocities as
inputs) are composed of one or more mechanisms, such as
involving an analysis of the geometry of motion.'>*® In detail,
kinematic design is considered the motion of points, bodies, and
systems. A representative kinematic system as a one of
mechanical elements is a gear-train, which can change the
rotation speed, torque, and direction of input power on
purpose.”” ™% Given that, the transformed movements are
able to effectively improve output performance, functionality,
and mechanical properties. In this regard, we briefly introduce
various kinematically designed mechanical TENG systems,
which are based on the simple working principle of tribo-
electrification.

4.1.1. Linear to Rotational Motion Transformation. Due to
the rapid development of electricity-based technologies, energy
demand is rapidly increasing, and the energy crisis caused by an
imbalance in energy supply and demand is becoming more
serious. Hence, energy harvesting technologies are significantly
getting worldwide attention for their characteristic ability to
harvest mechanical energy from the environment as the
sustainable energy sources, such as ocean, wind, and vibration
energy in the ambient. Given that, the mechanical TENG system
considering input mechanical characteristics should be designed
to achieve its desired output performance.sog_sm First, linear
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Figure 53. Mechanical TENG system designs to convert the linear motion of ocean, wind, and vibration energy into rotational motion. (a)-(i)
Schematic diagram of the GEH-TENG. (a)-(ii) The operation mechanism depending on the wave types. (a)-(iii) The direct current output
graph under the number of units of the VR-TENG. Reproduced with permission from ref 514, Copyright 2021 American Chemical Society. (b)-
(i) The illustration of the TC-TENG equipped with the EMG. (b)-(ii) The output voltage and (b)-(iii) charge graph of the TC-TENG at 300
rpm and 0.05 N. (b)-(iv) The durability comparison during long-term operation for different modes. Reproduced with permission from ref 515,
Copyright 2022 Wiley-VCH. (c)-(i) The entire structure of the TSMR-TENG including gear-train and mechanical elements. (c)-(ii) The
working mechanism of the TSMR-TENG. (c)-(iii) The open-circuit voltage and running time for TSMR-TENG with different inertia wheel
weight. Reproduced with permission from ref 516, Copyright 2020 Elsevier B. V.

motion, one of the various mechanical movements in the
environment, is inappropriate in the point of view of having to
produce a large amount of energy output due to the low output
frequency. Therefore, to effectively harvest mechanical energy
from the linear movements in the fields of mechanical TENG
systems, the above problem can be solved by using a mechanical
component such as a gear-train. Therefore, we introduce the
mechanically designed TENG systems, which enable to
effectively convert the mechanical movement with the low
frequency in the around us into the high frequency rotation for
high output performance energy harvesting.

In this regard, Y. Xu et al. present a graded energy harvesting
triboelectric nanogenerator (GEH-TENG) incorporating the
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primary transmission elements, such as flywheel, gear, and
incomplete gear, that can effectively harvest ocean energy by
adjusting the number of the generation unit depending on the
magnitude of the external input waves (Figure 53(a)-(1)).>"*
The operation mechanism of the GEH-TENG is mainly
determined by the incomplete gear, which is partially fabricated
gear teeth. Thus, when a small wave pushes the pendulum, the
generation unit I operates by the incomplete gear, which can
transform into a high frequency rotation. Meanwhile, when the
large waves impact the pendulum, the swing angle of the
pendulum is high, thereby generation unit II can generate the
electrical output in conjunction with the generation unit I
(Figure 53(a)-(ii)). According to this mechanical design, the
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Figure 54. Mechanical TENG systems designs to convert the linear motion of biomechanical energy into rotational motion. (a)-(i) Schematic
illustration of the LR-TENG. (a)-(ii) The photograph of the operation with the LR-TENG in real. (a)-(iii) The short-circuit current of the LR-
TENG. (a)-(iv) The comparison of the output electrical energy of the LR-TENG with/without gear system. Reproduced with permission from
ref 517, Copyright 2018 Elsevier B. V. (b)-(i) The illustration of the ES-TENG equipped with the gear-train. (b)-(ii) The working mechanism of
the gear-train in the ES-TENG. The open-circuit voltage of the ES-TENG (b)-(iii) without the gear-train and (b)-(iv) without the gear-train.
Reproduced with permission from ref 518, Copyright 2021 Elsevier B. V. (c)-(i) Schematic diagram of the STRING. (c)-(ii) The operation
mechanism of the STRING including the gear-train and one-way clutch. (c)-(iii) The output current graph of the STRING under different
angles of the input force. Reproduced with permission from ref 519, Copyright 2020 Elsevier B. V. (d)-(i) Structural design of the fg-NG. (d)-
(ii) Trajectory of the gyroscopic device during the operation by hand. (d)-(iii) The continuously generated output voltage and current of the fg-
NG during the operation by hand. Reproduced with permission from ref 520, Copyright 2022 Wiley-VCH.

incomplete gear of the GEH-TENG is capable of mechanical
modulation by controlling the number of the generation unit,
which affects the required initial torque to operate. Therefore,
the GEH-TENG can effectively produce the output perform-
ance depending on the magnitude of the external waves due to
the incomplete gear system (Figure 53(a)-(iii)).

In the case of the wind energy harvesting, Y. Luo et al. propose
a travel-controlled approach employing a tunable cam switch for
stable and automatic mode transition to enhance the stability
and durability of the TENG (travel-controlled TENG, TC-
TENG) for efficient breeze wind energy harvesting (Figure
53(b)-(i)).>"> In particular, not only the transmission unit

1
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incorporating the gear-train can dramatically enhance the output
performance, but also the cam switch of the TC-TENG plays an
important role in the mode transition, which enables improve-
ment of the durability of the TC-TENG by preventing the
abrasion of the friction area. Therefore, the output performance
of the TC-TENG was tested, as a result, the output voltage and
the transferred charged of the TC-TENG can be measured
depending on the automatic mode transition, respectively
(Figures 53(b)-(ii) and 53(b)-(iii)). Consequently, in order to
demonstrate in the view of long-term durability, the TC-TENG
was evaluated, indicating that the TE-TENG has outstanding
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Figure 55. Mechanical TENG systems designs to convert the rotational into linear motion. (a)-(i) Illustration of the CMF-TENG. (a)-(ii) The
open-circuit voltage graph to demonstrate outstanding robustness and durability of the CMF-TENG. Reproduced with permission from ref
525, Copyright 2019 Elsevier B. V. (b)-(i) Scheme of the constructional design of the RS-TENG. (b)-(ii) The open-circuit voltage of the RS-
TENG under the 6-, 9-, and 12-tooth rachet-like wheels at 150 rpm. Reproduced with permission from ref 526, Copyright 2019 Wiley-VCH (c)-
(i) Schematic of the radial-engine-shaped TENG. (c)-(ii) The operation mechanism of the stacked TENGs in the unit of the radial-engine-
shaped TENG. The output measurement of (c)-(iii) open-circuit voltage and (c)-(iv) short-circuit current of each TENG unit. Reproduced with
permission from ref 527, Copyright 2020 American Chemical Society (d)-(i) Schematic diagram of the S-TENG. (d)-(ii) Open-circuit voltage
and (d)-(iii) short-circuit measurement of the S-TENG at 300 rpm. (d)-(iv) The output power density under various rotation speeds.
Reproduced with permission from ref 528, Copyright 2017 Elsevier B. V.

electrical stability of attenuation 10% in the operation for 80 h
compared with the constant contact modes (Figure 53(b)-(iv)).

To effectively harvest random vibration excitation energy in
the ambient, W. Yang et al. exhibit a travel switch integrated
mechanical regulation triboelectric nanogenerator (TSMR-
TENG) with linear-rotational motion transformation mecha-
nism (Figure 53(c)-(i)).”'® The combination of the one-way
clutch, spring, and linear-rotational motion transformation
mechanism unit can convert the mechanical energy of the
vibration motion into electrical energy. The travel switch, which
plays an important role in the working mechanism of the TSMR-
TENG, anchors the inertia wheel, and all rotation energy is
stored in the spiral spring (Figure 53(c)-(ii)). As a result, the
locking plate begins to rotate and releases the travel switch,
thereby generating the electrical output. In this paper, the open-
circuit voltage of the TSMR-TENG is evaluated by changing the
inertia wheels with various masses, respectively (Figure 53(c)-
(iii)). This means that a larger inertia force can store more
mechanical energy of the vibration motion and produce more
electrical output over a long period of time.
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Recently, many studies on electricity-based applications (e.g,,
electronic devices, water sterilization, etc.) have been reported.
In addition, to supply the electrical power, biomechanical energy
harvesting capable of overcoming temporal/spatial limitations
has been proposed as a significantly promising technology.

Given that, Il. W. Tcho et al. proposed a disk-based TENG,
called a linear-to-rotational TENG (LR-TENG), driven by
abundant linear mechanical energy from human motion (Figure
54(a)-(i)).>"” A well-designed gear system can also transform
linear into rotational mechanical energy to effectively generate
tribo-electricity. Among various human motions, the stepping
motion is adopted for the downward force to the LR-TENG
(Figure 54(a)-(ii)). Hence, due to the integration of various
mechanical elements, such as the one-way bearing, gear, and
rack, the LR-TENG can generate electrical energy. To compare
the electrical output of the LR-TENG and the vertical contact-
separation TENG (V-TENG), the open-circuit voltage of the V-
TENG was measured under the same applied force. (Figure
54(a)-(iii) ). Therefore, the maximum electrical output energy of
194 yJ of the LR-TENG was achieved with the gear system,
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which is approximately 100-times compared to the TENG
without the gear system.

To fabricate the wearable devices of the mechanical TENG
systems, Y. Yun et al. proposed a mechanical TENG system in
which the exoshoe TENG (ES-TENG) is a reasonably designed
power transmission unit for wearable device incorporating the
bidirectional gear-train and one-way clutch (Figure 54(b)-
(i)).>'® In this case, the ES-TENG can convert the linear
motion, which is based on the reciprocating stepping motion
with a high force, short displacement, and low frequency, into
the TENG-friendly motion with a low force, large displacement,
and high-frequency thanks to the mechanical system. In
addition, the combination of the torsion spring and the one-
way clutch can successfully work to produce electricity
continuously with the unidirectional operation regardless of
the rotation direction of the lever (Figure 54(b)-(ii)). In the
absence of a mechanical gear system of the ES-TENG, the
maximum output is similarly output voltage, but the amount of
generated energy is significantly reduced due to the intermittent
contact/separation (Figure 54(b)-(iii)). In contrast, the open-
circuit voltage of the ES-TENG was measured and calculated as
the RMS value of 160 V, indicating that the ES-TENG is capable
of generating a voltage of 160 V from the biomechanical energy
during daily walking (Figure 54(b)-(iv)).

There are straightforward linear motions in the actual
environment, but there are also linear motions with several
degrees of freedom that are difficult to harvest, such as
biomechanical movements. To overcome the above-mentioned
limitation, S. Cho et al. introduce a type of mechanical TENG
system with an incorporated transmission unit for converting
linear to rotational motion. Among the various mechanical
components, a string serves the most crucial role in freely
transferring power regardless of direction and displacement of
various linear motions at each joint of the body (Figure 54(c)-
(i)).>" Thanks to the inherent flexibility of the string, the
present direction-switchable triboelectric nanogenerator
(STRING) can universally harvest multidirectional and multi-
displacement motions of diverse joints. Moreover, the STRING
also adopted a gear-train with a gear ratio of N (= 1:44) to
enhance the output performance. The operation mechanism
including the unidirectional rotation of the STRING (Figure
54(c)-(ii)). Briefly, when an external force is applied to the
string, which is wound around the converter, the shaft combined
with the converter and driving gear rotate. Due to the high gear
ratio, the shaft integrated with the driven gear rotates at high
speed, resulting in the enhancement of the output performance
of the STRING. The superiority of the STRING, indicating that
biomechanical energy can be effectively harvested except for
energy losses due to inevitable string-housing friction for
omnidirectional linear motion (Figure 54(c)-(iii)).

Recently, a more developed biomechanical energy harvester
that can be easily carried as a portable device are also proposed.
Y. Gai et al. reported a fitness gyroscope nanogenerator (fg-NG)
that can effectively harvest the biomechanical energy with a low-
frequency human movement to charge batteries and power
portable electronics as an auxiliary power source (Figure 54(d)-
(i)).”*° The internal flywheel of gyroscope of the fg-NG can
dramatically surpass 8,000 rpm with hand operation, increasing
the frequency by more than 280-times. The working principle of
the fg-NG is based on the precession whirling of the flywheel
spinning at high speed (Figure S54(d)-(ii)). Thus, the
continuous output voltage and current of the fg-NG during
hand operation were measured (Figure $4(d)-(iii)). With the

produced electrical energy, the feasibility of the fg-NG can be
verified by supplying electrical power to wearable electronics,
such as smart bracelets and mobile phones.

4.1.2. Rotational to Linear Motion Transformation. Many
studies on mechanical TENG systems based on the sliding mode
for harvesting rotational movements, which is one of the
operating mechanisms in the TENG, have been reported.
Although the aforementioned mechanical TENG systems
enable effectively producing sufficient output performance,
these kinds of rotational TENGs with sliding mechanisms have a
critical limitation in long-term use and persistent high energy
conversion efficiency due to the high number of contact-
separation and friction.”*' 7>** Hence, it is necessary to
transform rotational motion into vertical linear motion by
employing various mechanical elements. In this regard, T.
Cheng et al. proposed a cam and a movable frame-based
triboelectric nanogenerator (CMF-TENG) that can transform
rotational into linear motion for vertical contact-separation
TENG (Figure 55(21)—(i)).525 The CMFE-TENG can consis-
tently generate the output performance by linearly moving the
movable frame from the rotation of the cam. Thus, the open-
circuit voltage and the short-circuit current were measured
under different rotation speeds. Consequently, the CMF-TENG
is durable even after 86,400 contact-separation (Figure 55(a)-
(ii)). Therefore, the mechanical design that converts the
rotational motion into linear motion is essential to maintain a
long lifespan and consistent output performance. Similarly, T.
Cheng et al. present a ratchet-like wheel-based and spring-
assisted sustainable triboelectric nanogenerator (RS-TENG) to
harvest rotational mechanical energy (Figure 55(b)-(i)).”*° The
RS-TENG consists of a ratchet and a pawl, which are often used
to form a one-way intermittent feed in machine tools, indicating
that this mechanical design of RS-TENG is mainly expected to
reduce the abrasion between the interfacial friction layers by
transforming the rotational into linear motion. Thus, the open-
circuit voltage of the RS-TENG was evaluated depending on the
structural designs of the ratchet-like wheels with 6, 9, and 12
teeth, so that the electrical output frequency can be adjusted on
the purpose (Figure 55(b)-(ii)).

In another way to transform rotational into linear motion, K.
Han et al. presented radial engine-shaped TENGs inspired by
the piston motion of an automobile engine for self-powered
NOx absorption (Figure 55(c)-(i)).>*” Since the radial engine-
shaped TENG includes five gas chambers in a plane. Hence, a
piston-like stacked structure with eight TENGs in parallel can
also generate electricity by converting rotational motion into
linear motion (Figure 55(c)-(ii)). With the radial engine-shaped
TENG, the output performance of five stacked TENGs, such as
output voltage and current, can be steadily generated at the
rotation frequency of 3 Hz, indicating that the linear motion of
the presented mechanical TENG system has also the benefit of
high durability (Figures 55(c)-(iii) and 55(c)-(iv)).

In the other case, J. Qian et al. reported a seesaw-structured
triboelectric nanogenerator (S-TENG) integrated with the
rotating machinery for long-term, sustainable, and durable
operation (Figure SS(d)—(i)).528 The permanent magnets were
affixed to the side plane of each circular disk at a particular
distance from the bottom of the S-TENG. In accordance with
the magnetic-coupling force, the rotating magnets on the disk
enable the S-TENG to operate by transforming a periodic
rotational motion into linear motion, resulting in the vertical
contact-separation for electricity generation. The electrical
output performance of the S-TENG with the pyramid-type
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Figure 56. Frequency regulating mechanical systems based TENGs and their operating mechanisms. (a)-(i) Schematic diagram of EM-TENG,
(a)-(ii) operating mechanism of the EM-TENG, and comparison of output performance between (a)-(iii) R-TENG without escapement
mechanism and (a)-(iv) EM-TENG. Reprinted with permission from ref 537, Copyright 2021, John Wiley and Sons. (b)-(i) Schematic diagram
of CO-TENG, (b)-(ii) schematic illustration of escapement-spring-leaf mechanism, and (b)-(iii) operating mechanism of sliding mode TENGs.
Reprinted with permission from ref 538, Copyright 2021, Elsevier. (c)-(i) Schematic diagram of ASMFR-TENG, (¢)-(ii) operating principle of
blocker and stopper, and (c)-(iii) design parameters of governor for optimization of operating time of TENG. Reprinted with permission from

ref 539, Copyright 2021, Elsevier.

PDMS, which is a method to improve output performance due
to the higher charge density and increased contact area, was
measured at a rotation speed of 300 rpm (Figures 55(d)-(ii) and
55(d)-(iii)). To characterize the relation between rotation
speed and output power density, they conducted an experiment
by varying the rotation speed and magnetic field strengths
(Figure 55(d)-(iv)). Since the contact force between the
pyramid-PDMS and electrode of the S-TENG was reduced with
an increased rotation rate, the average output power density was
decreased slightly. However, the polymer morphology of the
pyramid-PDMS can be maintained for a long time thanks to the
transformed linear contact and separation, resulting in a
significant improvement in durability and reliability of the S-
TENG.

4.2, Frequency Regulation Systems. In this section, we
introduce frequency regulation systems for efficiently harvesting
wasted mechanical energy with low-frequency, irregular, and
random signal characteristics. Most studies of TENGs from
abundant wasted energy such as biomechanical motions,>>*>%°
ocean tidal waves,>>'”** air/water flows,”*> and structural
vibrations”** have inevitable limitations; output performances
of TENGs are highly dependent on operating frequencies, but

natural wasted energy is mostly low-frequency, irregular, and
random.’*3¢ Therefore, the development of a mechanical
system to regulate irregular mechanical motion into steady and
regular motion is a challenging issue for practical applications of
TENGs.

To address the aforementioned problem, Oh et al. suggested a
long-lasting and steady TENG system using an escapement
mechanism (EM-TENG).>*” The EM-TENG utilizes the
resonance effect to amplify the input movement, and a frequency
regulating system based on the escapement mechanism to
effectively modulate the output frequency of the movement
because the resonance effect occurs only at the near resonance
frequency. Figure 56(a) shows a schematic diagram, operating
mechanism, and outperformance improvement of the EM-
TENG. Figure 56(a)-(i) depicts the concept of frequency
regulating systems. The EM-TENG consists of an energy
storage part, an escapement mechanism part, and a rotational
TENG part. The energy storage part stores external rotational
energy in a torsional hair spring and rotates the gear to transfer
the energy to the escapement mechanism part, preventing
unwanted energy loss by using a clutch bearing that can inhibit
the rotation in the opposite direction. When the hair spring is
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fully wound, torque is transferred to the escapement mechanism
part. The escapement wheel hits a pallet fork to induce rotational
resonance of the hair spring in the rotational TENG because the
pallet fork marked as the yellow dashed box is attached on the
top side of the rotational TENG as shown in Figure 56(a)-(ii).
The comparison between the EM-TENG and R-TENG without
the escapement mechanism was conducted in an extremely low-
frequency rotational motion of 0.067 Hz. The output voltage
and current of the EM-TENG were greatly improved over 100-
times with the escapement mechanism because the output
characteristics of rotational TENGs are highly dependent on the
revolution speed. (Figures 56(a)-(iii) and 56(a)-(iv)) Most
importantly, the EM-TENG can be operated for 110 s even
under only § s of short input rotational motion. In addition, to
prevent the expected wear problems in the rotational sliding
mode TENG, a noncontact rotating sliding mode TENG with
freestanding interdigitated electrodes was applied to the
suggested rotational TENG part. Interdigitated electrodes
induced a relatively higher frequency of the output electrical
signal than the input rotational motion of the rotor. Therefore,
the proposed EM-TENG can generate long-lasting and steady
electricity even under extremely low-frequency and deficient
mechanical motion.

He et al. reported a mechanical regulator using a principle of
autowinding mechanical watch for operating the TENG with
constant alternating current (AC) output (CO-TENG) even
under low-frequency and irregular excitation.””® The suggested
mechanical regulator-based CO-TENG consists of a rack gear, a
spiral spring, an escapement lever, a ratchet, and sliding mode
TENGs as shown in Figure 56(b)-(i). The mechanical energy of
random linear excitation in the natural environment can be
collected as potential energy in a spiral spring using the rack gear.
Thus, the spiral spring drives the rotor of the sliding mode
TENG with a regular release of the rotational motion controlled
by the escapement-spring-leaf mechanism. (Figure 56(b)-(ii))
The ratchet rotates clockwise under the external excitation and
transmits the external force to the escapement lever, breaking
the balance of the spring leaf system and driving the escapement
lever and mass block to rotate clockwise. When the escapement
lever and mass block reach the equilibrium position, and finally
the spring leaf is totally relieved. In this stage, the restoring
moment is zero and the angular velocity is at its maximum.
Finally, the escapement lever and mass block rotate counter-
clockwise until they reach the left limit. Notably, the rotating
speed of the rotor of the TENG can be controlled by the
vibration frequency of the spring leaf and the number of the
ratchet teeth, which induces a controllable, stable, and
continuous output speed of the rotor regardless of the external
excitation. Therefore, the constant and continuous energy
harvesting performance was obtained by using the sliding mode
TENG by using a rotational motion of the rotor as shown in
Figure 56(b)-(iii). The constant AC output signals from
mechanical excitation such as water wave, water flow, and
wind were also demonstrated to verify the potential application
of energy harvesting in random, irregular, and low-frequency
wasted energy in natural environments.

To consider the hands-free operation of a frequency
regulating mechanical system, Pham et al. suggested an
automatic switchable mechanical frequency regulator integrated
with a TENG (ASMFR-TENG).”*> ASMFR-TENGs are
comprised of gear-trains, a spiral-spring (mainspring), a
blocker-stopper unit, a TENG with a vertical contact-separation
mode, and a governor as shown in Figure 56(c)-(i). Importantly,

gear-trains increase the input torque from external energy to
effectively wind the high-stiffness mainspring that temporarily
stores mechanical energy as potential energy and regularly
releases energy toward the blocker-stopper unit. The driven
torque for winding the mainspring was designed to have 8.5-
times the input torque by selecting specific gear ratios in the
gear-trains. Figure 56(c)-(ii) shows the operating mechanism of
automatic switching in the proposed mechanical system. In the
initial state, the stopper is stationary while the blocker connected
to the input side shaft is continuously rotating until the
mainspring is fully charged. Thereafter, the notch in the blocker
enables the stopper to start rotating, thus the mainspring steadily
releases the energy. The output side shaft rotates and
consequently operates the TENG at a regulated frequency due
to the cam connected to the output side shaft. For the cyclic
operation of the frequency regulating system, after the
mainspring fully releases the energy, the blocker and stopper
reach their initial positions. At the bottom side, the graph shows
the charging time of the mainspring (tyc) and TENG operating
time (f10), and they vary depending on the rotational input and
the governor design, respectively. Figure 56(c)-(iii) depicts the
detailed and simplified structure of the governor. The authors
systematically analyzed the effects of the radius (rg) and mass
(Mg) of the total governor on the operating frequency and time
of the TENG considering the moment of inertia of the governor
and the torque on the output side shaft. Therefore, the frequency
regulating mechanical systems take advantage of multiplying
operating frequencies and effective torque or force transfer to
greatly enhance the output performance of the TENG. In
particular, frequency regulating mechanical systems should be
considered and applied in the mass production of TENG-based
products for industrialization as the next-generation future
application of renewable energy harvesting technology.

4.3. Resonant Systems. The definition of resonance is that
a physical system vibrates at specific frequencies and wave-
lengths, called resonant frequencies and resonant wave-
lengths,”*” with greater amplitude than other frequencies and
wavelengths. The very small periodic vibrations with resonant
frequencies and resonant wavelengths can produce large
vibrations due to the storage of the system kinetic energy.
When the resistance is very small, the resonant frequency and
wavelength are approximately equal to the intrinsic frequency
and wavelength of the system, which are the frequencies and
wavelengths at free oscillation.”*'

The resonance phenomenon has some negative effects in
some environments, while it is more convenient for human life.
In terms of the mechanical system, when the excitation
frequency reaches the intrinsic frequency, the system amplitude
increases significantly, absorbing more energy from the
surrounding environment. At this time, the excitation input
energy reaches its largest value, and the system exhibits obvious
displacement resonance, which provides great convenience for
the recycling of energy.”*>>*’ The essence of resonance in a
circuit system is that the energy of the electric field in the
capacitor and the energy of the magnetic field in the inductor are
converted to each other, increasing and decreasing to fully
compensate for each other.”**** The distinctive feature of
resonant circuits is their ability to select frequencies allowing
useful frequency components to be retained and useless ones to
be filtered out. It is extremely suitable for signal transmission and
is indispensable in various radio devices, equipment, and
measuring instruments. Therefore, the resonance principle has
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Figure 57. Harvesting acoustic energy using resonance principle (a) Acoustic harvest membrane working mechanism schematic diagram for use
as an artificial cochlea. Reprinted with permission from ref 29, Copyright 2021, American Chemical Society. (b) Schematic diagram of the
acoustic energy harvesting system. Reprinted with permission from ref 32, Copyright 2022, Elsevier. (c) Multitube Helmholtz resonator
triboelectric nanogenerator schematic diagram for harvesting broadband acoustic energy. Reprinted with permission under a Creative
Commons CC BY license from ref 546, Copyright 2022, Frontiers.
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been well applied in the field of energy capture and signal 4.3.1. Energy Harvesting Based on Resonant Assisted
transmission. System. 4.3.1.1. Acoustic Energy Harvesters. To collect high
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Figure 59. Environmental monitoring structure based on TENG. (a)-(i) Structural diagram of triboelectric nanogenerator in contact-separation
mode. (a)-(ii) Output characteristic curve of the system driven by a linear motor. Reprinted with permission from ref 549, Copyright 2014,
American Chemical Society. (b)-(i) Concept and structural design of the WTER used to monitor a crack. (b)-(ii) Integrated System Schematic
(A-WTER). (b)-(iii) A-WTER integrated crack model photograph. (b)-(iv) Environmental stability of the A-WTER. Reprinted with permission

from ref 550, Copyright 2022, Elsevier.

entropy energy from the environment, Wang et al. developed an
acoustic core—shell resonant harvester based on the piezo-
electric triboelectric effect that can be used in cochlear implants
using piezoelectric ceramic particles and porous piezoelectric
polymers, as shown in Figure 57.”” This acoustically driven
resonant acquisition device greatly increases the short-circuit
current and open-circuit voltage and plays a key role in smart
cochlear and acoustic wave acquisition. Xie et al. developed a
nanogenerator (ANG) with integrated piezoelectric and tribo-
electric effects for broadband acoustic energy harvesting.”” The
device has an operating bandwidth from 110 to 400 Hz and is
capable of directly illuminating 7 LEDs in series. The energy
collector has a simple and effective mechanical structure design,
which realizes flexible and stable acoustic energy collection. It
provides an effective solution to further realize the efficient
collection of acoustic waves. Xu et al. proposed a triboelectric
nanogenerator (MH-TENG) based on a multitube parallel
Helmholtz resonator,”*® which can harvest acoustic energy in
low-frequency noise environments. The core materials of the
device are aluminum, FEP film, and carbon, which have good
power generation performance and can power low-power
components in environments such as machine shops, railroads,
and computer rooms.

4.3.1.2. Other Energy Harvesters. Vibration is ubiquitous in
life and has become an attractive target for energy harvesting,
and TENGs have made great achievements in vibration energy
harvesting and self-powered sensing. As shown in Figure 58, Xu
et al. developed a MFM based on triboelectric nanogenerators
(TENGs).”"" Tts open circuit voltage is as high as 287.4 V, and
the short-circuit current amplitude is 76.8 pA. The peak power
density is 726.1 MWm™?, which can effectively extract energy
from ordinary environmental vibrations, including automobile
engines and household furniture. In water wave energy

11151

harvesting, Zhang et al. designed a resonant triboelectric
nanogenerator.”’ It is composed of a single pendulum, a
rotating drum, and a flexible ring. Due to the high damping
motion of the single pendulum, the system has an excellent
ability to capture low-frequency water wave energy. At the same
time, due to the resonance effect and the shielding effect on
water, the system can not only achieve all-around energy
collection but provide a solution for the capture of large-scale
blue energy. In terms of wearable devices, multifunctional
metamaterials have an excellent ability in collecting vibration
energy.”*® Xu et al. Proposed a MFM based on triboelectric
nanogenerators, composed of a local resonator, integrated
contact separation mode TENG and spiral connecting beam. By
establishing multiple physical models, theoretical analysis was
carried out, and the ability of the structure to capture low-
frequency vibration energy was further verified by experiments.
It provides a theoretical model and analysis method for the
design of a vibration energy capture device based on TENGs.
TENGs can not only capture the vibration energy in the
environment to power micro nanoelectronic devices but also act
as a self-powered vibration sensors to monitor the surrounding
environment. As shown in Figure 59, Wang et al. proposed a
contact separation mode triboelectric nanogenerator for
quantitative measurement of amplitudes (CE-TENG).”* The
structure consists of acrylic acid as the substrate, 8 springs as the
connection support, and aluminum electrodes and FEP as the
contact materials. Through this contact separation mode, the
sensed vibration of the external environment is converted into
electrical signal output, to achieve the purpose of monitoring
amplitude. CEF-TENG can feel very subtle vibration with
amplitude as low as 3.5 ym. Captured vibrational energy can
also be used to monitor cracks.>*” The paper studied a wire-type
triboelectric resonator (WTER) for monitoring cracks. The
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structure converts the vibration of the metal wire on the
dielectric film into a triboelectric electric signal, which has a
good matching relationship with the resonance frequency the
effects of tension, linear density, and wire length on the
resonance frequency of WTER were studied. The results show
that the sensitivity of the sensor is mainly influenced by the
length and tension of the wire. The researchers developed an
independent WTER system based on this. Under the condition
of using 30 cm wide and 0.967 g/m linear density, the sensitivity
was 300 Hz/mm, and the elongation was less than 1 mm, which
proved that the resolution of A-WTER was less than 100 ym. In
the future, the A-WTER system could be used to monitor cracks
on a structural level using self-powered sensors.

4.3.2. Signal Transmission Based on Resonant Assisted
System. Wireless sensor systems that are self-powered have
become very popular in the information age and are widely used
in many applications. As shown in Figure 60, Tang et al.
proposed a wireless traffic monitoring system based on fully self-
powered triboelectric nanogenerator (TENG) for real-time
monitoring of traffic conditions on sidewalks or nonmotorized
lanes.”>" Wireless traffic monitoring is capable of accurately
identifying pedestrians and electric motorcycles and calculating
foot traffic on sidewalks. It can also monitor the speed of
motorcycles with an accuracy rate of over 94%. Tan et al.
developed a passive wireless triboelectric sensor (PWTES)
using a triboelectric nanogenerator (TENG) and a surface
acoustic wave resonator (SAWR).>>> PWTES demonstrated
wireless transmission of sensing signals over a distance of 2 m,
with a sensitivity of 23.75 kHz/V in the 0—5 V voltage range of
TENG and a measurement update rate of 12 kHz, fully utilizing
TENG’s sensing capabilities. advantages, and the great potential
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of SAWR in wireless communications. Le et al. proposed a
parsimonious multimodal contactless interface that simulta-
neously detects stable and instantaneous finger movements.’>*
Triboelectric sensors can quickly reflect multidirectional finger
movements by outputting different voltage waveforms from
their two electrodes, while humidity sensors can provide a stable
and continuous real-time response to finger movements through
changes in their resonant frequency. Using this fusion of
technologies, a touchless interface can be designed with minimal
configuration, multimodal sensing capabilities, and high-dimen-
sional response. It has been successfully applied to the control of
VR cars and the entry of 3D passwords utilizing intuitive finger
interaction.

4.3.3. Design Criteria and Its Guideline for Resonance
Occurrence. Triboelectric nanogenerators based on the
resonance principle can be utilized as an energy trap or sensor
due to the intrinsic frequency closing to the ambient excitation
frequency. The definition of intrinsic frequency is the displace-
ment of an object that vibrates freely with time according to a
sine or cosine law, independent of the initial conditions and
related to the intrinsic properties of the system. Therefore, the
designer needs to understand what factors can influence the
system’s intrinsic frequency for the system to achieve a more
ideal operating condition in a particular environment. The
dimensions of the resonant body or resonant cavity (e.g,
elasticity, area, length, etc.), material properties (texture, lattice
structure) , temperature, hardness, and environmental reference
or pivot point can affect the system’s intrinsic frequency. The
vibration of matter is a complex science, and the mysteries of
theory and application need to be explored by more researchers.
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complete power-supplying system that consists of a triboelectric generator and a power management circuit. (a)-(iii) Output voltage of the
system reaches a constant value of S Vin less than 0.5 s as the triboelectric generator starts to rotate at 3,000 r/min. Reprinted with permission
from ref 555. Copyright 2014 Springer Nature. (b)-(i) The equivalent circuit of battery charging by the TENG with the aid of a transformer and
a rectifier. (b)-(ii) Rectified currents of the TENG at the same rotating speed (250 rpm) but with different transformers (n = 1, 6, 12, 24, and
36). (b)-(iii) The effect of the transformer coil ratio on matched impedances of the TENG, and the power utilization efficiency of the TENG at
250 rpm when charging an LFP—LTO full cell. Reprinted with permission under a Creative Commons CC BY license from ref 558, Copyright

20185, John Wiley and Sons.

5. POWER MANAGEMENT FOR TENGS

Triboelectric nanogenerators (TENGs) have large input
impedance (~MQ) due to the existence of intrinsic capacitance.
TENG output characteristics typically offer high voltage, a few
hundred volts, and low output current at ~ yA level, thereby
rendering their direct usage for either powering conventional
low-impedance electronics applications or charging energy-
storage units.”>* Therefore, designing an efficient power
management circuit is of great importance for the TENGs
toward providing practical solutions for self-powered micro-
systems-based applications. In this direction, several strategies of
power management have been extensively explored, such as
inductive and capacitive transformers, switched-capacitors
convertors, and MOSFET power converters.

1. Inductive and Capacitive Transformers. In this
section, we review inductive and capacitive transformers for
TENGs. Inductive transformers are widely used in the power
industry and can effectively reduce the output impedance of
TENG. Capacitive transformers can reduce the open circuit
voltage and improve the transferred charge of TENG multiple
times. Hence, the inductive and capacitive transformers can
improve energy utilization efliciency.

5.1.1. Inductive Transformers. In 2014, Zhu et al. developed
aradial-arrayed rotary TENG (Figure 61(a)-(i)).”>® The central
angle of each sector unit is 3°, and the rotator has a total of 60
units, which can increase the rotation frequency by 60-times. At
a rotation rate of 3,000 rpm, the radial-arrayed rotary TENG has
a high output power of 1.5 W at an efficiency of 24%. Through a
power management circuit consisting of an inductive trans-
former, a rectifier, a voltage regulator, and capacitors (Figure
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61(a)-(ii)), the output of the radial-arrayed rotary TENG can be
regulated in a DC output at a constant voltage of S Vin less than
0.5 s after the radial-arrayed rotary TENG starts to operate, as
shown in Figure 61(a)-(iii). The radial-arrayed rotary TENG
can be applied not only to self-powered electronics but also
possibly to power generation at a large scale. In 2015, Han et al.
prepared a disk-structured TENG based on printed circuit board
(PCB) technology.”*® The TENG is operated at a rotation rate
of 1,000 rpm and produced a high output power density of 267
mW/cm?® With an inductive transformer, the output power can
be managed and be used to charge a battery for a smart phone
directly.

With the reduced output voltage and increased output
current, inductive transformers have been used to charge
batteries.>>” ™57 For example, in 2015, Pu et al. demonstrated a
feasible and efficient charging of Li-ion batteries by a rotating
TENG with an inductive transformer.”>® The circuit diagram is
shown in Figure 61(b)-(i). With the increase of the transformer
coil ratio, the output current increases gradually (Figure 61(b)-
(ii)). With a transformer coil ratio of 36.7, about 72.4% of the
power generated by the TENG at 250 rpm can be stored in a
LiFePO,—Li,TisO,, battery (Figure 61(b)-(iii)). Considering
the readily scaled-up capability of TENG, promising applica-
tions in personal electronics can be anticipated.

In 2021, Wang et al. proposed an ultrahigh-voltage energy
management unit c0n31st1ng of a spark switch and a matched
homemade transformer.””” The circuit diagram and a photo
image of the energy management unit are shown in Figure 62-(i)
and Figure 62-(ii), respectively. With the tunable autospark
switch, an ultrahigh voltage of over 7.5 kV was established, which
guarantees energy accumulation and fast release. With this
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energy management unit, TENG can continuously power a power in constant mode at 1 Hz with the energy management
wireless sensors network at 1 Hz (Figure 62-(iii)). The fast unit at 200 kQ is 78.5% of output power without the energy
release of energy increases the frequency. The average output management unit at 35 GQ (Figure 62-(iv)). This work would
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Copyright 2020, Springer Nature. (g) A scalable multichip-stacked with the SC technique. Reprinted with permission from ref 570. Copyright

2022, IEEE.

greatly promote TENGs toward extensive practical applications.
Though inductive transformers have shown immense potential,
their relatively large size and the intrinsic requirement for a
higher working frequency restricts their use for a wider range of
TENG-based applications.

5.1.2. Capacitive Transformers. Different from the inductive
transformer’s requirement for the TENGs to operate at high
frequency, the power management circuit based on a capacitive
transformer is independent of the working frequency. In 2014,
Tang et al. designed a power-transformed-and-managed tribo-
electric nanogenerator (PTM-TENG), as depicted in Figure 63-
(i) and Figure 63-(ii).”*° The design is based on a synchronized
mechanical agitation that not only drives the TENG but also
switches the connections for the capacitors. The capacitors are
in a serial configuration when being charged and in a parallel
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configuration during discharging. The experimental results are
in agreement with the theoretical analysis, which means the
output voltage reduced N (the capacitor number) times while
the output charges enhanced N times (Figure 63-(iii) and Figure
63-(iv)). Moreover, the power supply efficiency is significantly
improved when charging a 10 yF capacitor (Figure 63-(v)).
5.2. Switched-Capacitor Converters. TENG is a
representative AC energy source with a relatively high voltage
and low current characteristic compared to other energy
harvesters. Therefore, both the low-current consumption and
the proper voltage conversion ratio are necessary for the power
management system that consists of an AC/DC converter for
rectification and a DC/DC converter for supplying the energy to
batteries or other applications. Especially, the DC/DC converter
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has more design issues than AC/DC converter because of its
complex structure and operation.

There are three types of DC-DC converters as shown in
Figure 64(a). A low dropout regulator“1 (linear regulator) can
be easily implemented because of its simple structure, however,
it is not suitable for the power management system that requires
a high voltage conversion ratio because the high dropout voltage
degrades the power conversion efficiency. As explained in the
last section, inductive switching converter’**®* is widely used
for the energy harvesting system owing to the high-power
conversion efficiency and the wide voltage conversion ratio
range. However, a bulky inductor and an electromagnetic noise
are obvious disadvantages of the inductive power converter. On
the other hand, a switched-capacitor (SC) converter changes the
voltage ratio by using the series/parallel connection among
capacitors and it can not only achieve a small form factor with
board-level design but also integrate whole components on the
small chip. Therefore, SC converter’®* can be an effective
solution to overcome the limitations of the output character-
istics of the TENGs.

5.2.1. Maximum Power Point of TENG and Switched-
Capacitor Converter. Every energy harvester has an optimal
voltage and current value, which is called a maximum power
point562 (MPP), at which the largest energy can be extracted
from the harvester in the same harvesting environment.
Therefore, an SC converter topology that has many voltage
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conversion ratios is required because the power conversion
efficiency is also maximized when the voltage conversion ratio of
the SC converter is matched to the ratio between the MPP
voltage and the target output voltage of the SC converter (Figure
64(b)).

Figure 64(c) shows the basic topologies of the SC
converter.”** However, they need many switches and capacitors
to make various voltage conversion ratios. The successive-

565,566
’ structure

approximation and recursive SC converter
overcome the limitation of the number of the voltage conversion
ratio by achieving the high-resolution SC converter with a small
number of stages, but the complex switch and connection
control need to be implemented by an integrated circuit (IC) for
low-power consumption. However, the maximum operating
voltage of the IC fabricated in the CMOS or BCDMOS process
is smaller than 70 V and it becomes a limitation to track the MPP
of the TENG.

5.2.2. Switched-Capacitor Converter for Improving the
Charge Extraction of the TENG. Figure 64(d) shows the power
management of the TENG with the basic SC converter.”*” The
operation of the system is very simple. In phase 1, the TENG
charges capacitors in the series connection through the full-wave
rectifier. In phase 2, the mechanical switch controller changes
the capacitor connection from the series to the parallel and
releases the charge to the load.
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A similar SC converter structure®®® was applied to a sliding
freestanding triboelectric-layer mode TENG with a motion-
triggered switch control (Figure 64(e)). In conjunction with the
theoretical analysis, the inductor-free power-management
design improves the rate for charging a supercapacitor by S-
times. Furthermore, this system also increases the output charge
of the TENG by increasing the conversion ratio of the SC
converter. A wider voltage conversion range is significant to cope
with various input/output voltage conditions of the SC
converters. A fractal design-based switched-capacitor-conver-
tors”*” (FSCC) that has a self-similar geometrical structure was
presented and the SC converter with the high voltage conversion
ratio can be easily implemented using this method. Figure 64(f)
shows the fractal design of 2N The number N is increased by
replacing each capacitor with the 2' design repeatably. The
FSCC with 6-stages/96 voltage conversion ratio achieved 67-
times higher output charge compared to the output charge of the
TENG with the direct connection.

The series/parallel connection of the capacitor can be also
used to overcome the limitation of the ICs by increasing the
handling voltage over 70 V. A scalable multichip-stacked with
the switched capacitor technique,”’ as shown in Figure 64(g),
was presented for enhancing the charge extraction of the TENG.
The proposed IC operated a synchronized switch harvesting on
the inductor (SSHI) method that reduces the charge loss caused
by the internal capacitor of the TENG during the rectification
with the 130 V input voltage. The IC not only achieved the 314%
enhancement of the charge extraction of the TENG compared
to the full-bridge rectifier but also can increase the input voltage
range with the additional stack of the chip.
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5.3. Power Management of TENG by Two-Step
Strategy. The AC/DC rectifier rectifies the AC voltage
generated by the TENG to the DC voltage. The DC/DC
converter converts the rectified DC voltage into a specific DC
voltage to charge the output capacitor as depicted in Figure
65(a). It is important to select a diode for the AC/DC
rectification that is also suitable for the TENG. Therefore,
considering a proper reverse voltage (Vy) of the diode to
withstand the high voltage of the TENG and selecting the small
forward voltage drop (V) to minimize power loss are significant
aspects of the AC/DC rectifier.**>*”" The power management
system used for DC/DC power transfer includes a passive switch
and proper automatic voltage regulation.

5.3.1. Full-Wave Diode Rectification. The equivalent circuit
of the TENG is composed of a voltage source (Vipyg) and an
internal impedance (Zgyg) (Figure 65(b)).”>*”* The TENG
generating power transferred to the load (Ppy) can be expressed

by impedance modeling and voltage division as follows:>”"
Py = Zin P
N ZigtZ+2Zg O (26)

According to the maximum power transfer theory,””* TENG
power (Prpyng) can be transferred up to 50%. Maximum power is
possible when the sum of the impedances of two diodes (Z3) and
Zreng is equal to the load impedance (Z;,).

5.3.2. Passive Switched Circuit for Voltage Regulation.
According to eq 26, it is impossible to transfer Prgyg to the load
because of impedance imbalance.””*~>”” This unbalanced
impedance prevents effective power transfer to the load.
However, it can be solved by using a coupler switch (Figure
65(c)-(i)).>"® First, at the charging mode, the TENG and

https://doi.org/10.1021/acsnano.2c12458
ACS Nano 2023, 17, 11087—-11219


https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig66&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig66&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig66&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig66&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c12458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(a)

(b)

ACS Nano WWWw.acsnano.org
i T
( ) (") 3.70f —— Direct measured
< 3.65}- - = Direct fitiing
Fe—t==n J, o 3.60f — Board measured
i D, Dy 4 2 3.55F~ ~ - Board fitting
i *ﬂ; a S 3.50fF
i ‘ s Ve b Energy T S0
i Cromo sloge % 3'35'
L 3.30F : :
* L g 0 50 100 150 200 250 300
Time (s)
ﬁﬁﬁﬁﬁ Cc
Peak Detection [ " 1 ( )
i [ )] (i1) 1000
IN- _| 1000+ i

=
=1

T

Energy (uJ)

Switch Signal Generator

11 e

<
MRS e
N M) -, ]

N

~a

S
\

104

Power (LW)

(d)

— Standard
7 T Power management module — PMM
Switch signal i PMM
penerator ' 4 y 0.1 T T T v T v
2 1 10 100 1000 1000 1 10 100 1000 10000 100000
Capacitor (uF) Resistance (kQ)
(i) (iii)
rYYY] 12F
54} Managed —e— Managed o
L Direct £ 10| —=—Direct '
T 50 = . !
- - b I
@ [}
< 40] 55,‘ . !
o
S D, - — Ua R g o |
© 438 2 a4} !
> 5 i
a7 T 2L ‘
> 46+ 0 Ry=1 M Rp=35 MQ
e 0 1 2 3 1 5 0.01 0.4 1 10 100 1000
Time (min) Resistor (MQ)

Figure 67. Circuit design of MOSFET based power management for TENG. (a)-(i) Design of management part. (a)-(ii) Intuitive TENG power
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Nature. (b) Basic components of switch signal circuit diagram. Reprinted with permission under a Creative Commons CC BY license from ref
584, Copyright 2022, MDPI. (c)-(i) Charging ability comparison between standard circuit and power management circuit. (c)-(ii) Output
power comparison. Reprinted with permission from ref 585. Copyright 2019 Elsevier. (d)-(i) Buck circuit-based power management strength
for TENG. (d)-(ii) Charging efficiency comparison of direct charging and managed charging. (d)-(iii) After power management, the internal
resistance decreases and average power increases. Reproduced with permission from ref 586. Copyright 2017 Elsevier.

rectifier are connected to a capacitor directly (Figure 65(c)-
(ii)). Second, at the standby mode, it minimizes power loss by
disconnecting the load from the TENG (Figure 65(c)-(iii)).
Third, at the power transfer mode, power can be supplied to the
load (Figure 65(c)-(iv)). However, due to the leakage of power
and small Prgyg generation, it takes a lot of time to charge the
capacitance for DC/DC converter operation. In addition, it has
to be operated manually by using a switch.

5.3.3. Automatic Voltage Regulation. The proposed circuit
diagram shows a load connection circuit using a comparator and
a PMOS switch (Figure 65(d)-(i)), which s called an Automatic
Voltage Regulator (AVR).*”” When the capacitor voltage (Veap)
exceeds the driving voltage (Vpgr), the load connection can
automatically transfer the energy stored in the capacitor to the
load without the manual switch. In this operation, to determine
the voltage of Vg for the load connection circuit, R; and R, can
be simplified to the Thevenin equivalent circuit for Vygp (Figure
65(d)-(ii)). When V¢, exceeds 3.8 V, the PMOS switch turns
on to transfer power to the load. When V,, is less than 2.8 V, the
PMOS switch turns off to disconnect power to the load (Figure
65(d)-(iii) ). However, it is difficult to apply it to an actual circuit
due to loss caused by the driving power (Ppg) of the elements. In
other words, the sum of Ppy of the comparator, the driving
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power of the PMOS switch, and the leakage power is higher than
the total generated power from the TENG. Therefore, a System-
on-Chip (SoC) technology implemented by an IC is required
for high conversion efliciency in TENG-based energy harvesting
applications.

5.3.4. Enhanced AVR Circuit Implemented by SoC. The
small current consumption of the AVR circuit is necessary to
increase the usefulness of the TENG and the main DC paths of
the AVR circuit that should be reduced are as follows: (1)
resistive feedback of V,p (R, R,); (2) positive feedback of the
comparator (R;, R,); (3) pull-up resistor of the comparator
(Rs); (4) bias current of the comparator and voltage reference
circuit. The current consumption caused by the resistors can be
reduced by increasing the resistance or applying the push—pull
structure. However, it is difficult to reduce the total quiescent
current of the comparator and the voltage reference to less than
1 puA with discrete components. On the other hand, IC design
can not only achieve the sub-uA comparator’™ or sub-nA
voltage reference circuit®®' but also reduce the switching power
by implementing the PMOS in the IC.

5.4. Power Management of TENG by MOSFET Power
Converters. 5.4.1. Theoretical Basis of MOSFET-Based Power
Management. The basic unit of TENG is the contact
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separation between the polymer film sticking electrode and the
metal film, so it has the characteristics of inherent high internal
resistance. When the TENG parallel-connected with a load
(Figure 66(a)-(i)),"" the theoretical model is
Rd—Q =V=- ! Q+ Voc
dt Creng (27)

Simulation results show three different regions illustrating the
output voltage and current (Figure 66(a)-(ii)). Through the
simulation results, it is analyzed that the control equation of the
optimal impedance of the contact-separation TENG is

d02 - (do + xmax)z
Foptszeo Sve, (28)

opt —

From eq 28, the optimal impedance is related to the sum of
the relative permittivity ratios of all dielectric materials (d,), the
maximum separation distance (x,,,,), the contact area (S), the
average separation speed (v), and the permittivity of vacuum
(&,). Figure 66(a)-(iii) depicts the variation of the TENG’s
output power with the contact speed and load resistance. As the
velocity increases, the output power increases obviously as the
accumulation of surface charge increases. The greater the
contact speed, the smaller the internal resistance.

The V—Q curve can be used to describe the output energy of
each cycle. When TENG is connected with different load
resistors, the summary of the V—Q curve is shown in Figure
66(b)-(i).>* To obtain the maximum output energy, a travel
switch is connected with TENG for maximum short-circuit
transferred charges and maximum open-circuit voltage (Figure
66(b)-(ii)). At this time, the V—Q curves obtained by
connecting the TENG with different resistors are shown in
Figure 66(b)-(iii). The results show that a larger external load
can obtain a larger output power.

5.4.2. The Circuit Design of MOSFET-Based Power
Management for TENG. According to the theoretical model,
Niu et al. designed a two-stage energy release as power
management for TENG (Figure 67(a)—(i)).583 In this circuit,
two switches controlled by a logic circuit periodically extract the
energy from the snubber capacitor. Based on this management
module, TENG has increased the conversion efficiency of AC

power to DC power to 60% (Figure 67(a)-(ii)). The basic
components of the switch signal circuit diagram are shown in
Figure 67(b).>** The rectified signal is differentiated and fed to
the noninverting terminal of the comparator. The differential
signal is compared with the zero potential of the inverting input
terminal. The voltage peak can be detected accurately by this
method. Song et al. designed a TENG power management
module with both efficient energy output and maximized energy
storage.585 To increase the energy output efficiency, a series
switch controlled by logic circuits is designed. For the
maximized energy storage parts, an LC oscillating system was
employed to improve energy storage efficiency. The charging
efficiency of different capacitors with and without power
management is shown in Figure 67(c)-(i), which significantly
increases the energy storage efficiency. The matched internal
resistance decreased from 4.7 MQ to 10 k€, and the whole
efficiency for TENG is 69.3% (Figure 67(c)-(ii)). Xi et al.
proposed a universal power management strategy using a
tribotronic energy extractor controlled by a MOSFET switch
(Figure 67(d)-(i)).** The storage energy of directly charging is
only 18.5 pJ, while the electrical energy is 2.37 m] after power
management, which is increased about 128-times. Charging
efficiency comparison of direct charging and managed charging
is shown in Figure 67(d)-(ii). At the same time, the internal
resistance decreased from 35 MQ to 1 MQ (Figure 67(d)-(iii)).
The first step in this power management strategy is maximum
energy can be transferred from TENG to the back-end circuit.
The working mechanism is referred to the cycles for maximized
energy output of TENG,”* that is obtaining the maximum
short-circuit transferred charge and maximum open-circuit
voltage. The second step is decreasing the voltage and increasing
the current by adding a parallel diode D1, a serial inductor L, and
a parallel capacitor C. Based on this circuit design, the energy
conversion efficiency of different forms of TENG has been
significantly improved and verified in the application demon-
strations.

In cell simulation, drug release, and microenvironment
regulation, small molecule drugs are widely used because they
easily penetrate cells to reach the internal environment and
participate in circulation. Sustained controlled release to the
diseased site has always been a common problem in the
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Figure 69. Structure and working mechanism of dielectric elastomer actuators (DEA). (a) Soft grippers, Reproduced from ref 601. Copyright
2007, AIP Publishing. (b) Jumping robots. Reproduced from ref 598. Copyright 2022, AAAP. (c) A power and sensing autonomous terrestrial
robot. Reproduced from ref 602. Copyright 2019, AAAP. (d) A soft aerial robot whose flight speed exceeds 700 mm/s. Reproduced from ref
603. Copyright 2019, Springer Nature. (e) TENGs for driving DEAs. Reproduced from ref 607. Copyright 2016, Wiley-VCH.

application of such drugs. Through this power management
strategy, combined with the organic electronic ion pumps,
experiments for the controlled release of small molecule drugs
have been validated.”*” TENG has advantages in harvesting low-
frequency ocean wave energy, but its harvested energy cannot be
directly applied to electronic devices. By combining this power
management strategy, the charging capability of TENG for
capacitors is significantly improved.”™ Other similar application
examples have also been verified in TENG to collect wind
energysgg’590 and biomechanical energy,591 which reflects the
versatility and universality of the power management strategy.
Effective power management strategies will surely play an
indispensable role in future TENG-based self-powered portable
electronic devices, sensors, and implantable medical devices.

6. APPLICATIONS OF TENGS

With the advent of Internet of things, lightweight and
sustainable power supply has become a key component to
realize seamless human-machine interface. TENGs, directly
convert mechanical energy into electrical energy, have been
spotlighted as fascinating self-powered sensing system and
power sources for wide range of devices (Figure 68). TENGs
generating high voltage from ambient environmental change
have been considered as one of ideal power sources for actuating
robots, stimulating tissue, and purifying environments. Robust
integration of flexible and lightweight TENGs into systems has

been an attractive approach for devices pursuing sustainable
energy.’”>°"% Self-powered sensing systems and power sources
for electronics have been representative applications of TENGs.
In this section, we discuss the progress in the development of
self-powered sensing system and TENGs as power sources.

6.1. Robotic Applications. 6.1.1. Dielectric Elastomer
Actuator. Dielectric elastomer actuators (DEAs) are electrically
driven soft artificial muscles that have a wide range of potential
applications including robotics,*”* haptics,””**°* prosthetics,”
and microfluidics.”®” DEAs exhibit large deformation, high
efficiency, long lifetime, and low fabrication costs.>”® These
favorable properties make DEAs promising building blocks for
future soft robotic systems.

DEAs consist of alternating compliant electrodes that are
sandwiched by elastomeric materials of high dielectric strength.
When a high voltage is applied to the electrodes, electrostatic
attraction causes the elastomer to deform, which can be used to
drive a robotic end effector. The electrostatic stress can be
calculated as

€,€,E* ee(v)2
o= = —
0%r 0%r d (29)

where p is the Maxwell stress, € is the permittivity of free space,
€, is the elastomer dielectric constant, E is the applied electric
field, V is the applied voltage, and d is the separation distance
between alternating electrodes.””” If we assume the elastomer is

https://doi.org/10.1021/acsnano.2c12458
ACS Nano 2023, 17, 11087—-11219


https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig69&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig69&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig69&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c12458?fig=fig69&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c12458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano www.acshano.org
(a) | Silicon wafer (b) (C)
Electroadhesive S —CNT
gch g Handle )” ”“ }[
/ i 7 g - ALO,
Sliding Kapton film Gripper probe Q
— / <[ I Torge
— . Fy object
: I 111Attracted by TENG
Triboelectric TENG /"__d—l S
nanogenerator SUCha’ge - g 1 J l“.
pplement Superhydrophobic surface S
channel o -
I n g I e+ess—- L o
s wo— - -
S s00 m W v 3
g 20
g.s‘: ‘ Transportl &g 5! J!
= o0 02 04 05 08 g9
Time (s) — 2 I >
x_-. Charge EE———— Releasel
I i W — IV TENG Te— b =
=% le” 5 I
S o -I -T--§ FE Surface with high water - !! J (
® 2000 adhesion after UV irradiation -
Pl Y
> o0 02 04 06 08
Time (s)
Attachment
d
(d) o
o | —— | E— =
H =—— N, ]
Superhydrophobic  Superhydrophilic
Detachment
1""" :F"‘ - @
DC! DC - YDA > C>
_ v — T — e — ]
Bubble

Figure 70. Application for electrostatic adhesion gripper. (a) A self-powered electroadhesion system with charge supplement channel.
Reprinted with permission from ref 611, Copyright 2018, AMER CHEMICAL SOC. (b) The combination of TENG and PCAS as a transport
system structure for gripping probes. Reprinted with permission from ref 612, Copyright 2018, John Wiley and Sons. (c) The electro-adhesive
CNT surface contacts the target object and uses the electrostatic adhesion force to lift the object. Reprinted with permission from ref 613,
Copyright 2021, John Wiley and Sons. (d) Schematic illustration of the working mechanism for the electrically triggered reversible underwater
adhesion and practical application. Reprinted with permission under a Creative Commons CC BY license from ref 615, Copyright 2022,

Springer Nature.

linearly elastic at small strain (<15%), then the induce strain is
approximated as

_z_lee(z)z
=y Y o '\d

where 7 is the strain and Y is the elastomer modulus. Based on
eqs 29 and 30, the energy e and power density p of DEAs at small
strains are given by

1 1 zz(v)“
e=—oy=—€,¢ | —
AR

(30)

(31)

_1 1, VY
p_zayf_ Yeoer(d)f (32)

where f is the actuation frequency.

Equations 31 and 32 show the DEA energy and power density
are proportional to the fourth power of applied voltage, which
implies that it is critical to find elastomeric materials of a high
dielectric strength. Acrylic based elastomers such as VHBs
exhibit high dielectric strength (>100 V/um) and large strain
(>100%), which makes them ideal for creating energy-dense
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actuators. In recent works, researchers have reported energy
density exceeding that of mammalian muscles.’”*** These
types of DEAs have been applied in soft grippers®”" (Figure
69(a)) and jumping robots®”® (Figure 69(b)).

In contrast to energy-dense applications, there is another class
of robotic locomotion that requires high agility and controll-
ability. To achieve animal-like agility, power-dense and high
bandwidth DEAs*>**® have been developed to enable fast and
controllable locomotion. Ji et al.®” (Figure 69(c)) developed a
power and sensing autonomous terrestrial robot whose speed
exceeds 30 mm/s. Chen et al.*** (Figure 69(d)) developed a soft
aerial robot whose flight speed exceeds 700 mm/s. In these
examples, the DEAs are made of silicone elastomers. Although
they have lower dielectric strength (<70 V/um), they exhibit low
viscoelasticity which enable a high actuation frequency exceed-
ing 500 Hz.

While we expect both acrylic and silicone DEAs to further
improve performance and expand applications, both types of
DEAs face a common challenge: achieving power autonomy and
high efficiency as a standalone system. According to eqs 31 and
32), a DEA’s energy and power density strongly depend on the
maximum applied electric field, which relates to the ratio
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Figure 71. TENG-driven electrostatic manipulator. (a) Schematic diagram of the reciprocating motion of a water droplet in a TENG electric
field. (b) Movement time of droplets in TENG AC field and ordinary DC field. (c) Breaking process of water droplets controlled by TENG AC
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platform controlled by TENG and practical application. Reprinted with permission from ref 617, Copyright 2022, Elsevier. (e) Working
principle and working processes of Dual-stimulus flexible gripper based on TENG and vapor induction. Reprinted with permission from ref

618, Copyright 2019, American Chemical Society.

between the applied voltage V to the elastomer thickness d.
Existing fabrication methods limit the elastomer thickness to be
larger than S pm, which corresponds to a minimum operating
voltage of S00 V. In most cases, DEAs require 1—10 kV and they
are tethered to oftboard high-voltage power supplies. This is a
main challenge for applying DEAs in power autonomous
systems. Recently, lightweight (<1 g) power elec-
tronics®*>%°%% have been developed to boost a low input
voltage (3—10 V) into a high output voltage (200—500 V).
However, these designs are limited to a low efficiency (<20%).
Further, they cannot generate output voltages higher than 800 V
because of the limitations on lightweight transistors and
capacitors.

In our view, TENG is a promising technology for driving
DEASs in future soft robotic systems® (Figure 69(e)). TENG
can easily generate voltages higher than 1 kV, which is sufficient
for powering many of the existing DEAs. In a recent work,
TENG is combined with a DEA to develop a tunable optical
modulator.”” This example highlights the potential benefits of
using TENGs in high voltage soft robotic applications. There
remain two research directions. First, it is important to reduce
DEA operating voltages and increase TENG’s maximum output
voltage. This will allow TENGs to be applied in a variety of

11162

DEA-driven systems. Second, TENGs need to improve their
output power density in addition to having a high output
voltage. In most existing TENGs, the amount of induced charge
is on the order of microamps, which limits net current and
power. For power-dense DEAs that require high frequency
actuations, existing TENGs cannot yet deliver sufficient power
compared to a battery of similar weight. From the perspective of
driving agile soft robotic systems, we believe increasing the net
charge flow will be a critical and high impact direction.

6.1.2. Electrostatic Adhesion Gripper. In this section, we
review the electrostatic adhesion grippers and manipulators
based on the TENG. The high voltage provided by the TENG
enhances electrostatic adhesion and provides a cost-effective
solution to develop environmentally stable adhesion and
gripping. The high electric field induced polarization or
electrostatic effect can produce a strong adhesion force on the
electrode surface, which is called the electro-adhesive effect.
Electrical adhesion effect can be widely used for gripping devices
and the related electrical adhesion gripper have the advantages
of precise control, fast response time and low energy
consumption.’”® However, electrical adhesion usually requires
high voltages, which limits electrostatic adhesion to a number of
limited practical applications.”””®'" As a device that effectively
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Figure 72. TENG-based optical actuators. (a) The working principle of liquid crystal based optical actuators. Reproduced from ref 621.
Copyright 2019, WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim. (b) An all-in-one dynamic optical transmittance modulator that based
on the polymer dispersed liquid crystal. Reproduced from ref 626. Copyright 2020, WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim. (c)
A cholesteric liquid crystals based self-powered bistable optical actuator. Reproduced from ref 627. Copyright 2021, Science China Press. (d)
The luminescence mechanism of phosphor particles. Reproduced from ref 628. Copyright 2016, WILEY-VCH Verlag GmbH and Co. KGaA,
Weinheim. (e) A triboelectrification-induced electroluminescence device for the visualized sensing. Reproduced from ref 628. 2016, WILEY-
VCH Verlag GmbH and Co. KGaA, Weinheim. (f) A noncontact mode luminescence modulator for interactive visualized sensing. Reproduced
from ref 629. Copyright 2020, The Royal Society of Chemistry. (g) A self-powered electrowetting lens for light propagation switching.
Reproduced from ref 630. Copyright 2019, Elsevier Ltd. (h) A self-powered tunable optical modulator based on dielectric elastomer.
Reproduced from ref 53. Copyright 2017, WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.

converts ambient mechanical energy into high voltage output,
the TENG is a promising option for operating the electrical
adhesion gripper. Xu L. etal.’"! propose a self-powered electrical
adhesion gripper based on TENG with charge replenishment
channels (CSC). Here, a CSC is designed to provide a

replenishment for the dissipated charge occurring between
electrodes, and then, resulting in an optimum charge
distribution on the TENG electrodes and increasing the peak
open circuit voltage of corona-charged individual TENG cells
from 1000 V to an ultrahigh level of 7000 V. Accordingly, with
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this self-powered electrical adhesion system consisting of this
enhanced TENG and an electro-adhesive sheet, the voltage can
be increased to about 1500 V and an adhesion force of 6.7 N is
generated to pick up a 0.35 kg metal block (Figure 70(a)). The
same principle can also be applied to the adhesion of small
objects, such as microfluids. For example, Nie J H et al.°'* have
designed a self-driven gripping probe for 3D transfer of
microdroplets based on TENG and photocontrol lable adhesion
surface (PCAS). With the help of UV irradiation and the
electrostatic force, the water adhesion force of the gripping
probe allows microdroplets up to 25 yL in volume to be carried
in 3D space, which greatly extends the range of applications for
the adhesion gripper (Figure 70(b)).

For electro-adhesive devices, the chemical composition and
structure of the device surface has a strong influence on the
generation of adhesion. To further enable rapid switching
between stron§ and weak electrostatic bonding states, Boutilier
M S H et al.°"® design a soft nanocomposite electroadhesives
(SNE) surface which applies electrostatic adhesion mechanisms
to mechanically flexible surfaces formed by dielectric-coated
carbon nanotubes (CNTs). The maximum adhesion force of the
device is determined by the insulating coating and surrounding
air, while the maximum electro-adhesive pressure is ~20 kPa
with an on/off adhesion rate of ~700 in the millimeter region
(Figure 70(c)). Sun Q et als™* imprints rewritable surface
charge density gradients on superhydrophobic surfaces by
chemical modulation. The modulation of the surface charge
density overcomes the resistance of water droplets and with
transforming the superhydrophobic region into a highly viscous
region by generating surface charge at predetermined locations,
the water droplets can be absorbed and placed without mass loss.
In addition to air, electrostatic adhesion grippers can also be
used in different external environments such as underwater
condition. Zheng H X et al.°"* utilize a patterned hybrid wettable
adhesive surface design to selectively create space-constrained
monolithic air shells, which can protect the water bridge in
underwater environment. With the synergistic effect of the water
bridge and the air shell, the adhesion with high pressure
difference is achieved. Then, the reversible reduction in
adhesion is achieved by the application of a small DC voltage,
which can induce a rapid electrolytic process to rapidly disturb
the integrity of the protective air shell and the water bridge.
Thus, with the help of synergistic action and DC voltage
inducing, a 200G metal load can be moved to any predesigned
position at a DC supply voltage of 20 V and released within a
short time of 6s. (Figure 70(d))

In addition, the electrostatic adhesion effect is also used in
many other applications besides gripping devices, such as the
diverse manipulation of microdroplets and microfluids®”’ (see
Figure 71). In 2021, Sun X et al.®'® fabricate a functional
nanowire triboelectric nanogenerator (NW-TENG) based on
polyaniline and polyvinylidene fluoride nanowires. The TENG
influences the electric field by varying the output signal to
control the droplet behavior. Thus, the mechanism of
polarization deformation of droplets in a two-electrode self-
powered electrostatic manipulation system (EMS) is inves-
tigated. As shown in Figure 71(a), the increase in the TENG
output voltage leads to the generation of polarized charge and
accordingly, the droplet starts to deform and move when the
electric field strength reaches 750 V/cm. Furthermore, when the
voltage is reduced, the droplet becomes stable and stops at the
desired position. Compared to a normal DC stabilized power
supply, the droplet shows a faster response time under the drive

of TENG for the same travel distance. (Figure 71(b))
Furthermore, the rupture process of droplets in an inhomoge-
neous high voltage field proves the practicality and safety of
EMS. With the output voltage of TENG, EMS can maintain a
voltage output above 1500 V, which ensures that the droplets
move reciprocally at high speed and gradually break up into
smaller droplets. Meanwhile, no electrical faults occur in the
EMS during this process (Figure 71(c)). Another strategy for
droplet manipulating is human-motion-induced direct charge
injection. Sun J F et al.°"” propose an effective droplet-driven
method using direct charge injection (DCI) provided by
TENGs via human motion. Because of no insulating layer
separating the electrode from the droplet, the exposed electrode
can increase the electric field near the droplet and rapidly
manipulate the droplet movement. The DCI can drive a 10 uL
droplet to have an average velocity of 0.25 nC and 255 mm/s,
more than 6-times higher than conventional methods. Mean-
while, reciprocating and jumping movements of the droplet are
achieved by using alternating charge injection (Figure 71(d)). In
addition to direct adhesion, electrostatic forces have also been
used as a power source for grippers. Zheng L et al.”'® combines
TENG with vapor-excited responsive smart materials to design a
dual-stimulated flexible gripper. The two-finger gripper can
grasp and move objects weighing up to 6 g (Figure 71(e)).

6.1.3. Optical Actuator. To perceive the light conditions of
the environment or make communication with human beings,
optical actuators are considered indispensable components for
future robots or artificial intelligence to conduct light switching
or display missions.”’” Generally, voltage-driven materials, such
as liquid crystals and phosphor particles are commonly used to
construct optical actuators. The working principles of liquid
crystal-based optical actuators and the luminescence mechanism
of phosphor particle are demonstrated in Figure 72(a) and (b),
respectively. For liquid crystal-based devices, applied voltage
stimuli would switch the orientation and light-scattering
properties of liquid crystal and therefore obtain an optical
contrast or color change.”””**" For phosphor particle-based
devices, take the ZnS:Cu as an example, some of the electrons in
ZnS:Cu would be excited to the shallow electron trap states by
an external voltage (or electric field) stimuli and then fall into the
states of Cu impurity, which could generate luminescence at 510
nm wavelength.**> 1t is worth mentioning that the value of
voltage stimuli to actuate these optical devices could reach
several to thousand volts, while the current that flows through
the devices could be none or very small.®>*** This makes
TENG an attractive option to drive the optical actuators, due to
its output characteristic (high voltage output and low current
output).625 Moreover, TENG-driven optical actuators can get
rid of traditional external power sources. The resulting devices
can not only be self-powered, but more importantly the
actuators could show optical responses based on the mechanical
stimuli.

Recently, plenty of efforts have already been taken to develop
various self-powered liquid crystal/phosphor particle based
optical actuators. Here, some representative works will be briefly
introduced. For the self-powered liquid crystal optical actuator,
an all-in-one dynamic optical transmittance modulator (OTM)
has been developed, as shown in Figure 72(b).°*° This OTM has
a multilayer structure. When an external object (e.g., fingers)
contacts and slides on the top FEP film, an alternating electric
field can be induced upon the OTM. The polymer dispersed
liquid crystal (PDLC) in the sliding area would be aligned along
the electric field, and switch to an instantaneous transparent
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state. However, when the electric field disappears, PDLC will
recover to the initial state. To obtain a steady device, the
cholesteric liquid crystals (CLC) were further selected to
fabricate self-powered optical actuator, as shown in Figure
72(c).627 A contact-separation mode TENG was used to convert
the mechanical stimuli to electricity and change the optical state
of CLC-based actuator. Due to the bistable characteristics of
CLC, the optical actuator could maintain the optical states even
after removing the external stimuli. It is promising for long-term
display applications. For the self-powered phosphor particles
based optical actuator, a triboelectrification-induced electro-
luminescence device has been developed for visualized sensing,
as illustrated in Figure 72(d) and (e).””® This device has a
sandwiched structure. When a separate object slides against the
electrification layer, transient light emission from the
luminescent layer can be observed along the trajectory due to
the generated alternative electric field. Since the luminescent of
phosphor particles was essentially generated through an
alternating electric field, the self-powered phosphor particles-
based optical actuator also could be operated by the noncontact
mode, as demonstrated in Figure 72(£).°*” The movement of a
floating conductive object on the device will generate an AC-like
electric field, which could modulate the emission of phosphor
particles. The morphology of the floating object could be
sufficiently recognized through the generated luminescence.

In addition to the above devices, other specific voltage-driven
physical phenomenons or materials also could be selected to
fabricate self-powered optical actuators. For example, electro-
wetting effect could be coupled with TENGs to form a self-
powered optical switch, as exhibited in Figure 72(g).”*" By
sliding the freestanding mode TENG, the generated voltage will
change the curvature of the electrowetting lens and the light
propagation through the lens could be switched. In addition,
TENGs also could couple with the electrophoresis effect, and on
the basis of this, a self-powered electronic paper (E-paper) was
successfully developed.”*' The AC voltage stimuli generated by
a sliding mode TENG was covert to the DC signal through a
rectifier. Then, the different chromatic particles in the
microcapsule of the E-paper would be separated under the
electrophoresis effect due to the disparate charges they carried.
Alternatively, by coupling the TENG and dielectric elastomer, a
tunable optical modulator has been reported, as illustrated in
Figure 72(h).>® At the initial state, the elastomer was stretched,
and the light could freely pass through. When the voltage
generated from TENG was applied to the elastomer, the light
would be scattered due to the voltage-induced rippling of the
elastomer.

Despite the above progress, several aspects may still require
future efforts. First, the impedance matching between the
TENG and optical devices should be sufficiently considered. As
we know, the impedance of TENGs is always very huge.*” The
impedance of optical devices might be small compared with
TENGs. In this case, even if TENG could generate tremendous
voltage output, it still might fail to drive the optical device.
Therefore, low impedance and high output TENGs are urgently
required. Second, although there already have some bistable
optical actuators that based on the cholesteric liquid crystals,
most optical actuators are instantaneous triggered. Efforts still
need to be taken to develop bistable optical actuators for the
broader application scenario.

6.2. Biomedical Applications. 6.2.1. Healing. More than a
decade ago, nanogenerator (NG) technology was developed as a
concept for mechanical energy harvesting and conversion at the

nano- or micrometer scale.”** The operation principle was
established on the piezoelectric effect and then extended to the
triboelectric effect (i.e., TENGs), which substantially enriched
the material selection and design opportunities, as well as
brought in impressive sensitivity and efficiency to harvesting
low-level mechanical energy.”*** These features make TENGs a
very promising candidate as an alternative power source for
biomedical devices by utilizing available biomechanical energy.
‘While majority applications are still focusing on battery charging
for wearable or implantable devices (it is indeed a very
promising application direction),*>**® this section discusses
another emerging application direction where the electricity
from TENGs is directly used for providing biomedical functions,
such as therapeutic electrostimulations (ES).**”***

Electricity is considered as the foundation of life, which is used
predominately by all biological systems to achieve different
physiological functions, such as communication, control, growth
and repairing.639 Many clinical and cosmetic treatments use ES
to achieve the targeted therapeutic pursues, including pain
relief,®*" tissue regeneration, wounds/skin healing,641 bone
recovery,642 muscle restoration,®** and nerve stimulation.**#¢*°
These conventional ES typically use high-frequency electrical
pulses with at least microampere level current density and
controlled by a large electrical system. Nevertheless, the
fundamental correlation between the ES signals and the
therapeutic effects are still largely unknown. Compared to
these conventional ES systems, NG revolutionizes the delivery
and control of ES through a more biomimetic fashion, which
may substantially advance the effectiveness of current ES
technology and improve their adaptability. We term the ES
enabled by wearable or implantable NGs as closed-loop ES. As
schematically shown in Figure 73(a), the NG harvests the
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Figure 73. (a) Schematic diagram showing the concept of closed-
loop ES. (b) Left: Schematics showing the operation concept of
implantable NVS device for diet and weight control. The red arrows
indicate the closed loop of biofeedback flow and control. Right: An
optical photo of the VNS device. Reprinted with permission under a
Creative Commons CC BY license from ref 365, Copyright 2018,
Springer Nature.
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Figure 74. (a) Top: TENG-based electrical bandage for acute wound dressing on mice, where the mice received two grafted human skin tissues
for ES treatment (left) and control (right). Bottom: Photos comparing the healing outcomes on the grafted human skin tissues with (ES) and
without (control) ES dressing. Reprinted with permission under a Creative Commons CC BY license from ref 667, Copyright 2021, Springer
Nature. (b) Top: A rat received the hair regeneration device. Middle: Skin surface of a nude mice after being treated with TENG ES (m-ESD),
comparing to the control area treated with Minoxidil (MNX), vitamin D3 (VD), and saline. Bottom: ratio of hair follicles (HF) increase at
different days of treatment. Reproduced from ref 669. Copyright 2019, American Chemical Society.

biomechanical energy from certain body motions and uses the
harvested energy to produce electricity for designed ES
applications. This forms a closed loop of energy conservation.
Meanwhile, the ES treatments are only and automatically
responsive and synchronized to corresponding body motions as
biofeedback without relying on any external electronics.
Therefore, this closed-loop ES is more natural (or biomimetic)
in signal delivery and manipulation, and thus may create less
habituation and introduce more effective therapeutic outcomes.

The closed-loop ES can be precisely exemplified by the
implantable TENG-based vagus nerve stimulator (VNS) used
for diet and weight control.”®® The concept is schematically
illustrated in Figure 73(b) based on a rat model. The VNS device
is made from a flexible multilayer TENG, where polytetrafluoro-
ethylene (PTFE) and copper electrodes were encapsulated by
polydimethylsiloxane (PDMS), Ecoflex, and polyimide trilayer
coatings. The device has a size of 1 X 1 cm” and is implanted on
the stomach out surface with its two output leads connected to
the anterior and posterior vagus nerves (AVNs and PVNG) at the
proximity of the gastro-esophageal junction. The VNS generates
pulsed electrical signals in response to the stomach motions with
a typical amplitude of about + 0.1 V and pulse width of ~0.2s.
Through this design, the peristalsis of stomach after a certain
amount of food intake would activate the VNS to produce ES to
the connected vagus nerves. These ES may provide artificial
fullness signal, and thereby the rat would stop eating so as to
reduce the amount of food intake. In this scenario, the closed
loop is embodied by using “food intake”-related stomach
motions to power and activate VNS to control the “food intake”

function. From the weight control tests on adult rats, the
experimental group (n = 6) that received the VNS implantation
exhibited a constant lower amount of daily food intake (~2/3 of
the control groups) over the entire testing period (75 days). As a
result, the average weight of the experimental group remained
stably 38% less compared to the other control groups. This study
provides a promising alternative strategy of peripheral neuro-
modulation mechanism that might be more effective for weight
control compared to the implantable vagus nerve blocker
mechanism (such as vBloc).®*® More broadly, ES has been used
to treat many neurologic and psychiatric disorders, such as
Parkinson’s disease,®*’ "% essential tremor,®°%%! epi-
lepsy,”*>°*® and major depression.”>**** Introducing the
TENG concept to achieve closed-loop ES may enable a strategy
to improve the efficacy and adaptability. One may envision that
allowing the stimulation target to self-define the ES signal (e.g.,
on/off, intensity, frequency) may directly reach the optimal
stimulation conditions that are often different from patient to
patient.

In addition to nerve stimulation, externally applied ES could
intervene many cellular processes that lead to accelerated tissue
growth, such as skins, muscles, and bones.”****’ Specifically, ES
can increase blood flow and decrease edema through the
interaction with the negatively charged protein, albumin—the
major colloidal protein in blood.®**%*” Electric fields can control
the migration of particular cells (e.g., neutrophils, macrophages,
fibroblasts, and epidermal cells) by inducing galvanotaxis
responses.*®’
enhance multiple cellular activities such as deoxyribonucleic acid

—662 . .o .
662 Flectric cues and galvanic stimulation can
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Figure 75. TENGs for drug delivery. (a) Schematic illustration of in vivo TENG-driven electroporation system. Reproduced from ref 683.
Copyright 2019, John Wiley and Sons. (b) Schematic illustration of wearable TENG based self-powered iontophoretic transdermal drug
delivery system. Reproduced from ref 684. Copyright 2020, John Wiley and Sons. (c) Schematic configuration of TENG-based implantable drug
delivery system. Reproduced from ref 685. Copyright 2017, John Wiley and Sons. (d) The flow rate of drug delivery system as a function of
TENG rotating speed. Reproduced from ref 685. Copyright 2017, John Wiley and Sons.

(DNA) synthesis, cellular proliferation, cellular receptor
expression for growth factors, calcium uptake, and neurite
growth and extension.’®® Similar to never stimulation discussed
above, current ES treatments for tissues are also primarily based
on cumbersome electrical units to provide power and modulate
electric signals. Cutting edge research in this field continues to
look for alternative ES treatment approaches that are easy to
implement and can promote more significant outcomes.’**
The electrical output generated by TENG is dependent on the
limited amount of surface charges. This feature is similar to the
process of electric potential generation in biological system,
where displacement of oppositely charged ions induces
bioelectricity. This similarity may make NG ES particulary
suitable for interfacing the biological system and stimulating the
physilogical functions with minimal side effects. The recent
successful results of skin tissue (including hair folicles)
resoration provided an excellent example, since the skin tissue
growth is directed by the endogenous electric field within the
cellular matrix.°”® The Wang group developed an electrical
bandage that integrates a TENG with a pair of dressing
electrodes.”® The TENG was designed to convert regular
breathing into pulsed electrical signals with a voltage output of
~0.1 to 1 V (Figure 74(a)). The voltage signal was directly
delivered to the interdigitated dressing electrodes that were fully
covered a skin wound. From the rat model, a 1 X 1 cm* full depth
skin wound completely healed in just 3 days with the help of
TENG ES, compared to the controls that needed nearly 2 weeks.
Similar effect has also been obtained from human skin tissues
that were grafted on mice as a preparatory step toward a human
subjects clinical trial. It was shown that a 4 mm full depth wound
on human skin tissue could fully healed in 7 days while the
control is still largely open.””” Cell-level mechanism studies
showed that proliferation of the fibroblast cells was enhanced by
the ES. The electric field could also influence the migration of
fibroblast and facilitate their ordering. The segregation of growth
factors, including epidermal growth factor (EGF), vascular
endothelial growth factor (VEGF), keratinocyte growth factor
(KGF) and transforming growth factor beta (TGF-f3) that are
related to skin tissue growth, was also enhanced under the
influence of ES. Due to the charge-limited feature of the TENG
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output, magority electricity could be quickly screened at the
interface.®®® Therefore, interfacial electrochemical reaction is
suppressed and substantially reduces the undesired reactive
oxygen species (ROS) generation in the tissue growth
environment.

It was further discovered that hair follicles, an important
functional component in skin tissue, could as well be stimulated
by ES dressing. The enhanced segregation of multiple growth
factors, such as KGF and VEGEF, can facilitate the proliferation of
hair follicles and prolong their anagen stage, and therefore
promote hair growth. The preliminary results were demon-
strated on both rats and genetically defective nude mice models.
To fitin the head area, an omnidirectional TENG was developed
to produce electrical pulses from random head motions, which
were enabled by a concentric circular electrode design (Figure
74(b)).° A dressing electric field of 3 V/cm was found to be
optimal to achieve the most significant hair generation outcome,
represented by fast hair shaft growth rates and a larger number of
hair follicles. The ~3-times higher hair follicle density obtained
from nude mice showed the potential of using TENG-enabled
ES to overcome genetic defect, such as keratin disorder, to
promote hair growth. The outcomes from rodents outperformed
controls treated with Minoxidil, an FDA-approved medication
for curing hair loss.

The last example we show here is the TENG-enabled ES for
bone healing. Similar to above two examples, bone fracture
healing is another well-known biological process that is
influenced by the endogenous electric fields and can be
facilitated by externally applied ES.””°~°"* The challenge lies
at how appropriate electric fields can be delivered to the fracture
area locally and consistently. To address this challenge, an
implantable and degradable TENG was developed.”> The
device was created using a PLGA film, where patterned
micropyramids was fabricated to enable a sensitive interface
paired with Mg electrodes for in vivo biomechanical energy
harvesting. The generated electrical signal was directly applied
to the interdigitated dressing electrodes wrapping around the
fractured bone. From the closed-fracture model of right tibia of
rats, the in vivo TENG stimulation enabled a rapid and complete
bone fracture healing in just 6 weeks. The device could then
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degrade naturally at the implantation site after the treatment
without introducing any adverse effect to the host.

The above examples are very encouraging to justify the
applications of TENGs in medical therapeutics. Given the
broadness of how biological systems rely on endogenous electric
field, applications of NG-enabled closed-loop ES will be far
beyond what have been discussed in this section. It can be
expected this strategy may become the next-generation
alternative to most clinical or cosmetic ES treatments, bring in
higher efficacy, less adverse effects, with excellent user
friendliness.

6.2.2. Drug Delivery. Triboelectric nanogenerators enabled
drug delivery devices that seamlessly interface with the human
skin can deliver therapeutic agents in a convenient and self-
administered manner.”’%%”” Therefore, such wearable drug
delivery devices can liberate patients with chronic diseases from
dependency to centralized health facilities, which often lead to
delayed treatment administration.””® To this end, TENGs can
effectively harvest biomechanical energy around the human
body and permit controllable and adaptive drug delivery.?”7%%!

To begin with, electroporation is a widely used mechanism for
electrically activated drug delivery devices, which relies on high-
voltage electrical pulses to deliver thera}geutic agents on the
generated pores on the cell membrane.”®” TENGs can offer a
transdermal drug delivery solution with decent stability and
strong transmission efficiency because they can serve as on-body
power sources and provide steady voltage pulses to drive these
electroporation devices. A portable hand-powered wearable
TENG assisted by nanoneedle-array of electrode was shown in
Figure 75(a) to help with electroporation-induced transdermal
drug delivery.*®* By hand-cranking the disk TENG at 1 rpm, a 20
V output could be applied to the nanoneedle-array electrode,
producing an electrical field of 2800 V/cm that was confined to
the nanoneedle—cell interface. As the imposed localized
electrical field is concentrated on a pointed tip, collateral cell
damage is minimalized and imperceptible. Moreover, fluo-
rescein isothiocyanate-labeled dextran was shown to effectively
penetrate into the dorsal skin of nude mice as deep as 23 um
using the TENG-powered drug delivery system, which
demonstrated a noninvasive and high-performance drug
delivery method.

Furthermore, iontophoresis is a transdermal drug delivery
strategy that is less painful than electroporation and allows
controllable drug penetration. Figure 75(b) demonstrates a
TENG-enabled iontophoretic transdermal drug delivery system
for closed-loop biomechanical sensing and therapy.”** The
wearable TENG using PTFE and aluminum triboelectric layers
was integrated into an insole to harvest the gait energy, which
generated an open circuit voltage of 1200 V and a short-circuit
current of 20 yA, at an operating frequency of 2 Hz. Converting
the generated electricity into direct current can activate a
hydrogel drug patch attached onto the skin of the ankle. The
positive current drove the positively charged drug molecules in
the drug-maintaining hydrogel flowing from one side to another.
Since the two sides were insulated, drug molecules were
transported through the skin by iontophoresis. Moreover,
TENG-powered iontophoretic drug delivery system effectively
delivered the modal drug R6G/MB into pig skin, proving its
transdermal drug delivery abilities. This work demonstrated a
convenient, self-administrating, and safe drug delivery for ankle
injury.

In addition, controlled and sustainable drug delivery systems
are critical for chronic and site-specific treatment. Electricity

from TENGs can be applied for powering an on-demand drug
delivery system. The TENG-powered implantable drug-delivery
system charged by the human body’s motion was presented in
Figure 75(c).”® This device had a rotationally gating structure
where two layers of metal Cu patterned with radial arrayed strips
were assembled as a rotator and a stator. Output performance
was controllably adjusted by optimizing the rotation speed of the
rotator. With an optimized setting, an output current and voltage
of 1.5 mA and 15 V, were obtained with a rotating speed of 500
rpm. For the drug delivery process, the electrical output of
TENGs was rectified and applied to Au electrodes within the
drug reservoir where the water-splitting process occurred,
pumping out the drug through a microtube. Higher rotating
speeds generally yielded higher delivery flow rates, resulting in
faster water-splitting rates. The output voltage reached about §
V, and the delivery flow rate was about 5.3 yL/min with a 300-
rpm rotating speed. Figure 75(d) plotted a higher flow rate of 40
uL-min~" was recorded at the rotating speed of 600 rpm. In vitro
trans-sclera drug delivery in porcine eyes was successfully
realized with this implantable drug-delivery system.

Additionally, a TENG-based on-demand transdermal drug
delivery system by the iontophoresis effect was reported. The
system was demonstrated on pig skin with R6G dye as a model
drug.684 Moreover, an electroporation intracellular drug delivery
system was reported that using wearable TENG as a power
source by harvesting finger friction and hand slapping.”*’ In
another study, a TENG-based transdermal and noninvasive
delivery system was demonstrated for on-demand drug
dosing.”*® In 2020, the sustainable and controllable release of
salicylic acid from a flexible drug release device for potential
wound healing was demonstrated, which was powered by arm
clapping using a wearable TENG.**’

In summary, with a collection of compelling features,
including lightweight, low cost, high voltage, TENGs are making
a splash in the drug delivery community. Although the
wearability and efficiency of these drug delivery systems still
needs further optimization, the proof-of-concept demonstra-
tions of using wearable TENGs for self-powered and on-demand
drug delivery emerges as compelling therapeutic approaches to
treating chronic diseases.

6.3. Environmental Applications. 6.3.1. Water Purifica-
tion. In this section, we review the pressing problems in water
treatment that warrant the need for more solutions, discuss the
advantages of TENGs for application in these sectors, and
present examples of TENG driven systems being researched and
developed for water treatment.

To treat water for safe human consumption, use, or discharge,
many impurities need to be removed or inactivated, including
waterborne pathogens,”*® organic pollutants,®® industry
contaminants like dyes®”® and metals,””" as well as emergin
contaminants like antibiotics®”> and micro/nano plastics.69
The increasing complexity of pollutants and refractory
contaminants in our waters continue to make the treatment
process very difficult and energy intensive.””* With the growing
population and overwhelming urbanization, more water is
needing treatment than ever before, resulting in an enormous
energy toll.**>%°® Because of the high chemical and energy
demands for water treatment, the current challenge is to reduce
the economic and environmental implications by using more
electricity and environmentally friendly energy sources.”””*”®
These challenges have sparked the development of various
TENG powered devices for different focused areas of water
treatment.
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Figure 76. (a) Schematic of the experimental setup of the wave-driven ball-in-ball TENG water disinfection device with Ag/ZnO nanowires.
Reproduced from ref 706. Copyright 2017, Elsevier. (b) Supercoiling-mediated rotational TENG driven water disinfection system, consisting of
a supercoiling TENG, a power management system (PMS) with rectifiers, and a disinfection filter for water-borne microbial inactivation.
Reproduced from ref 707. Copyright 2022, Wiley. (c) Hand-powered TENG for self-powered disinfection based on the coupling effect of a

localized electric field and copper ion toxicity. Schematic of the proposed TriboPump consisting of a hand-powered rotational TENG, a
disinfection cell, and a water pump. Reproduced from ref 708. Copyright 2019, Elsevier.
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porous-pyramid TENG. Reproduced from ref 717. Copyright 2022, Elsevier.

Waterborne pathogens are a massive threat to public health, inconsistent access to grid power.%¥**°~7%* Various TENG-
especially in developing areas, rural regions, or disaster zones powered devices have successfully been applied to inactivate
where people lack centralized sanitation facilities and have pathogens in water using either the intense electric field
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generated directly or the electric current after transformation.
Triboelectric energy harvesting devices have outputs regularly in
the tens to thousands of volts, while only producing current in
the order of nano/micro amps.””> Not only is this low current
safe for humans, but also this triboelectric power is perfect for
electroporation based technologies, as it can achieve a sufficient
electric field for disinfection while reducing potential unwanted
electrochemical reactions from the low current.””® Liu et al.
developed a triboelectric energy harvester by harnessing the
friction and built static energy between two sheets of aluminum
foil and a piece of plastic film.”* The foil was then connected to
two parallel CuO nanowire-modified electrodes to formulate a
disinfection device. During operation, the microbes that came in
the vicinity of the nanowire tips were inactivated through
electroporation of an enhanced electric field powered by the
generated static triboelectricity. However, for more practical
application, using hand motions to generate electricity is limited
due to fragile structure, low-frequency stimuli, and low output
power density.”*® Because of this, Tian et al. reported a ball-in-
ball TENG with rubber and aluminum foil to convert water wave
energy to electricity, which is applied to two carbon cloth
electrodes modified with ZnO nanowires and Ag nanoparticles
(Figure 76(a)).”% Bacteria that passed through the TENG-
powered device were completely inactivated, and the operation
sustained high disinfection performance due to the charged
electrodes slowly releasing electrons after being cut off from the
power supply. Huo et al. developed a rapid, self-powered
disinfection device for both bacterial and viral inactivation based
on an oxidation-assisted electroporation mechanism driven by a
supercoiling-mediated rotational TENG that can achieve high
speed rotation (Figure 76(b)).””” The high disinfection
efficiency was attributed to both the nanowire-enhanced electric
field and the generated oxidative species.

With the assistance of power management systems, TENGs
have also functioned as DC powers to drive both electro-
chemical cells and UV radiation.”®® When developing water
purification devices, pumps are often needed and require an
external energy source, especially in areas lacking consistent grid
connection. Because of this, Ding et al. developed a hand-
powered disinfection device (TriboPump) with an integrated
pump, driven by a rotational TENG (Figure 76(c)).””® During
operation, the TriboPump used hand power to rotate, create
energy, and drive water through a tubular coaxial electrode
copper ionization cell (CECIC) disinfection device. The
CECIC used both the electric current to release copper ions,
and the locally enhanced electric field to enhance the uptake of
copper ions by bacteria, resulting in no live bacteria detection in
the effluent with 6 log inactivation efficiency after only 2.5 min.
Jiang et al. used wave energy to self-power water disinfection
systems that coupled both TENGs and water electrolysis
devices, achieving 6 log inactivation of three model bacteria after
only 60 s of operation.””” In another study, Wang et al.
developed a freestanding rotary TENG to power mobile UV
light sources (Figure 77(a)).”"°

Another limitation for large scale water treatment in rural,
remote, or developing areas is the lack of centralized facilities for
chemical coagulation due to its high operating cost, difficult
management, and complex handling of bulky chemical
sludge.”"" Electrocoagulation offers a promising alternative as
it utilizes only simple electrodes and electrical power for a lower
cost, small sludge volume, and easy operating process.”"”
Because of this, Jeon et al. designed a self-powered electro-
coagulation cell for decentralized water treatment equipped with

a wind energy harvesting TENG (Figure 77(b)).”"" The power
supplied to the Al electrodes inside the electrocoagulation unit
induces electrochemical reactions, generating aluminum
hydroxide which acts as the coagulant to collect dissolved
pollutants in untreated water. This TENG powered electro-
coagulation removed 90% of algae and 97% of organic dye
during a batch operation of 72 h. Cho et al. proposed a
waterwheel structured hybrid generator to scavenge rotational
energy from a disk-ty;)e TENG to power an electrocoagulation
cell (Figure 77(c)).”"” In their studies, the TENG demonstrated
feasibility as a power source for the electrocoagulation cell,
which exhibited practical dye removal around 60% under batch
operation of 24 h and superior microalgae removal of 95% under
18-h batch operation.

Electrochemical technologies have also gained increasing
interest for their versatility, environmental compatibility, lower
potential cost, and higher effectiveness for refractory pollu-
tants.””* Liu et al. developed a water driven TENG with a DC
output to power an electrochemical cell, which generated free
radicals for the degradation of organic pollutants in wastewater
treatment.”®” With the electric field and electrons supplied by
the TENG, the fed phosphomolybdic acid and H,O, were both
activated, resulting in 100% removal of 4-CP through
dichlorination and mineralization by free radicals. Gao et al.
designed a free-standing rotary disc-structured TENG that can
harvest various sources of vibrational energy to drive an
electrochemical cell to treat carcinogenic azo dye by controlling
electrochemical oxidation potential.””® The TENG was able to
selectively treat 4-aminoazobenzene (AAB) to produce CO,,
providing promising potential for TENG driven technologies to
remove a variety of dyes as most azo dyes popular to use in the
industry are derivates of AAB. Chen et al. also fabricated a
TENG-powered multifunctional system”'* that was capable of
both the removal of rhodamine B dye electrochemically, and Cu
ions in water through metal electrodeposition using the flow
kinetic energy in the treatment cycle.””* When the TENG
operated at a speed of 600 rpm, the system removed almost
100% of rhodamine B within 15 min, while 97.3% of Cu ions
were removed in 3 h. The high-quality deposition of Cu makes
the system more promising for electroplating, while the high
efficiency removal for rhodamine B makes it feasible for removal
of other contaminants in the water treatment process. This and
other previously discussed technologies show the promise of
TENG driven technologies to sustainably treat refractory
pollutants like dyes and metals using self-powered electro-
chemical processes with very low power consumption and little
to no external pollution.®”*

Other emerging contaminants of concerns include antibiotics,
as one of the most relied upon drugs in the world, and micro/
nanoplastics, as plastic and plastic pollution have become
pervasive in our lives. To tackle these, Mo et al. designed a
photocatalytic system powered by crowned TENG to remove
tetracycline from contaminated water as it is the most widely
used antibiotic (Figure 77(d)).7>71e Using an iron-based metal
framework, the TENG collected water wave energy with an
acceleration of § m/s?, resulting in a tetracycline removal
efficiency of 95.89% within 80 min. Furthermore, Park et al.
demonstrated an electrophoretic nanoparticle removal system
using a porous-pyramid PDMS TENG whose removal rate was
S.6-times higher than that for conventional flat TENG (Figure
77(e)).”"” The PDMS TENG successfully removed nano-
particles of various materials including plastics, heavy metal
composites, metal oxides, and ceramics, showing great promise

https://doi.org/10.1021/acsnano.2c12458
ACS Nano 2023, 17, 11087—-11219


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c12458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Review

(b)

ﬂ Iectrostatlc Zone
/
ﬂ\’%\
3' \L
Pl Nanofibers
+R-TENG

XXX A
Polluted Air % XX )
><><X =
XU XE

Clean Air

Figure 78. Different strategies of air filtration devices based on TENGs. (a) Schematic image of the filtration mechanism of the PI nanofibers
charged by TENG. Reprinted with permission from ref 724, Copyright 2017, American Chemical Society. (b) Schematic diagram of the self-
powered triboelectric air filter based on the electrostatic force of filtration. Reprinted with permission from ref 725, Copyright 2021, American

Chemical Society.

for TENGs to power water treatment for both emerging
contaminants and existing suspended/inorganic pollutants.

Moving forward, some challenges remain the unstable and
fluctuating conditions like weather, temperature, and humidity,
and their effects on the output power density and reliability for
energy harvesting with TENGs.”*® This is critical as water
treatment need to run effectively and continuously to guarantee
the public health and protect the environment. Overall, TENG
driven systems are very promising as efficient, self-powered, and
sustainable technologies to provide and increase the accessibility
of clean water for people in remote, developing, or disaster
regions where there are inconsistent or unreliable power
supplies.

6.3.2. Air Purification. Increasing air pollution is one of the
factors impacting global health. COVID-19 and other
respiratory viral evidence indicate that air pollution can affect
respiratory defense mechanisms and cause infection to worsen.
In the presence of such a pandemic, the need to eliminate air
pollution becomes even more urgent.”'® Urban air pollution
consists of a mixture of gaseous and particulate components, of
which particulate matter (PM), nitrogen oxides (NO,), and
ozone (O;) have been investigated extensively.”'””*° Conven-
tional air filters usually rely on tiny pore sizes to block
contaminant particles but suffer from the drawbacks of large
pore sizes and low porosity.”>" While electrostatic precipitators
require an external power supply for long-term operation.”**
TENGsS are an attractive option for producing high voltages for
air purification with the benefit of self-sustainability. Various air
filtration technologies coupling TENGs and mechanical
filtration have achieved improved outcomes over classical
filtration mechanisms.”*” There is the strategy of harnessing
the high voltage brought by TENGs to power the dust removal
materials, such as the positively charged PI nanofiber filter in
Figure 78(a), which provides an added electrostatic adsorption
to mechanical filtration.””* Here are also approaches to
achieving the adsorption of PM directly using components
with large electrostatic charges of the TENGs, for instance,
conductive sponges (CS) and electrospun fibers (nanofibrils,
NFs) of the self-powered mask can generate triboelectric
charges with the breathing airflow (Figure 78(b)).””> In this
section, we review the applications of TENGs in air filtration.

For second-hand smoke pollution, Zhang et al. developed a
high-voltage recharging system that reduces PM concentration
to World Health Organization (WHO) standards. 726 The
biomimetic hairy-contact triboelectric nanogenerator (BHC-

TENG) can achieve an open-circuit voltage of 8.42 kV by
friction brought about by the rotation of a fluorinated ethylene
propylene (FEP) film and rabbit fur (Figure 79(a)-(i)). The
high voltage generated by BHC-TENG continuously injects
charge to melt-blown fabrics through the tip discharge of the
microneedle array (Figure 79(a)-(ii)), which can solve the
problem of charge loss when melt-blown fabrics are exposed to
high-humidity environments. Driven by BHC-TENGs, the
system maintains a removal efficiency of over 90% for PM
0.5—10. Further, Han et al. achieved the removal of PMs from
automobile exhaust by a high electric field generated by friction
between PTFE particles and aluminum electrodes.””” As shown
in Figure 79(b)-(i), when the chamber vibrates, the PTFE
particles collide with two aluminum plates, resulting in negative
and positive charges of PTFE and aluminum, respectively. A
current is formed when the two electrodes are electrically
connected, and when in open-circuit situation, the surface
charge density gradually saturates with the collision. Suspended
particles will be removed due to mechanical filtration and
electrostatic adsorption while passing through the triboelectric
filter. The effective removal of exhaust particulate matter was
verified by installing the TENG-based filter on a commercial
vehicle and testing the exhaust emissions (Figure 79(b)-(ii)).
The above two works implement the adsorption of PM from
tobacco smoke and vehicle exhaust through the TENG-powered
external dust removal materials or charged components of
TENGs, respectively, and are essential for progress toward the
practical applications of self-powered PM cleaning.

In addition to particulate removal, there are studies dedicated
to the degradation of gaseous pollutants. Feng et al. exploited the
high electrostatic field generated by the single electrode
triboelectric nanogenerator (SE-TENG) to inhibit the recombi-
nation of electron—hole pairs in the photocatalytic process and
enhance the photocatalytic effect.”** The schematic diagram of
the setup for degrading formaldehyde is shown in Figure 79(c)-
(i). The formaldehyde concentration was reduced to 60% within
250 min with SE-TENG as the driver, which doubled the
degradation efficiency compared to without the TENG (Figure
79(c)-(ii)). Likewise targeting indoor formaldehyde degrada-
tion, Zheng et al. reported a rotation mode high voltage TENG
with direct current (RH-DC-TENG) that employs a rotating
structure for collecting wind energy.””” The RH-DC-TENG has
an open circuit voltage range of 10 to 30 kV. The high electric
field provided by RH-DC-TENG can promote photocatalytic
degradation and the experimental platform can be seen in Figure
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Figure 79. TENGs utilized in air purification devices and the corresponding application scenarios. (a)-(i) Material composition in the BHC-
TENGs and the working mechanism. (a)-(ii) Photograph of the self-powered high-voltage recharging system for removing noxious tobacco
smoke. Reproduced from ref 726. Copyright 2022, John Wiley and Sons. (b)-(i) Three-dimensional structure and operating mechanism of the
TENG. (b)-(ii) Picture of a car with a triboelectric filter on the tailpipe. Inset: Enlarged image of the device setting. Reprinted with permission
from ref 727, Copyright 2015, American Chemical Society. (c)-(i) Schematic diagram of the setup used for degrading formaldehyde driven by
SE-TENG. (c)-(ii) Concentration change during the photocatalytic degradation of formaldehyde with and without SE-TENG. Reproduced
from ref 728. Copyright 2017, American Chemical Society. (d)-(i) Schematic illustration of the experimental platform driven by RH-DC-
TENG. (d)-(ii) Variation of formaldehyde concentration in three degradation techniques. Reprinted with permission from ref 729, Copyright

2022, Elsevier.

79(d)-(i). The designed self-powered air purifier formed by
coupling the RH-DC-TENG with nonthermal plasma (NTP)
and photocatalytic oxidation (PCO) achieved a 94% reduction
in formaldehyde concentration in 10 min in a 13-L airtight
chamber (Figure 79(d)-(ii)). The above research provides
effective insights to solve the problem of high indoor
formaldehyde concentration.

In summary, TENGs were designed to be applied to various
air purification scenarios, and initial experimental results proved

11173

impressive benefits. However, so far, research on the
degradation of gaseous pollutants has been less extensive than
on particulate removal. Besides, there are problems of relatively
homogeneous structures and high dependence on the external
environment, so there is still need to consider the production
details to enhance their practicality.

6.4. Sensor Applications. 6.4.1. Tactile Sensing. Tactile
sensors serving for human—device interactive interfaces, robotic
and prosthetic skins, and health monitoring are crucial
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Figure 80. (a) Illustration of the concept of an electric eel skin-inspired nanogenerator. (b) Photograph demonstrating the stretchability of the
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Copyright 2016, John Wiley and Sons. (d) Schematic diagram for the fabrication process of the TENG thread. (e) Left: Demonstration of the
TENG threads using as a self-powered human-system interaction interface. Right: Morse codes produced by touching the TENG thread with
finger, representing a phrase of “SELF-POWER”. Reproduced from ref 737. Copyright 2017, John Wiley and Sons. (f) Device structure of a
TENG textile. (g) Demonstrations of the TENG textile in use of fabric human-system interfaces. Reprinted with permission under a Creative

Commons CC BY license from ref 37, Copyright 2019, John Wiley and Sons.

components in a vast field of smart devices and wearable
electronics. Conventional passive sensors, including resistive,
capacitive, and optical-type ones, suffer from energy issues,
complex device structures, and limited materials, impeding their
applications.””°~"** In contrast, TENGs offer advantages
including self-powered sensing, diverse materials selection,
simple structure, low cost and manufacturability, enabling
many possibilities for tactile sensors that cannot be realized
before.”3373470

The working mechanisms of the triboelectric tactile sensors
are mainly founded on the single-electrode and contact-
separation modes. For a single-electrode-mode TENG, skin
touching would change the electric filed created by the surface
triboelectric charges, causing the flow of free electrons in the
electrode accordingly and resulting in an active electrical
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signal.”** For a contact-separation-mode TENG, touching can
bring contact of the two active components; thereby, the

: . 37,735 :
generating signals can respond touching. The actively
generating electrical signals in response to touching enable
TENG self-powered tactile sensors.

Competing conventional passive tactile sensors suffer from a
lack of flexibility and wearability as well as the issues of needing
batteries and power dissipation. An electric eel’s skin-inspired
TENG is reported for energy harvesting and tactile sensing
(Figure 80(a-c)).”*° The device is designed using percolating
silver nanowires networks as the electrode encapsulated in
triboelectric silicone rubber. The device reveals intrinsic and
mechanic durability and resilience, showing excellent biaxial
stretchability, uniaxial stretchability of over 300% strain as well
as abilities to multiple twists and folds (Figure 80(b)). It can
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Figure 81. (a) Applications and schematic of a self-healing TENG. (b) Demonstration of a self-healing and self-powered epidermal controller
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demonstration of a soft robot with self-powered TENG sensing skin for detecting human pulses. Right: Real-time outputs of human pulses. (d)
Photos for demonstrating the human-soft robot interaction. Reproduced from ref 744. Copyright 2018, John Wiley and Sons.

convert energy from skin touching into electricity regardless of
various extreme mechanical conditions and deformations.
Especially, even after experiencing tear damage, the device can
keep the capability to generate electricity. The devices are easy
to scale up and shape as desired, and the processes are cost-
effective and suitable for industrial manufacture. With the
favorable mechanical tolerability, the skin-like device can be
adapted to various nonplanar surfaces to scavenge touching
energy. Furthermore, a fully autonomous and body-conformable
e-skin system with intuitively visual signals is realized by using
the electric eel skin-like device (Figure 80(c)). This work is
expected to bring significant benefits to a wide range of
deformable electronics, and the demonstration of self-powered
and adaptive human-interactive system can advance the
development of self-sufficient e-skin systems ranging from self-
powered interactive interfaces, to robotic and prosthetics skins.

Fibers, yarns, and textiles are ideal options for designing
wearable and large-area tactile sensors. They offer advantages
including flexibility, adaptability, breathability, and scalability.
Therefore, tremendous efforts have been made to develop fiber-,
yarn-, and textile-based TENG self-powered tactile sen-
sors.””7*77*% For example, a single-thread-based wearable
TENG is reported for human-motion energy harvesting and
self-powered tactile sensing (Figure 80(d),(e)).”*” The single-
electrode-mode TENG thread is fabricated by coating silicone
rubber on a stainless-steel thread. It can extract energy during
contact with skin. For a 5 cm-length TENG thread, the output
open-circuit voltage and short-circuit current reached to ~15V
and ~7 pA, respectively. By sewing the TENG thread on an
elastic textile by a serpentine shape, a large-area and stretchable
TENG textile can be realized. Because the effective contact area
to the elastic and circular surface of outer silicone rubber

depends on the contact force, the TENG thread exhibits the
capability to actively sense different contact forces. It is
demonstrated to serve as a human-device interface on a clothing
to transmit Morse code from touches (Figure 80(e)). Moreover,
the simplified single triboelectric thread can be applied in a wide
range of thread-based self-powered and sensing uses, including
gesture sensing, human-interactive interfaces, and human
physiological signal monitoring. With a good sensitivity, a
wearable and self-powered pulse meter is realized by using the
TENG thread, realizing the real-time monitoring of human
physiological signals on smart clothing. Furthermore, by
working with microcontrollers, more sophisticated tactile
sensing systems, such as wireless and wearable keyboards, are
demonstrated.

A large-area waterproof textile-based TENG is reported for
acting not only as a wearable and implementable energy
harvester but also a self-powered active tactile sensor (Figure
80(f),(g)).”” The contact-separation-mode TENG textile is
mainly comprised two combined fabrics. The bottom one is
composed of a conducting fabric sandwiched between a
roughened silicone rubber membrane and an ethylene-vinyl
acetate (EVA) film as the waterproof substrate. The upper one
consisted of a conducting fabric sandwiched between a mesh
fabric and an EVA film. Finally, the TENG textile is completed
by placing the mesh side of the upper fabric onto the silicone
rubber membrane of the bottom fabric and sealing the borders
by a waterproof adhesive. The contact and separation between
the top conducting fabric and bottom silicone rubber membrane
enable to generate electricity. Particularly, it can harvest energy
from not only body motions but also natural tiny impacts (rains
and winds). Furthermore, touching the TENG textile can make
the contact of two inner active fabrics and generate electrical
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Figure 82. Self-powered touch sensing applications of TENGs. (a, b) Self-powered touch sensing mechanism. (c) Sensing signals generated
when a bird feather touched on TENG. Reprinted with permission from ref 52, Copyright 2012, American Chemical Society. (d, e) Transparent
and soft touch sensor detecting touch pressure. Reprinted with permission from ref 748, Copyright 2019, John Wiley and Sons. (f) Transparent
and soft touch sensors based on combination of triboelectric touch signal. Reprinted with permission under a Creative Commons CC BY license
from ref 51, Copyright 2018, Springer Nature. (g) Schematic diagram of triboelectric touch point sensors. Reprinted with permission from ref
50, Copyright 2022, WILEY-VCH VERLAG GMBH. (h) Photograph of triboelectric touch point sensor with electrode grid. Reprinted with
permission from ref 687, Copyright 2017, John Wiley and Sons. (i) Schematic diagram of triboresistive touch point sensor. (j) Photograph of
triboresistive touch point sensor. Reprinted with permission from ref 50, Copyright 2022, WILEY-VCH VERLAG GMBH.

signals, enabling a self-powered textile-based tactile sensor. By
programming the actively responding signals, a system-level
wearable tactile sensing system such as a remote keypad for a
music player has been demonstrated on a smart garment (Figure
80(g)). The presented TENG textile exhibits advantages of both
mechanical compliance and waterproof, which are important for
wearable tactile-sensing uses.

Tactile sensors will inevitably experience repeated contacts
and pressing, which may cause physical damage.”*””"*!
Mimicking the self-healing ability of human skin, self-healable
TENG tactile sensors have been intensively explored to gain the
capability to recover their mechanical properties and electrical
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functionality from damages for sustainable and durable uses.
Such self-healing abilities can be enabled by self-healable
materials through either physical (such as interchain diffusion,
hydrogen bonding, shape-memory behaviors and doping
magnetic nanoparticles) or chemical (such as covalent, free-
radical or supramolecular dynamic bonds) processes or their
combinations.”*>”** The self-healing TENG tactile sensors are
developed based either on self-healing triboelectric materials,
current collectors or both.

An entirely and autonomously self-healable (30 min, 100%
efficiency at 900% strain), highly transparent (~88.6% trans-
parency), and superstretchable (>900% stretchability) TENG is
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developed as a durable power source and a self-powered active
electronic skin (Figure 81(a),(b)).”*” It is constructed by
dynamic hydrogen-bonded ionic gel as the self-healable
electrode encapsulated by the dynamic metal—ligand-coordi-
nated polydimethylsiloxane (PDMS) as the self-healable
triboelectric material. At ambient conditions, the whole
TENG can self-heal and regain its energy-harvesting ability
from complete bifurcation within 30 min. It works at the single-
electrode mode. With an area of 4 X 2.5 cm?, it offers an open-
circuit voltage, short-circuit current density, and instantaneous
power to 20 V, 240 pA/m* and ~5 mW/m? respectively.
Moreover, it retains functionality even after S00 cutting-and-
healing cycles or at 900%-strain. The electricity triggered by
touching enables it to act as self-powered active electronic skins.
Its capability to differentiate different contact pressure is
demonstrated at pristine, 25%-strained, and cut-and-healed
conditions. The pressure sensitivity originates from the soft
materials of the device. The TENG tactile sensor reveals
autonomously self-healing, transparent, deformable, and energy-
converting traits, making it favorable for use in diverse human—
device interfaces. The applicability of the self-healing TENG
tactile sensor has been demonstrated in smart glass, an
epidermal controller, and a mobile phone panel.

The superior in diverse materials selection and self-powered
capability of TENGs enables TENG-based self-powered tactile
sensors to be used in many other fields where sense of touch is
needed. For example, tactile sensors are crucial components in
the emerging soft robotics. However, the integration of
conventional tactile sensors into the continuously deforming
bodies of soft robots is challenging because conventional sensors
suffer from complicated device structures, scant stretchability,
and incompatible moduli. Lai et al. reported TENG-based self-
powered, highly stretchable, and highly sensitive robotic skins
that can be used in various kinds of soft robots (Figure 81(c),
(d)).”** The TENG robotic skins are fabricated by silver
nanoflakes as the electrode and the silicone rubber with
triangular-microprism surface as the triboelectric material. The
robotic skins simultaneously possess excellent stretchability to
100% strain and outstanding sensitivity to 0.29 kPa™" (9.54 V/
kPa) in low-pressure regime (<S5 kPa) with lowest-detection
limit to 63 Pa. The TENG skins can actively sense proximity and
contact pressure to external stimuli by self-generating electricity.
With the aid of the TENG skins, soft robots enable to perform
various actively sensing tasks including perceiving their muscle
motions and working states, detecting moisture of a textile, and
even monitoring slight human physiological signals. Further-
more, the actively generating signals can be processed by a
computation module for diverse and sophisticated reactions. For
example, the human-soft robot interaction can be realized by
using a microcontroller (Figure 81(d)).

Although we can foresee the potential of TENG tactile
sensors and their wide applications, some challenges remain and
need to be overcome to realize their full potential. For example,
environmental factors such as humidity and temperature could
affect their performances, which may hinder the applicabil-
ity.”*»”*> Hence, the encapsulation technology for such systems
needs to be extensively investigated. Moreover, the development
of machine learning for TENG tactile sensors could be helpful to
differentiate of the noise. On the other hand, TENG-based slip
and force vector sensors will be needed for more complete tactile
sensors. Furthermore, the interface connection and the match of
elastic moduli would be important for the integration of the
TENG tactile sensors with other components and circuit board.

Last, for a large-area and multiplexing TENG tactile sensing
array, high spatial resolution requires to be ensured.

6.4.2. Touch Position Sensing. With the advent of the IoT
era, sensors equipping low-power consumption and lightweight
have been gradually demanded.”*° It is expected that TENGs are
readily capable to meet the needs. Because touches on TENGs
can be directly converted into electrical signals based on
electrostatic induction, electrical energy generated by TENGs
have been utilized for sensing physical interaction.”””"* This
ensures TENGs that can detect touches without additional
power sources.””’*” This is called self-powered touch sensing.
Simple structure (basically two layers of dielectric and
conducting layers) of TENGs allows a wide range of material
selection, and thus ensures TENGs to be fabricated with
lightweight and flexible properties.*”**®® The flexibility also
contributes TENGs to be mounted on deformable substrates
such as a human skin.”"°**®® The promising characteristics have
allowed TENGs to be highlighted as self-powered touch sensors
as well as energy harvesters.

A surface of TENGs can be charged based on contact
electrification. The accumulated charges induce counter charges
in the conductor of TENGs to maintain electrical equilibrium
(Figure 82(a)). When an object approaches and contacts the
TENG, the induced counter charges are released, and then
electric current occurs. By measuring voltage across a connected
external load, the touch by object can be readily detected (Figure
82(b)). Based on the sensing mechanism, self-powered sensing
using TENG was demonstrated in 2012.”> The TENG readily
detected gentle touch of a piece of 20 mg bird feather with
notable voltages induced in the TENG (Figure 82(c)).>”
Interestingly, sensing signals generated by the TENG readily
distinguished not only first strong touch but also second weak
touch during the falling process. This means the TENG is
sensitive to applied touch pressure. Choi’s group reported highly
pressure sensitive triboelectric touch sensors (Figure 82(d),
(e)).”*® The pressure sensitivity of the TENG was 22.3 V/kPa.
Voltages induced at TENGs are dependent on the contact
surface.”*® Increased input pressure might lead to larger effective
contact area, resulting in increasing induced voltage. Even if the
sensitivity was quite reduced beyond a range of 20 kPa of applied
pressure, it showed TENGs are fascinating candidates as
pressure sensors.

With the increasing demand of wearable sensors, stretchable
and transparent TENGs have been suggested based on ionic
conductors,”**7**73 especially hydrogel containing ions
(Figure 82(f)). Thanks to its high transmittance (99%) and
stretchability (340%), it was robustly applied on human
fingertips. Five TENGs attached on fingertips were programmed
to represent 2°, 2%, 22, 23, and 2% Combinations of the touch
signal from TENGs were interpreted as an alphabet to be used as
a wearable keyboard.”"

Applying electrode grid layer as a conducting layer of TENG
allows TENG to distinguish touch position (Figure 82(g),
(h)).>*%%775! By comparing voltages measured at each grid,
touch position is readily recognized. The touch points (a,f3) are
interpreted by the following Equation 33:>°

IfV,, and Vi #0, and else % 0

Xon—-1 <a< Xonr yZm—l < ﬂ < y2m (33)

By increasing the density of the electrode grid, the spatial
resolution can be enhanced. However, the number of data lines
and voltmeters corresponding to the electrode grid is also
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Figure 83. TENG-based proximity sensors for HMI applications. (a)-(i) Photos of one, two, three fingers, and a palm moved above the TSS unit
array, and the corresponding peak voltages depicted by 3D diagram. (a)-(ii) Demonstration of smartphone interface unlocking after inputting
the password through the TSS in a noncontact mode. Reprinted with permission from ref 761, Copyright 2020, WILEY-VCH. (b)-(i)
Schematics of the noncontact electronic skin and its working principle. (b)-(ii) A real-time HMI system with the electronic skin for the Tetris
game. Reprinted with permission from ref 762 Copyright 2018, WILEY-VCH. (c)-(i) Schematic and photo of the transparent and stretchable
self-powered electronic skin. (c)-(ii) An example moving trajectory of the electret and the corresponding output signals from four electrodes.
Reprinted with permission from ref 760, Copyright 2019, Elsevier. (d)-(i) Schematic illustration of the multimodal noncontact interaction
interface, and the relationship between the humidity sensor resonant frequency and the finger-to-sensor distance. (d)-(ii) Schematic diagram of
the output flow for car direction and speed control, and the corresponding two-channel triboelectric voltages generated from the finger sliding
motions. Reprinted with permission from ref 553, Copyright 2022, WILEY-VCH. (e)-(i) Working mechanism of the eye motion sensor and
output signals from eye blinks. (e)-(ii) Virtual drone control schemes with the eye motion sensor. Reprinted with permission from ref 766,
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increased, which causes the TENG to be complicated. To
overcome the trade-off, a gridless touch position sensing
mechanism was recently reported by Lee et al., which is called
triboresistive touch sensing (Figure 82(i), (j)).*° Touch point is
recognized by comparing voltages induced at each corner. The
touch points are interpreted by following eqs 34 and 35:

_ W+,

VitV + 3+, (34)
jo_ Vith

Vit V+ i+, (35)

Where V), V,, V3, and V, are voltages induced at each corner,
respectively. A comparison of the voltages generated at each
corner, which depend on the resistance between the touch
points and each corner, allows for estimation of the touch
positions without the need for electrode grid layers and external
power sources.

In our view, there has been development in the research field
of triboelectric touch sensors over the last ten years. However,
there are still a lot of issues we will have to explore to enhance
triboelectric touch sensors to be commercialized. Especially,
even though the sensing mechanisms of TENGs do not require
power sources to be operated compared to conventional touch
sensing mechanisms such as capacitive and piezoresistive
sensing,”*~">* an external power supply is still required to
cover data acquisition and processing. From the perspective of
fully self-powered touch sensing systems, we believe increasing
power generation will be a critical and high impact direction to
cover the energy required for both data acquisition and
processing.

6.4.3. Proximity Sensing. Apart from detecting contact-
induced motions and trajectories, TENGs are also capable of
monitoring object movement in a noncontact manner, i.e.,
proximity sensing. Similar to the working mechanism of the free-
standing mode, triboelectric proximity sensors work on the
principle of electrostatic induction effect where the charged
object approaches or departures from the electrode, creating
electron flows to balance the local potential distribution. In
general, the underlying working principles could be simplified
into two cases, where the charged object moves in parallel to the
electrode or perpendicular to it. Taking the perpendicular
moving trajectory as an example, as the positively charged
dielectric moves away from the bottom electrode, electrons on
the electrode will be repelled to the ground due to electrostatic
induction, thus generating a negative output current on the
connected load. Conversely, the electrons will flow back once
the dielectric approaches the bottom electrode, leading to a
positive output current in the circuit. In the case of parallel
moving patterns where the dielectric approaches or leaves the
bottom electrode in a different manner, though the electric field
distribution would be distinguished from the prior case, the
output current has a similar relationship to the dielectric
motions. Generally speaking, a single working electrode can
detect the approaching or leaving of a charged object nearby
through the triboelectric output polarity and amplitude.
Through specifically designed electrode arrays, more sophisti-
cated and comprehensive moving trajectories can be detected
and differentiated for diversified applications.

With an increasing demand for information exchange as well
as reciprocal interactions between the virtual and real world,
TENG-based human-machine interfaces (HMIs) in various

forms have been vastly developed for diversified applica-
tions.”*7>*733775% A growing interest has been observed in
wearable HMIs with noncontact attributes in recent years,
especially during the current pandemic.”*” Accordingly, there
are a few noncontact HMIs that have been reported for
proximity sensing of hand/finger on the basis of
TENGs. 393761770574 Eigyre 83(a)-(i) shows a triboelectric
touch-free screen sensor (TSS) to recognize various gestures in
the vicinity of it in a noncontact working mode.”®" Based on a
monolayer graphene and polyethylene terephthalate (PET)
substrate, the TSS is lightweight, flexible, and transparent,
allowing it to be easily integrated into screens of personal
electronics. Considering that the human body is usually
negatively charged, when the fingers move above the TSS, the
charge distribution on the TSS surface will be changed due to
the electrostatic induction, hence generating output signals
correspondingly. By embedding ten sensing units evenly
distributed on the surface, the TSS can detect several gestures
including finger drop and lifting at different speeds, making a fist,
palm opening, and flipping in different directions. An intelligent
noncontact screen control system was further demonstrated,
enabling contactless unlocking of the smartphone interface
(Figure 83(a)-(ii)). To detect the motion of a surface electrified
object across the plane parallel to the sensory interface, Zhang et
al. designed and developed a self-powered noncontact electronic
skin based on the electrostatic induction and triboelectric effect
(Figure 83(b)-(i)).”* A symmetric four-electrode configuration
with quartered annulus shapes was proposed and fabricated by
depositing a thin layer of ITO on the PET substrate. The object
displacement under the polar coordinate system is determined
by the ratios of peak voltages from the four electrodes, which has
greatly reduced the electrode number compared to the
conventional pixel-based sensory arrays. Through this approach,
this electronic skin can determine two key factors of the moving
object: the distance between the electronic skin center and
projections of the stop point of the object, and the moving
direction. As presented in Figure 83(b)-(ii), the noncontact
electronic skin has been implemented as a real-time HMI for a
Tetris game, demonstrating its promising prospect for providing
interactions between users and artificial intelligence with a
degree of freedom. Figure 83(c)-(i) shows a different design of
electronic skin to track the object motion/displacement above it,
which contains stacked electrode-substrate layers with an
overlapped configuration.”*’ Each layer consists of five electro-
des that are parallel to those on the same layer but perpendicular
to the ones on the other layer. Through spatial electrostatic
inductions, this transparent and stretchable electronic skin is
capable of measuring an electret’s motion in the rectangular
coordinate system with three degrees of freedom, as illustrated
in Figure 83(c)-(ii). A high accuracy (0.7498 mm, 1.0669 mm,
2.2003°) has been achieved with this self-powered digital-analog
hybrid device, which was demonstrated as an HMI in a real-time
game platform.

Recently, Lee et al. proposed a multimodal noncontact
interaction interface by combining a MEMS humidity sensor
and a triboelectric sensor, which can provide a continuous and
steady response and recognize multidirectional finger motions
simultaneously (Figure 83(d)-(i)).”>* The humidity level
directly reflects the vertical distance between the finger and
the sensor. Meanwhile, the TENG sensor with a minimalist and
electrode design can easily differentiate the finger motion
direction through the two-channel output voltages, as indicated
in Figure 83(d)-(ii). Leveraging the fused information from
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various testing conditions. Reprinted with permission from ref 767, Copyright 2021, Elsevier. (d)-(i) Contactless human motion detection
through a self-powered proximity sensor. (d)-(ii) Sensor response to different walking speeds. Reprinted with permission from ref 771,
Copyright 2022, WILEY-VCH. (e) A wake-up system with bTENG for mechanical disturbance detection that can be applied for intruder alarm,
and the output voltages at different sensing distances. Reprinted with permission under a Creative Commons CC BY license from ref 770,

Copyright 2020, John Wiley and Sons.

both sensors, this noncontact interaction interface was
implemented for virtual car control and 3D password entering
to a login system as proof of concept. On the basis of the
proximity sensing of TENG, Yuce et al. demonstrated a self-
powered eye motion sensor for various application scenarios, as
shown in Figure 83(e)-(i).”°° The whole sensing system is
separated into two parts: a stand-alone flexible polymer strip
with a two-layer configuration and a metal electrode fixed on the
eyeglass lateral temple. As the Orbicularis Oculi (0.0) muscle
contracts or relaxes, charges will be generated on the polymer
strip and affects the proximal metal electrode through the near-

11180

filed electrostatic induction. As a result, the subtle O.O muscle
movement can be monitored through the collected output
signals. This eye motion sensor was successfully demonstrated in
an HMI prototype for hands-free cursor control, car control, and
VR drone control as shown in Figure 83(e)-(ii).

The proximity sensing enabled by TENG not only has
introduced appealing features to the next-generation HMIs but
also is providing possibilities for intelligent smart home
applications.”””””"* Gong et al. developed a self-powered
sandwiched noncontact TENG (NTENG) consisting of a
graphene/shear-stiffening gel electrode and a shear-stiffening
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elastomer shell, which is capable of detecting a vertically moving
object’s distance and speed.”*” The stretchable and shape-
adaptive properties enable attachment of the NTENG onto
uneven surfaces as a touchless sensor for external environment
monitoring, e.g., a walking stick that assists the user move in
darkness as shown in Figure 84(a). Three NTENG units were
assembled to the peripheral surface of the walking stick, and they
are responsible for left, forward, and right direction detection.
Output signals will be generated when it is adjacent to obstacles,
with the three-channel triboelectric voltage helping the users to
identify the location of the barrier and hence guiding them to
move freely even with no visual input. In light of the COVID
pandemic, the self-powered noncontact triboelectric would
come in handy in reducing the possible contact situations
whenever and wherever possible. For instance, it can be
integrated with a hand sanitizer machine for touchless activation,
which shall break the virus transmission chain effectively by
avoiding crossing contact through conventional hand sanitizer
devices. As presented in Figure 84(b), a touchless hand sanitizer
system was demonstrated and enabled by a triboelectric
proximity sensor, which detects hand approaching and hand
leaving movement through the positive and negative output
voltages.768 The proposed TENG sensor was equipped with a
charge trapping interlayer to enhance its output performance,
maintaining a considerable output even under high-humidity
conditions.

Human motion and its interaction with the environment are
crucial for healthcare, which is generally tracked through
wearable sensors attached to multiple body parts. Considering
the human body is a naturally charged entity, a contactless
sensing platform to distinguish and monitor the diversified
movements of human subjects can be developed based on
TENG-based proximity sensors, as shown in Figure 84(c)-
(i).”°” A flexible Non-Contact Triboelectric Sensor (NCTS)
was produced by simply attaching PDMS film onto the Al foil,
with the working principle of noncontact electrostatic induction.
In other words, the approaching or departing of any charged
object (e.g., the human body) will induce electrons to flow in or
out to the Al electrode. Meanwhile, the electrification between
the shoe and floor should be taken into consideration as well
when analyzing the charge distribution of the whole system,
which can largely affect the NCTS output signals. As presented
in Figure 84(c)-(ii), the location of the sensor, the distance
between the sensor and the subject, shoe/floor materials, and
motion types all exert influence on the sensor output, enabling
activity differentiation, walking speed/relative position estima-
tion, and motion detection of two individuals. In addition, two
sensors fixed on specific parts of the house were used to perform
indoor location and tracking. A prototype system for assisting
visually impaired and elderly people to prevent accidents and
detect falling events was then developed. In a similar manner,
Nie et al. demonstrated recognition of walking, approaching,
running, falling, and other moving activities through the
proximity sensing of a polyvinylidene floride@Mzxene
(Ti,C,T,) composite film-based TENG (Figure 84(d)-(i)).””"
The peak-to-peak voltage increases with the walking speed at the
same distance with a sensitivity of 1.175 Vs/m, as shown in
Figure 84(d)-(ii). With two sensors fixed on the wall, different
signals can be detected when the user wearing a positive
triboelectric material moves between them. Accordingly, it can
serve as an indoor human position recognition device to assist
visually impaired users to navigate in the near future. The
proximity information on the human body not only is useful for

movement detection but also can serve as wake-up signals in
smart systems for energy conservation of electronic networks in
unmanned areas. Figure 84(e) presents a bionic triboelectric
nanogenerator (PTENG) functioning as a self-powered motion
sensor in a wake-up circuit, which mimics the structure of plants
with leaf-shaped tentacle structures.””” The wake-up system can
be triggered by the generated voltages of the bTENG that may
originate from both noncontact and contact mechanical
disturbance.

Though broad application prospects of the TENG-based
proximity sensors in various forms have been demonstrated,
there still exists a few limitations of current designs which would
require more effort to be devoted to this specified research
discipline. Efficient and stable proximity sensing depends upon
sufficient charges on the detecting object, e.g., hand or body.
Charge dissipation over time becomes a critical issue limiting the
long-term sensing performance, especially under the noncontact
mode where charge replenishment through repetitive contact
electrifications is lacking. Material modifications aiming at this
specific scenario could be applicable, such as the introduction of
a charge trapping layer,”® material optimization in terms of
surface charge density and decay rate,”’” and utilizing electret
materials.”*® Besides, due to the working principle of electro-
static induction, output voltages in nonopen-circuit (i.e,, most
cases) can only be generated by dynamic motions, while static
positions cannot be detected. Multimodal sensing could be a
teasible solution where sensors with different sensing mecha-
nisms are introduced to the system, providing complementary
information for a more comprehensive proximal motion
tracking. In addition, the triboelectric output of the proximity
sensor is affected by multiple aspects of the moving object, such
as material type, distance, speed, motion direction, etc., where
the triboelectric output is difficult and laborious to analyze by
manual feature extractions. More advanced data analytics (e.g.,
machine learning) are used to adaptively learn features from the
collected raw signals, which may lay the foundation for
intelligent proximity sensing systems for more broadened
applications than ever before.

6.4.4. Defect Monitoring. Even tiny cracks in buildings,
tunnels, bridges, railways, and maritime structures could be
hazards because the growth of cracks is generally rapid and may
cause disasters, including human injury and financial loss.””>~""*
Therefore, it is very important to detect cracks at an early stage,
and crack monitoring systems are essential to prevent accidents.
Cracks also could occur from ice surfaces located in rivers and
streams, and it could be resulted in the accidents. These
accidents can be considered as man-made and can cause
enormous damage, so it is very important to prevent them early.
Previously, piezo-resistive sensors, piezo-capacitive sensors,
optical lasers, and acoustic source localization method were
used for crack detection, but they have following limitations:
high cost for installation and maintenance, low sensitivity,
unstable response (easily affected by the environmental factors
like temperature and humidity).””””"® As a self-powered
monitoring system application, TENGs can be used as defect
sensors for crack monitoring. TENG-based detect monitoring
sensors have advantages as follows: small size (can be adapted to
the environment for monitoring), lightweight, and low cost
(including both installation and maintenance costs). They can
also be used without external power supplies or used with low
power. Here we would like to introduce TENG-based defect
monitoring systerns.550’783”784
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Figure 85. Wire-based triboelectric resonator for crack monitoring. Reprinted with permission from ref 550, Copyright 2020, Elsevier. (a)
Concept of the WTER used to monitor a crack. (b) Corresponding frequency behaviors according to crack initiation and widening. (c)
Schematic of the integrated the WTER, arduino board, and LCD (A-WTER). (d) Frequency change caused by temperature for different metals
(Tj, steel, and Cu) to understand the stability of the A-WTER, where the initial tension was 10 kgf and the length of wire was 30 cm. (e)
Frequency measured by the A-WTER on a crack model for an elongation of 100 gm.

In the field of structural health monitoring, the use of
vibration is very powerful for nondestructive investigation. Jung
et al. proposed a wire-based triboelectric resonator (WTER) for
monitoring the crack initiation and widening.**” The authors
obtained the resonant frequency of the wire and used it to
monitor crack initiation and widening, as shown in Figure 85(a).
They calculated the resonant frequency of the wire by eq 36:

1 [T
f= 2L\/,u (36)

The resonant frequency of a wire is determined by the tension
(T), length (L), and linear density (i) of the wire. Since there is
a consistency between the resonant frequency of triboelectric
signal and the resonant frequency of a wire, the initiation and
widening of cracks can be detected by change in resonant
frequency, as shown in Figure 85(b). The authors investigated
the effects of tension, linear density, and length of wire on the
resonant frequency, and the experimental results showed well
agreement with the equation. Generally, TENG output is
affected by environmental factors such as temperature and
humidity. Since WTER is a TENG-based system, it is essential to
investigate environmental factors. The authors designed a
humidity chamber and measured the voltage output of WTER.
As the humidity increased from 10% to 80%, the voltage output
and operating time decreased dramatically. The change in the
resonant frequency of WTER is determined by the influence of
thermal expansion coefficient, elastic modulus, linear density of
wire, which is shown in eq 37:

B 1 T,— aEAAT
2Ly(1 + aAT) u (37)

Jr

Here, f1 is the resonant frequency, L, is the initial length of the
wire, @ is the thermal expansion coeflicient, AT is the
temperature gradient, T is the initial tension, E is the elastic
modulus, and A is the cross-sectional area of wire. In addition,
the authors implemented A-WTER using Arduino board and
LCD display to implement a stand-alone, self-powered crack
monitoring WTER system, as shown in Figure 85(c). In the
temperature range from S to 50 °C, Cu showed the least
resonant frequency change, which is shown in Figure 85(d). The
relationship between elongation and frequency was investigated,
and the sensitivity was 320 Hz/mm, which is sufficient to detect
cracks, as shown in Figure 85(e). As a result of comparing the
resonant frequency of A-WTER with the resonant frequency
measured utilizing universal testing machine (UTM) by
oscilloscope, the error was less than 1%. This work showed
the potential as a next-generation self-powered sensor for crack
monitoring and temperature monitoring in the social infra-
structures.

Early detection cracks in the ice surfaces are essential because
even tiny cracks in the ice surface can cause catastrophic
accidents. Luo et al. proposed ice-based triboelectric nano-
generator (ICE-TENG) to detect the cracks in the ice
surfaces.”®’ The authors investigated output performance of
the ICE-TENG corresponding to the thickness of ice, contact
pressure, driven frequency, etc. They successfully demonstrated
ice warning system based on triboelectric interaction between an
ice surface and human motion, as shown in Figure 86(a) and
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Figure 86. Ice-based triboelectric nanogenerator. Reprinted with permission from ref 783, Copyright 2022, Elsevier. (a) Schematic illustration
of the ICE-TENGs for energy harvesting during human motion on the ice surface. (b) Schematic illustration of the ICE-TENGs-based
monitoring sensor. (c) The output voltage of the ICE-TENGs with unbroken and broken ice layers. (d) Schematic illustration of the reversible
process from the broken ice to healable ice by regulating the temperature. (e) The long-time friction coefficient for 10,000 s. Photograph of the
ICE-TENGs-based wireless warning system on the (f) unbroken and (g) broken ice layer.

(b). When crack occurs on the ice surface, the output of ICE-
TENG decreases, as shown in Figure 86(c). We can recognize
the occurrence of cracks in real-time through a wireless warning
system. As a self-powered crack monitoring system, durability is
crucial factor. Cracks on the ice surface leads to a decrease in
TENG output due to surface damage, which reduces system
durability. However, self-healing is possible, which can improve
the system durability due to the low melting point and rapid
phase transformation of ice, as shown in Figure 86(d).
Moreover, the coeflicient of friction also affects the durability
of the system, and ICE-TENG has secured excellent durability
due to the low coeflicient of friction of ice, as shown in Figure
86(e). These characteristics give ICE-TENGs a long lifespan
and it is expected to be used as a self-powered crack monitoring
system. Finally, the authors implemented a system that detects
cracks occurring on the ice surface and provides a real-time
alarm, as shown in Figure 86(f) and (g).

In modern society, since water is supplied through a pipe, it is
very important and essential to detect a crack or leakage of pipe.
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Vibration was used for structural health monitoring of pipe,”**
and TENG-based vibration sensor can be applied in this field.
Previously, it was difficult to detect high-frequency ranges in
TENG-based vibration sensors, and the structure was not
flexible. However, high-frequency range detection and flexible
structure are very important for various applications. Lin et al.
proposed flexible ultrahigh-frequency triboelectric vibration
sensor (UTVS) for urban water pipeline leakage monitoring.”**
The authors optimized UTVS in terms of vibration frequency
range, vibration response ability, thermal stability, etc. UTVS
has curved shape for structural health monitoring based on the
layer-particle-layer structure and utilization of flexible materials.
To predict the leakage rate, the authors measured the voltage
output of UTVS according to various leakage rates. They also
simulated the situation of leakage in pipeline, and the turbulent
flow occurs when there is a leakage in the pipeline. A pipeline
monitoring method in this work showed a possibility in real-time
leakage monitoring system for urban water supply. Machine
learning is widely used in various research fields nowadays, and it
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Figure 87. Various types of TENGs for blue energy harvesting (i.e., ocean energy harvesting). (a) Overall concept of ocean energy harvesting
using multiple TENG networks. Reprinted with permission from ref 797, Copyright 2021, American Chemical Society. (b) Schematic
illustration of the liquid—solid interfaces TENG. Reprinted with permission from ref 798, Copyright 2021, Elsevier. VC-TENGs with various
structures for enhancing the harvesting efficiency: (c) Spherical swing structure for transforming low-frequency water wave vibrations to high-
frequency motions. Reprinted with permission from ref 800, Copyright 2021, Elsevier. (d) Flower structure for harvesting with six degrees of
freedom. reprinted with permission from ref 801, Copyright 2022, Elsevier. (e) Flag structure for harvesting underwater ocean energy with
extremely low velocity. Reprinted with permission from ref 802, Copyright 2021, Elsevier. FTENGs with various structures for enhancing the
harvesting efficiency: (f) Nodding duck structure for harvesting low-frequency wave energy. Reprinted with permission from ref 797, Copyright
2021, American Chemical Society. (g) Gyroscope structure for harvesting multidirectional energy. Reprinted with permission from ref 532,
Copyright 2022, American Chemical Society. (h) Sandwich structure for harvesting energy from parallelly connected TENG array. Reprinted
with permission from ref 803, Copyright 2021, Elsevier.

is also used in crack detection.”*”7%% In this regard, surface
cracks of TENGs can be detected and classified. Shen et al.

detected such as edge fracture, unevenness of substrate
thickness, high surface roughness, noise, multiple defects, and

proposed artificial neural network (ANN) used for interface
defect detection and an identification method.”®’ The electrical
signals from TENGs are used as the training object to realize the
noncontact defect detection. The various defects could be

sticky attachments. The authors compared the accuracy and loss
corresponding to the different number of pixels and different
number of neurons. They optimized the ANN model for high
sensitivity and low time consumption. ANN was used for the
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time through this work to detect TENG defects, and it is
expected that various follow-up studies and practical application
development will be possible in the near future based on
machine learning in the TENG defect monitoring field.

As above-mentioned, defect monitoring systems are very
important for the safety of social infrastructures such as
buildings, bridges, railways, maritime structures, pipes, etc.
TENG based self-powered defect monitoring systems are very
useful due to the easy fabrication process, low time-consuming,
low cost for fabrication, etc. We introduced TENG-based defect
monitoring systems, and machine learning based TENG defect
classification model. These TENG-based defect monitoring
technologies could be cornerstone for the next-generation
structural health monitoring of social infrastructures.

6.5. Harvesting Wasted Mechanical Energy. 6.5.1. Har-
vesting Ocean Energy. The increasing severity of environ-
mental problems has inspired active research on renewable
energy. Among the various energy sources, blue energy (i.e.,
ocean energy) is receiving considerable attention, as it is known
to contain abundant undeveloped renewable energy, including
up to 1 billion kW of effective available water waves and tidal
energy.””” To effectively harvest energy in an eco-friendly
manner, not only the energy source but also the harvesting
method is important. Although current harvesting devices such
as electromagnetic generators, solar generators, and wind
generators have the advantages of high output power and high
efficiency on land, they are not applicable for continuously
harvesting ocean energy because they require high-frequency
stimulus or large supporting land. Therefore, TENGs hold great
potential as the next-generation ocean energy harvesters because
they are particularly efficient in harvesting at low-frequency
mechanical motions and have extremely high design diversity
and low manufacturing costs. For TENGs to be effectively used
as an ocean energy harvester, in addition to the requirements of
the conventional TENG, such as high performance and
lightweight, the following conditions are required:,'”””" (i)
harvesting capability against multifrequency excitation, includ-
ing low-frequency excitation, which is a property of ocean waves;
(ii) waterproof or fully packaged devices to prevent performance
degradation due to corrosion or decomposition under
water;”?>"* (iii) extreme mechanical robustness so that it last
for decades; and (iv) low-cost, large-area, and mass-producible
fabrication processes to construct a harvester network with
multiple TENGs in the ocean for commercialization. Recently,
TENGs for ocean energy harvesting satisfying these conditions
have been actively studied, particularly to improve harvesting
efficiency because of their low energy conversion rate and low
power output, as well as their utilization in ocean monitoring
systems.””>~7*%?%7%% In this section, we briefly summarize
recent research on ocean-harvesting TENGs in relation to the
issues mentioned earlier and discuss associated challenges and
future research directions.

6.5.1.1. Various Types of TENGs for Blue Energy (Ocean
Energy) Harvesting. The basic concept of ocean energy
harvesting based on TENGs is constructing multiple TENG
networks on the ocean and harvesting tidal and wave energy
(Figure 87(a)).””” Current research is more focused on the
development of structures for efficient energy harvesting than
just satisfying the above-mentioned basic requirements for
ocean energy harvesters. TENGs for ocean energy harvesting are
broadly classified as liquid—solid interface TENG and solid—
solid interface TENG. The liquid—solid interface TENG
harvests energy from the contact between the outer seawater

and solid TENG surface or between the inner liquid and solid
TENG surface (Figure 87(b)).””®”?? Although it is proposed to
overcome the limitations of solid—solid interface TENG, such as
ambient humidity-sensitive performance, it is premature to use
them in real applications because of their low output power.
Therefore, solid—solid interface TENGs are still mainstream in
ocean energy harvester research, and they can also be classified
into vertical contact-separation mode TENG (VC-TENG) and
freestanding mode TENG (FTENG) depending on their
working mechanisms. In the VC-TENG for ocean energy
harvesting, various structures have been developed to enhance
the performance by increasing the contact layers and effectively
utilizing irregular wave excitations. For example, Liang et al.
reported a spherical swing TENG based on the coupling of a
spring-assisted structure and a swing structure integrated with a
charge excitation circuit (Figure 87(c)).*”” They claimed that
this structure can convert low-frequency water wave excitation
to high-frequency motions, which can elevate the output
performance. Wen et al. demonstrated a flower-like triboelectric
nanogenerator with six degrees of freedom, (Figure 87(d)).*"!
The petals of the TENG can harvest energy with two degrees of
freedom for horizontal motion and with three degrees of
freedom for rotational motion; the core can harvest energy with
one degree of freedom for the vertical motion, enabling the
TENG to fully harvest the kinetic energy from the wave. In
another strategy, Wang et al. developed a flag-like TENG for
harvesting underwater ocean energy under extremely low-
velocity conditions, (Figure 87(e)).*”* The film-like TENG was
fully sealed with a waterproof tape, and a cylinder was designed
to induce a vortex street that enhanced the vibration of the
TENG. However, the VC-TENG inevitably requires an
excitation force above a certain threshold to be in contact and
separated from each other owing to the inside spring and mass.
Thus, FTENGs were developed to facilitate contact even under
an extremely low wave input. Liu et al. reported a nodding duck
structured, multitrack directional FTENG for harvesting low-
frequency wave energy, as shown in Figure 87(f).””” They
claimed that the synchronous orbital movement of the inside
nylon balls on an arc-shaped dielectric composite film provided a
stable and highly efficient power output. Gao et al. developed a
gyroscope-structured FTENG for harvesting multidirectional
ocean wave energy, (Figure 87(g)).532 Its inner and outer
generation units worked independently in different directions,
enabling the harvesting of multidirectional wave energy, and the
multilayer structure increased the effective power generation
area. In addition, Wang et al. proposed an effective way to
harvest wave energy using sandwich-like TENG arrays
connected to each other in parallel (Figure 87(h)).*> Studies
have revealed that the energy output linearly increases with an
increase in the number of TENGs connected in parallel, and a
sandwich-like structure can be one of the best ways to effectively
integrate several TENGs.

Overall, although TENGs for ocean energy harvesting face the
problems of low energy conversion and low output power,
research is being actively conducted to improve the harvesting
efficiency through the design of materials and structures. State-
of-the-art studies have made great progress toward under-
standing the structures for the utilization of low-frequency wave
input. Therefore, TENGs have great potential for use in practical
ocean energy harvesting.

6.5.1.2. Ocean Monitoring Systems Based on TENGs. With
the increase in the demand and applicability of the ocean
monitoring systems, the meaning of “ocean monitoring systems”
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Figure 88. Ocean monitoring systems based on TENG. They are classified into two groups as TENG-based self-powered sensors and sensors
powered by TENG depending on the role of TENG (e.g., TENG for directly measuring environmental parameters or for supplying energy).
TENG-based self-powered sensors: TENG for quantifying ocean wave spectrum based on (a) the solid—solid interface tubular TENG.
Reprinted with permission from ref 23, Copyright 2020, American Chemical Society. (b) The liquid—solid interface TENG. Reprinted with
permission from ref 804, Copyright 2019, Elsevier. Commercialized sensors powered by TENG: (c) Wave condition monitoring sensors using
the brightness of LEDs. Reprinted with permission from ref 514, Copyright 2021, American Chemical Society. (d) Acoustic transmitter which
can generate acoustic vibration via water. Reprinted with permission from ref 806, Copyright 2022, Elsevier. (e) Intelligent buoy equipped with
pH, salinity, temperature, and oil leakage sensors. Reprinted with permission from ref 531, Copyright 2022, Wiley-VCH GmbH. (f) Intelligent
life jacket equipped with a global positioning system sensor to send a position information signal in an emergency. Reprinted with permission
from ref 531, Copyright 2022, Wiley-VCH GmbH.

TENGsS are a promising candidate for ocean monitoring systems
because of their ocean energy harvesting capability and

is becoming wider. In a conventional sense, it means only
monitoring ocean conditions ( e.g., wave spectrum, temperature,

salinity, and pH of seawater) or weather. However, in a broader
sense, it can include monitoring of all events that occur in the
ocean. The U.S. Integrated Ocean Observing System (I00S)
claims that several sensors have been installed to support search
and rescue operations, oil spill response, marine shipping
navigation, tracking of harmful algal blooms, and coastal water
quality monitoring. This implies that the role of ocean
monitoring systems is becoming wider; therefore, various
systems need to be developed further to support them.
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extremely high design diversity. In general, there are two
methods for monitoring systems using TENGs.

First, TENGs can be directly utilized as self-powered sensors
using their force-or contact area-dependent output character-
istics. For example, as a basic concept, Zhang et al. reported a
self-powered triboelectric wave spectrum sensor for quantifying
ocean surface water waves (Figure 88(;1)).23 Wave-height-
dependent self-powered systems constructed with tubular
TENG and hollow ball buoys enable the measurement of six
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Figure 89. Cam-based TENG integrated windmill for wind energy harvesting. (a) Photograph image of windmill design assembled bearing cam
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showing the NpA-PDMS-based TENG integrated windmill on a moving car for harvesting wind flow energy. Reproduced with permission from
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TENG. (f) 30 LEDs illuminated by MC-TENG. Reprinted with permission under a Creative Commons CC BY license from ref 807, Copyright

2021, American Association for the Advancement of Science.

basic ocean wave parameters (wave height, period, frequency,
velocity, steepness, and wavelength), wave velocity spectrum,
and mechanical energy spectrum, eliminating the influence of
seawater. Using a similar concept, Xu et al. reported another
wave sensor based on a liquid—solid interface TENG (Figure
88(b)).*** They showed that the output voltage increases
linearly with the wave height with a sensitivity of 23.5 mV/mm.
Second, TENGs can harvest energy from ocean waves, and then
later used to power various commercialized monitoring devices.
Xu et al. reported a simple strategy for monitoring ocean wave
conditions using LED powered by TENG (Figure 88(c)).>"
They claimed that the graded energy harvesting capability of
TENG changes the light intensity of LEDs with changes in the
ocean wave conditions. Recently, beyond simply driving simple
devices, such as LED or thermocouples,5 various electronic
devices for ocean monitoring have been powered by TENG-
based systems.*” For example, Jung et al. demonstrated TENG-
based powering of an acoustic transmitter that can generate
acoustic vibrations to transmit data via water (Figure 88(d)).**°
In addition, Ahn et al. developed a wireless sustainable ocean
monitoring system equipped with pH, salinity, temperature, and
oil leakage sensors (Figure 88(e)),”*" and an intelligent life
jacket that could activate a global positioning system sensor to
send position information in an emergency to land in real time
(Figure 88(f)).”*' These demonstrate that TENG-based
energy-harvesting systems hold great promise for various
ocean monitoring systems.

In summary, many studies have been conducted to develop
sensing systems and to demonstrate their monitoring capability.
However, there are still some challenges caused by the low
energy harvesting performance of current TENGs, such as the
difficulty of continuous driving of multiple sensor arrays or
difficulty in long-range wireless communication. Therefore, we
can conclude that although TENG-based ocean monitoring
systems clearly have great potential for use in practical
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applications, follow-up research needs to be conducted to
improve the system efficiency.

6.5.2. Harvesting Wind Energy. 6.5.2.1. Cam-Based
Integrated Windmill Kinematic Operatable. In this section,
we review cam-based TENG assembled with the windmill
system to harvest wind energg.] 19597 Among many kinds of cam-
based TENG designs,62’ 8,748,539 the cam-based TENG
integrated to the windmill''”*"” has a simple design compared
to others structure. The cam-based TENG can be a sliding
mechanical cam shape,”**®> or the bearingg integrated cam
shape,''”>*”%%% or magnetic-assembled cam™” to transfer the
rotary motion into linear motion. Two kinds of cam-based
TENG assembled with the windmill design (mechanical cam
and magnet-assembled cam) are presented.

The photograph of a windmill assembled bearing cam driving
TENG is shown in Figure 89(a).""” A windmill system driving
TENG based on nanopillar-array architectured polydimethylsi-
loxane (NpA-PDMS-based TENG) scavenge the wind flow
through a windmill blade. The waste and nonbiodegradable
plastic bottle is cut in the windmill blade shape. Afterward, it is
fixed at the end of steel rod. In addition, to transfer the rotary
motion by the windmill to linear motion of contact-separation
mode TENG, the quad nose cam is fabricated with a 3D printer
and located in the middle of the same steel rod. Finally, the axial
steel rod together with the quad nose cam and windmill blade
are hanged up the TENG unit by two 3D printed supporter. The
TENG device consists of a 2 X 2 cm? of Al foil with the thickness
of 80 um serve as a top plate of TENG triboelectric layer, which
attached to the polylactic acid (PLA) substrate by the double-
sided foam tape. As the bottom plate, the same PLA substrate
attached Al foil is utilized as an electrode, covered by the NpA-
PDMS layers. For harvesting the wind energy by using this
windmill NpA-PDMS-based TENG, the wind flow is varied
from 0—14 or 15 m/s. The output voltage of the windmill
integrated NpA-PDMS-based TENG at different wind speed is
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Figure 90. Intercalated Al layer between dielectric film flutter based TENG designs for wind energy harvesting. Schematic illustration and
photographs of (a) a single-contact friction mode PTFE-TENG and (b) a double-contact friction mode inter-Al-TENG utilize bilateral Al top
electrode for double friction contact. Short-circuit current of the (c) single-contact PTFE-TENG and (d) double-contact inter-Al-TENG under
wind speed of 15.1 m/s. (e) Photograph of “GIST” letter using 35 LEDs lighting by a double-contact inter-Al-TENG wind energy harvester.
Reproduced with permission from ref 820. Copyright 2020, Elsevier. Wind-driven bidirectional fluttering TENG (WBF-TENG). Schematic
illustration of (f) WBF-TENG and two vertical stacked WBF-TENG at various wind flow angle and (g) the flutter movement of WBF-TENG by
left- and right- wind direction. (h) WBF-TENG light up LEDs during the swing to left and right direction. (i) Output voltage of lower and upper
device of two vertical stacked WBF-TENG at wind inflow angle of 0°, 45°, and 90°. Reproduced with permission from ref 821. Copyright 2022,
Wiley. Design of the fluttering double-flag type TENG. (j) Schematic diagram. (k) Fabricated array-type of FD-TENG in outdoor environment
at wind velocity of 4.5 m/s. (1) Charging and discharging curve of 100 uF capacitor in 250 s. (m) Light up 205 LEDs connected in series by single
FD-TENG at wind speed of 10.1 m/s. (n) FD-TENG array type powers the temperature—humidity sensor. Reproduced with permission from
ref 822. Copyright 2020, Elsevier.

shown in Figure 89(b), (c). To demonstrate in practical
application, this windmill TENG is mounted on the moving car
for scavenging the wind flow energy.

In other designs of windmill energy harvester-based TENGs,
Kim et al.*®” propose a magnet-assembled cam-based TENG
design (MC-TENG). The advantage of this design is able to
enhance the output power and improve the sustainability by
noncontact repulsive force between magnets. The MC-TENG is
then attached to the windmill to harvest the breeze wind energy
flow. The photograph of the MC-TENG-based windmill design
is shown in Figure 89(d). The MC-TENG uses three permanent
magnets rare earth neodymium-—iron-boron (NdFeB) for
replacing the mechanical interactions of mechanical cam-based
TENG (C-TENG). As the magnet attached to the edge of the
cam (M,,,,) approaches to the magnet attached to upper surface
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of top plate (M,,,) by cam rotation, the same polarity magnet of
these result in repulsive force between them. In the bottom plate,
the magnet is attached to the lower plate surface (Myqyom) With
the same magnet polarity in facing toward the M,,,. During
windmill shaft rotation, the repulsive force between M, and
M,,, induce the downward movement of M,,, and contact the
bottom substrate. Afterward, the same polarity of M,
Mbottom cause the repulsive force and it is gradually increased as

M, approaches My, o Due to the barely contact between the
same polarity magnet, the mechanical contact of C-TENG
disappears, leading to the sustainability of this design. In
addition, to show the advantages of MC-TENGs compared to
C-TENGs, the charging curve performance of a 33 uF is
depicted in Figure 89(e). It shows the charging rate of MC-
TENG is 2.59-times faster than that of C-TENG. Finally, the

and
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Figure 91. Self-powered NO,, degradation by the radial-engine-shaped TENGs. (a) Schematic diagram of the self-powered radial-engine shaped
TENG system driven by wind power and photograph of the self-powered radial-engine-shaped TENGs. (b) NO, ™ and (c) NH; after 24-h of self-
powered degradation using a 20 mL absorption solution from the simulation absorption experiment. (d) Photograph of the sealed box with
electrolytic cell, NOX detector, and the radial-engine-shaped TENGs driven by a motor. Reproduced with permission from ref 527. Copyright
2020, American Chemical Society. Vortex-induced vibration TENG at breeze wind energy (e) Potential application scenarios of designed VIV-
TENGs for powering WSNs in remote field areas and 3D schematic diagram and photograph of the designed VIV-TENG. (f) Open-circuit
voltage at different values of wind speed. (g) Wireless monitoring sensor. Reproduced with permission from ref 823. Copyright 2022, Elsevier.
Self-suspended shell-based TENG for omnidirectional wind energy scavenging. (h) Schematic design of self-suspended shell-based TENG and
(i) the optical image of the proposed TENG device. (j) Root mean square voltage output triggers by eight electrode pairs in different wind speed
ranging from 2 m/s—S m/s—8 m/s. (k) Real-time measurement for wind speed and wind direction set up. Reproduced with permission from ref

824. Copyright 2022, Elsevier.

MC-TENGs are utilized as a self-powered system for lighting 30
LEDs connected in series instantaneously (Figure 89(f)).
6.5.2.2. Flutter-Based TENG for Wind Energy Harvesting.
Along with the rotational structure-based TENG designs for
wind energy scavenging, the nonrotational TENG design based
on flutter is introduced in this section. Numerous works have
been conducted on the flutter design-based TENG for wind
energy harvesting.gog_819 However, in this discussion, three
significant flutter-based TENG designs are discussed. First, the
intercalated aluminum (Al) layer in between dielectric film
based TENG is proposed by Cho et al.**’ In the next, Son et
al.**' show the bidirectional fluttering TENG (WBF-TENG)
through dual flagpole structure design for omnidirectional wind
energy scavenging. Lastly, Sun et al.*** display the double-flag
flutter type TENG design for wind energy harvesting (FD-
TENG). All of these kinds with a contact-separation friction
mode provide a huge potential in wind direction recognition,
self-powered wind sensing and monitoring system.

At first, the intercalated Al layer between dielectric film flutter
based TENG designs for wind energy harvesting is presented by
Cho et al.**° The schematic diagram and photographs of a
single-contact friction mode PTFE-TENG and a double-contact
friction mode inter-Al-TENG are shown in Figure 90(a) and
(b), respectively. Basically, it is composed of the polytetrafluoro-
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ethylene (PTFE) film acting as a dielectric and Al electrode.
Both sides of the PTEE film with size of 2.5 X 7.5 cm? are etched
by using inductively coupled plasma-reactive ion etching (ICP-
RIE) for enhance the roughness, leading the higher contact area
during fluttering with top Al electrode. In the design of single-
contact friction mode PTFE-TENG, the PTFE is bent toward
the top Al electrode and leave a narrow gap between them,
creating flutter movement during wind passing. The same small
gap is also designed for inter-Al film in the double-contact
friction unit for easy contact with bilateral Al top electrode, as
shown in Figure 90(b). Under the wind speed of 15.1 m/s, the
short-circuit current performance of the single-contact friction
mode PTFE-TENG and double-contact friction mode inter-Al-
TENG are illustrated in Figure 90(c), (d), respectively. Due to
the elastic modulus of Al is larger than PTFE, the flexibility
during oscillation of the pure PTFE film is also higher than the
inter-Al film. Therefore, the oscillation frequency of pure PTFE-
TENG exhibits the higher frequency output than that of inter-
AL-TENG, as shown in Figure 90(c) and (d). In the case of
single-contact PTFE-TENG, the output current shows about 5
peaks, ie., S oscillations contact, whereas the double-contact
inter-AI-TENG flutters exhibit around 3.5 peaks in the same
interval of 0.02 s. Finally, for practical application, 35 LEDs are
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lighted by electricity connecting with the double-contact inter-
Al-TENG at wind speed of 15.1 m/s, as shown in Figure 90(e).

In the next discussion, the wind-driven bidirectional fluttering
triboelectric nanogenerator (WBF-TENG) is introduced. The
WBE-TENG composes of slot structure and a dual flagpole to
scavenge the wind energy blowing in both directions. Figure
90(f) shows the schematic of the WBE-TENG and two vertically
stacked WBF-TENG with few inflow angles. The WBF-TENG
composes of a polyimide (PI) layer, acrylic sheet, flag poles at
the both ends of the PI layer, and the top-bottom Al electrodes.
The high stiffness and electron affinity of PI significantly affect
the mechanical motion effect to the TENG performance. Due to
the lightweight of commercial straw, it is used for flagpole
design. The schematic diagram of the WBF-TENG mechanical
motion is depicted in the left side and right side of Figure 90(g)
with the left-direction and right-direction wind flow induce
flutter movement, respectively. In the end, for real application
design, the WBF-TENG is utilized for lighting 76 LEDs installed
on the swing during the left-to-right movement of swing. The
real photograph of the WBF-TENG and LEDs array attached on
the swing is shown in Figure 90(h). Finally, the two vertical
stacked WBEF-TENGs are introduced to harvest omnidirectional
wind flow. The voltage output of the of the lower and upper
devices as the wind inflow of 3 m/s from 0° 45° 90° is
illustrated in Figure 90(i). If the wind blows from 0° and 90°
directions, only the upper and lower devices generate the output.
Whereas, in the case of wind blowing from a 45° direction, both
devices provide the same output voltage of 70.4 V. With this
regard, the WBF-TENG can produce electricity in omnidirec-
tional wind by only two vertically stacked devices, therefore, it
can be used as a wind direction sensor.

Before closing the flutter type based TENG, the fluttering
double-flag type TENG (FD-TENG) is presented. Figure 90(j)
introduces the structure design of the FD-TENG which include
two FEP films that fixed on the acrylic support that leaving a
certain gap distance to establish the internal and external flow
areas. To make the electrode, 100 nm thickness of silver is
evaporated on FEP film by electron beam evaporation. The two
ends of FEP with Ag electrodes flag are attached on a “back-to-
back” for contact-separation mode TENG, as shown in bottom
part of Figure 90(j). The real photograph of fabricated array-
type of FD-TENG in the ambient environment is shown in
Figure 90(k) with the surrounding natural wind speed of
approximately 4.5 m/s. In the demonstration of the single FD-
TENG, a wind velocity of 10 m/s in the wind tunnel is applied to
FD-TENG to lit up 205 green LEDs, as shown in Figure 90(1). In
addition, for powering the sensor the array-type FD-TENG is
used to drive a temperature—humidity sensor, as depicted in
Figure 90(m). As the charging voltage of capacitor reaches about
10 V, the temperature—humidity sensor is operated due to the
switch being closed. The charging/discharging curve of 100 uF
capacitor driving a temperature—humidity sensor in 250 s by this
array-type FD-TENG is illustrated in Figure 90(n). Through
this practical application, the FD-TENG show a potential in
acting as a power supply for wireless sensor networks.

6.5.2.3. Advanced Structure Design for Wind Energy
Harvesting. All the above reviewed works relate to rotational
and fluttering type TENGs, and the TENGs used for harvesting
wind energy still exhibit a large potential. In this section, the
advanced structure design for wind energy scavenging is
discussed with a focus on the wind energy harvester-based
TENG design and application. Han et al.>*” proposed a radial-
engine-shaped TENG system to absorb NO,.and downgrade the

enrichment forms of nitrate and nitrite in aqueous solution. In
addition, Zhang et al.** introduced a vortex-induced vibration
based triboelectric nanogenerator (VIV-TENG) for efficient
scavenging the wind energy at low speed.

In this work for wind energy scavenging is reported by Han et
al>*” The as-fabricated radical-engine-shaped TENGs, an
electrocatalytic system and one-way valves are used to design
a self-powered NO, absorption and downgrade system. To
demonstrate the practical application, a simulation experiment
system is verified in a sealed box, as shown in Figure 91(a). The
radical-engine-shaped TENGs integrated one-way valves,
electrolytic cell and power source motor together with S0 mL
of pure water and NO,, detector are sealed. As shown in Figure
91(b), the radical-engine-shaped TENGs is attached with the
wind cups and located on the top of a street light pole to absorb
the NO, pollution by wind energy. To stable the rotation, a plain
bearing is utilized. The below inset figure is a photograph of the
device installed with wind cups. Figure 91(c) and (d) show the
result detection of NO,™ and NHj after 24 h degradation driven
by the radical-engine-shaped TENGs, respectively. At the wind
velocity of 6 m/s, the radical-engine-shaped TENGs drive the
catalytic system and exhibit a decrease of NO,™ concentration.
In addition, the increasing of NH; concentration supports for
explanation of the degradation reaction. This result provides a
solution for solving and removing the pollution gas in
surrounding air by a self-powered electrochemical system.

In the next discussion, a vortex-induced vibration based
triboelectric nanogenerator (VIV-TENG) for harvesting low
wind speed and providing high average power output than other
previous studies. Figure 91(e) shows the scenario of harvesting
wind energy from remote area by using the VIV-TENG. The
inset figure is the 3D schematic of the VIV-TENG, consists of a
lightweight cylinder and TENG device composed of polyaniline
(PANI) and polytetrafluoroethylene (PTFE), which act as the
tribo-material pair. The tension springs are utilized to hold the
cylinder and TENG. Therefore, if the wind flows cross to the
cylinder, it can oscillate to transform to kinetic energy from the
wind energy, leading to the TENG electric power response from
kinetic energy. In this work, the prediction results based on the
theoretical model are conducted and compared with the
experimental results. However, in this discussion, the output
voltage of VIV-TENG at various wind velocities ranging from
1.66—3.38 m/s are shown in Figure 91(f), which show the
optimal output voltage reaches 536 V at wind speeds of 2.78 m/
s. In addition, the two VIV-TENG in tandem configuration (T-
VIV-TENG) is design for further practical application in
wireless communication. To operate the wireless data
monitoring sensors, the T-VIV-TENG is used to charge the
1.22 mF capacitor and power the wireless sensors, as descripted
in Figure 91(g). The monitoring sensor sends the data to a
phone wirelessly via Bluetooth for recognizing the real-time
environment conditions.

Furthermore, the final discussion is about the TENG design
that can harvest energy from omnidirectional wind with a wide
range of wind speeds. Ko et al.*** introduced a self-suspended
shell-based TENG (S*-TENG) for omnidirectional wind energy
scavenging, as shown in Figure 91(h). The S> TENG composes
of a rigid column with outside covered by a flexible cylindrical
shell. The outermost surface of the rigid column is covered by
aluminum, whereas the innermost surface of flexible cylindrical
shell is attached with the PTFE to create a tribo-material pair.
Due to the Coulombic attraction between the tribo-material
pair, the flexible thin shell can form a self-suspended structure.
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Figure 92. Hybridized nanogenerators for wearable applications. (a) A hybridized organic photovoltaic cell-triboelectric nanogenerator (OPV-
TENG) system. Reproduced with permission from ref 831. Copyright 2020, Elsevier. (b) A self-powered electronic watch. Reproduced with
permission from ref 838. Copyright 2015, American Chemical Society. (c) Hybridized nanogenerator applied to shoes. Reproduced with
permission from ref 835. Copyright 2015, American Chemical Society. (d) A hybridized dielectric-based TENG (HD-TENG). Reproduced with

permission from ref 839. Copyright 2022, Elsevier Science SA.

Thus, the aluminum and ring-shape electrode electrical
connection is sustained and are deformed easily even by breeze
wind. Thanks to the cylindrical structure design of the S°-
TENG, it leads to a uniform electrical signal from omnidirec-
tional wind. The real photograph of the fabricated S*>-TENG is
shown in Figure 91(i) with described dimensions. Finally, to
demonstrate the capability of S>-TENG in wind energy
harvesting at various wind velocity (2, S, and 8 m/s), the root-
mean-square (RMS) output voltage of eight electrodes pairs is
exhibited in Figure 91(j). The average voltage output is
increased with the higher wind speed and it is asymmetrically
generated at a steady wind speed in eight electrode pairs. Thus,
the S>TENG can be utilized as a nonlinear self-powered wind
direction and speed sensor concurrently. The real-time wind
speed and direction monitoring set up generated by the S*-
TENG is shown in Figure 91(k). In this observation, the RMS
voltages from eight electrodes provide a symmetric signal as the
wind direction. Therefore, the wind direction depended eight
electrode pairs RMS voltage distribution can reveal the wind
direction monitoring.

6.5.3. Harvesting Human Motion Energy. The widespread
use of wearable electronic devices has led to increasing demand
for micro energy sources.”®"** The emergence of hybridized
nanogenerators has provided a research direction for collecting
various types of different forms of energy at the same
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58,826—828,9,82 1 .
’ 2%2% Hybridized nanogenerators provide ideas

to solve the energy demand of wearable electronic devices, and
more and more hybridized nanogenerators are widely used in
the field of wearable electronic devices.*******3°7%** Common
hybridized nanogenerators include photovoltaic cell-tribo-
electric nanogenerators (PVC-TENGs), electromagnetic-tribo-
electric nanogenerators (EMG-TENGs) and piezoelectric-
triboelectric nanogenerators (TPiENGs),®2075289829,834-836
Figure 92(a) shows a hybridized organic photovoltaic cell-
triboelectric nanogenerator (OPV-TENG) system, which can
collect light energy generated by indoor light sources and
mechanical energy generated by human motion individually or
simultaneously.”' The system has been tested to effectively and
rapidly charge capacitors and has potential applications. A
hybridized self-charging power textile system is introduced, also
a solar cell- triboelectric nanogenerator, to collect energy
generated by outdoor sunlight and body movement simulta-
neously.””” This fiber structure can be used to prepare various
types of e-textiles, smart clothes, etc., as wearable electronic
devices. Figure 92(b) presents an electronic watch proposed by
Quan et al**® Its power supply system consists of one
triboelectric nanogenerator (TENG) and six electromagnetic
generators (EMGs), which can effectively collect the energy
generated by human movement. This electronic watch can be
continuously powered while the wearer is moving, or it can be

time.
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continuously and steadily powered by storing energy through
capacitors. Zhang et al. also proposed a Hybridized EMG-
TENG that can be applied in a commercial shoe to harvest
energy from human movement while walking.*** As shown in
Figure 92(c), the energy generated during human movement
can be converted into electrical energy to light up the LED lights
around the shoe, and in addition, it can provide electrical energy
for a smart pedometer and output and transmit relevant data,
promoting the development of the field of wearable electronics.
Figure 92(d) also shows a flexible hybridized energy harvesting
system, which can collect human mechanical energy as well as
external water droplet energy and wave energy through two
parts.””” It has high flexibility, excellent wearability, large
scalability, and moisture resistance, and can power commercial
electronic devices (e.g,, calculators and clocks) without the need
for an additional power supply. Hybridized nanogenerators
harvesting various forms of energy from the surrounding
environment is a very efficient and clean method with promising
applications in wearable electronics to meet the world’s
sustainable development and long-term energy needs.

7. SUMMARY AND PERSPECTIVES

Since TENGs are reported in 2012, they have been explosively
developed and still developing in terms of materials (section 2),
devices (section 3), systems (section 4), circuits (section 5), and
applications (section 6). In this review, we would like to balance
each topic’s importance and cover all issues in each topic. The
most important thing in this review is to understand that the
target environment for TENG installation is the most critical to
enhancing and optimizing the TENG systems, which is essential
for commercializing TENGs. Due to the many applications of
TENGs, we could not cover all applications of TENGs, but we
believe that the readers can understand the promising possibility
of TENG applications for next-generation life. In section 1, we
introduced abundant wasting mechanical energies and TENG’s
advantages as one of many mechanical energy harvesters.
Furthermore, we examined the governing equations for TENGs,
which were induced by expanding maxwell’s equations from
Prof. Zhong Lin Wang. Still, we can expand those equations
based on our own parametric functions and further design better
tribomaterials and devices, systems, and circuits.

In section 2, we reviewed a range of the triboelectric materials,
starting from the fundamentals of the charge transfer mechanism
occurring on the surfaces of two materials during the physical
contact to the government strategies of the key materials
technologies to maximize the charge densities created on the
surfaces. The charge transfer was commonly explained via the
transfer of electrons, ions, and materials, or two mores, and the
contact electrification of a solid surface and a liquid was also
reviewed. To increase the charge density, many studies about
physical surface modifications by developing various nanostruc-
tures via etching process and patterning processes have been
conducted. The chemical surface modification such as plasma
treatment, neutral beam irradiation, ultraviolet/ozone treat-
ment, and chemical functionalization is also a good way to
enhance the output performance of the triboelectric nano-
generator. Besides the surface modification, the materials’
modification such as dielectric constant, mechanical properties
could significantly change the performance of the TENG. Here,
various composites such as polymer—metal inorganic nanoma-
terial composites, polymer-2D nanomaterial composites, ferro-
electric polymer-inorganic nanomaterial composites, and
flexible/stretchable composites were reviewed. As well as

surface and bulk modifications, the intermediate layer engineer-
ing via electron trapping layers and electron blocking layers/
functional interlayers was a promising approach for increasing
the outputs of TENGs. A layer-by-layer self-assembly approach
was also reviewed, based on covalent bonding and weak
electrostatic interactions. What should be overcome in TENGs
may be the stability of the materials and the noise during
operation. As functional tribomaterials, self-healing polymer
materials to TENGs were suggested to improve the durability of
devices. To reduce the noise during operation, noise-canceling
TENG technologies were reported by introducing a porous
metallic sponge. Finally, Biological materials for TENGs were
reviewed as energy sources for electronic devices such as
wearable, implantable, and environmentally friendly devices.

In section 3, we outlined triboelectric devices broken down by
type of operation mode. Although recent impressive progress
has proven their potential as a fascinating energy harvester, the
field is still in its early stage and the devices are far from use for
practical application with regard to generated energy. Valuable
efforts for instantaneous discharged TENG design have
contributed on TENGs to generate high peak power. However,
the output is generated relatively for a short time and no longer
than a few milli-seconds per an input contact, limiting their
practical applications. Alternatively, charge pumping designs
(sub-TENG for main TENG) have been attractive approaches
for enhancing amount of generated electric energy. However,
the design still requires additional pumping sub-TENG device,
causing the whole system to be bigger and heavier. Combining
functions of the sub-TENG into the main device might be an
attractive approach. Furthermore, alternating current pulse type
outputs of conventional TENGs are not suitable as a power
source for electronic devices in real life. To address the above
issue, research on TENGs generating direct currents has been
intensively highlighted. Even if it is fascinating research direction
for utilizing TENGs in real life, it still requires relatively high
input frequency to get useful high power. It is expected that
strategies for minimized TENG generating stably high output
energy is needed to be explored, ensuring TENGs to be used in
wide practical application in the future.

In section 4, we reviewed the various mechanical designs of
energy harvesters based on the TENGs for effective electrical
generation considering the mechanical characteristics of the
input energy sources. There are a lot of purpose-built
mechanical energy harvesting systems, which can harvest a
variety of input energy sources, such as ocean wave, wind,
biomechanical, and vibration energy. To understand the
comprehensive mechanical design guidelines of the energy
harvester, we explained the TENG-based mechanical systems
capable of amplifying, reducing, and even modulating output
frequencies through designs incorporating various mechanical
elements for energy transmission, such as gear train, spring, and
cam systems. As a result, it has successfully achieved the desired
output performance, long lifespan, and stable electricity
generation from irregular input energy sources. In addition, we
have also reviewed a resonant system, which can harvest
vibration energy with dramatically increased amplitude by
vibrating at resonant frequencies and resonant wavelengths.
Given that, the resonant system-based TENG can convert
microvibration and even acoustic vibration into useful electricity
with the advantageous aspects of high sensitivity. In this regard,
the resonant system-based energy harvester can not only collect
the vibration energy to supply power micro nanoelectronic
devices, but also it can also play a significant function in a self-
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powered and a wireless vibrations sensor in the surrounding
environment. Therefore, this review will provide mechanical
design guidelines according to the characteristics of the input
energy source, thereby greatly contributing to the practical
applicability of the energy harvester in the future.

In section 5, we introduced circuit designs for power
managements. The TENGs usually exhibit low-energy transfer
efficiency when directly either powering conventional elec-
tronics or charging energy storage devices due to the impedance
mismatch. TENGs offer high input impedance (~MQ) while
the impedances of conventional electronic devices and energy
storage units are relatively low. Furthermore, TENG output
characteristics typically offer high voltage at a few hundred volts,
low output current at ~ uA level, and limited output power,
which cannot satisfy the stable power supply requirements of
electronic devices. Therefore, an efficient power management
circuit is required as an interface unit between the TENG and
external loads to facilitate impedance and voltage conversions
for efficient energy transfer and storage. Over the past years,
several strategies of power management have been proposed,
such as inductive and capacitive transformers, switched-
capacitors convertors, and MOSFET power converters, which
can be used for voltage regulation, impedance matching, and
efficiency improvements. Introducing inductive transformers is
an effective strategy for reducing voltage and the output
impedance of TENGs. It typically consists of a rectifier,
capacitors, a regulator, and an electromagnetic transformer.
However, inductive transformers are relatively large and require
high working frequency. Therefore, these transformers are more
suitable for rotary mode TENGs-based applications. Contrarily,
capacitive transformers are independent of the working
frequency of the TENGs. Furthermore, capacitive transformers
can reduce the open circuit voltage and improve the transferred
charge of TENG multiple times. Similarly, switched-capacitor
converters (SCC), based on MOSFETS and capacitors, with
easy integration capabilities can effectively perform step-down
or step-up voltage conversion by switching serial-to/from-
parallel connections. SCC possess several inherent advantages,

including being magnets-free, lightweight, and offering high
conversion efliciency, which is quite suitable for wireless sensor
networks, DC microgrids, electric vehicle, solar photovoltaic
systems, etc. However, the number of capacitors cannot be
increased indefinitely due to the turn-on voltage drop of the
diodes, which limits the ratio of switched-capacitor conversion.
The first step in the power management strategy maximizing the
energy transfer from the TENG to the back-end circuit. The
second step is decreasing the voltage and increasing the current
by adding various circuit elements for powering conventional
electronics. For the maximum transfer of energy and DC
conversions, the sequential control of the switch is of paramount
importance. To achieve the optimized autonomous switching by
the TENG, the switch can be realized by a logic circuit (e.g, a
micropower voltage comparator) and a MOSFET. Due to this,
internal resistance is reduced and high energy can be extracted
from the TENG and transferred to the back-end circuitry.

In section 6, we outlined applications of TENGs as power
sources including robotic, biomedical, and environmental
applications and self-powered sensing including touch, touch
position, proximity, and crack sensing. With intensive attention
during last ten years since the paper was reported in 2012, the
research field of TENGs have been notably growing in terms of
electric energy generation. The electrical energy generated by
TENG has contributed on suggesting the feasibility of TENGs
to be used as power sources for various applications such as
actuation of robots, rehabilitation of biomedicals, and
purification of environments. Furthermore, properties of electric
signal generation under applied touch and movement of targets
allow TENG to be used as self-powered sensors. However, the
both power sourcing and self-powered sensing capability are still
in proof-of-concept level due to lack of power density and
electrical stability. To actuate practical robots even with high
frequency in real time, the power conversion efficiency of
TENGs is required to be improved. Existing TENGs are lack of
providing sufficient power yet compared to batteries and
commercial power sources. Furthermore, to realize ideal self-
powered sensing systems based on TENGs, the whole devices
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are required to be operated using triboelectric power generation
without depending on external power source for covering data
acquisition and processing. We believe increasing power
generation density will be a critical and high impact direction.

As one of the promising electricity generation platforms, the
TENGs are prosperously developed in a variety of engineering
fields since its proposal in 2012. In detail, the TENGs have
enabled us to realize a wide range of applications, which can be
classified into four areas: micro- and nanopower sources, self-
powered sensing, high voltage (HV) power source, and electrical
stimulation. The roadmaps in Figure 93 tells us that so far,
design innovation and performance enhancement have been the
major research areas for TENGs. Recently, thanks to the efforts
of researchers all over the world, the related technology has
matured a lot, and as a result, it has reached the stage of
prototype development with verification of performance in an
actual driving environment beyond the lab scale environment
toward its commercialization.

Compared to the technology roadmap previously proposed in
the early stage of the TENG development, considerable
technological advances have been made and it has had the
effect of advancing the timeline of achievements in the roadmap.
For instance, self-powered implantable electronics, smart and
low-power human machine interfacing (HMI), in vitro
biohealth monitoring, personal healthcare protection, air quality
control (highlighted in red letters in Figure 93) by means of the
operation of the TENGs have been expected to be implemented
in the future, but thanks to unexpectedly rapid technological
progress, the implementation has already been achieved at this
point. Such accelerated technological advancement shows that
the present TENGs are one step closer to commercialization,
and it is further expected that TENGs will serve as a key solution
in the near future in line with carbon reduction as well as energy-
related environmental problems that are currently critical issues
worldwide.
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VOCABULARY

Triboelectricity ~ the electric charge generation due to

sequential contact and separation of two

different materials

mechanical energy the energy possessed by an object as a result
of its mobility or position

energy harvesting the conversion of ambient energy in the
environment into electrical energy

mechanical system a group of mechanical parts that change the

motion or force of an input into the desired

output

the least amount of energy required for a

free electron to leave the material’s surface

work function
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